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Room-Temperature Solid-State Nitrogen-Based

Magneto-lonics in Co,Mn,_,N Films

Nicolau Ldpez-Pinté, Christopher J. Jensen, Zhijie Chen, Zhengwei Tan, Zheng Ma,
Maciej Oskar Liedke, Maik Butterling, Andreas Wagner, Javier Herrero-Martin,

Enric Menéndez, Josep Nogués, Kai Liu,* and Jordi Sort*

The increasing energy demand in information technologies requires novel
low-power procedures to store and process data. Magnetic materials, central
to these technologies, are usually controlled through magnetic fields or
spin-polarized currents that are prone to the Joule heating effect.
Magneto-ionics is a unique energy-efficient strategy to control magnetism
that can induce large non-volatile modulation of magnetization, coercivity and
other properties through voltage-driven ionic motion. Recent studies have
shown promising magneto-ionic effects using nitrogen ions. However, either
liquid electrolytes or prior annealing procedures are necessary to induce the
desired N-ion motion. In this work, magneto-ionic effects are voltage-triggered
at room temperature in solid state systems of Co,Mn, N films, without the
need of thermal annealing. Upon gating, a rearrangement of nitrogen ions in
the layers is observed, leading to changes in the co-existing ferromagnetic and
antiferromagnetic phases, which result in substantial increase of
magnetization at room temperature and modulation of the exchange bias
effect at low temperatures. A detailed correlation between the structural and
magnetic evolution of the system upon voltage actuation is provided. The
obtained results offer promising new avenues for the utilization of nitride
compounds in energy-efficient spintronic and other memory devices.

1. Introduction

The rapid growth of nanoelectronics and
the advent of artificial intelligence are
creating a huge demand for new materi-
als and device architectures to store and
process exponentially growing amounts
of data in a faster, more energy-efficient
and versatile manner.'l With magnetism
being at the heart of big data centers
and hard disk drives in personal com-
puters, magnetization switching between
two states is a requirement for magnetic
memory and spintronic devices. This
is typically achieved through magnetic
fields produced by current-carrying wires
or by spin-polarized currents, which are
prone to energy dissipation through the
Joule heating effect. To minimize this
undesirable effect, new approaches have
recently emerged in which electric cur-
rents are partly replaced with the use
of electric fields, thereby decreasing the
energy consumption during the switch-
ing operations.?®! Candidate materials
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for voltage-controlled magnetic devices include multiferroic
heterostructures,!®8) ultra-thin metallic films and semiconduc-
tors based on electrostatic charging or carrier doping,*1% and
materials whose magnetic properties can be tuned via redox
reactions!''"13] or electric-field-triggered ion displacement (i.e.,
magneto-ionics).['*2%1 The latter results in large non-volatile
(i-e., permanent), analog and reversible changes of magnetic
properties, holding potential for the development of low-energy
spintronics and neuromorphic memories.[?!"?2]

A wide variety of magnetic functionalities can be tuned by
means of magneto-ionics. For instance, reversible modifications
of saturation magnetization (M;) have been observed in many
systems, often through the intercalation (or withdrawal) of O*~
ions in the ferromagnetic (FM) layers,'#23-°] and, less fre-
quently, by introducing (or removing) H*, Li*, OH™, or N3~
ions.[2236-42] Other remarkable effects include the regulation
of the Curie temperature (T.) in oxide systems,?***] fine-
tuning of exchange bias (EB) through redox processes or pro-
ton (H*) pumping,!'"24#1 reversible modification of coerciv-
ity (H¢) by up to 100%,3% switching of the anisotropy easy
axis in systems such as Co/GdO,!'®3¢*] or reversibly shift-
ing the ferromagnetic resonance field by modulating the oxida-
tion state of transition metals.[**>%] Interestingly, while many of
these examples are based on oxidation/reduction reactions,?!
nitrogen-based magneto-ionics has been reported to induce
larger changes of magnetization with lower threshold voltages,
improved switching times and cyclability compared to their oxy-
gen counterpart.***1] One of the current challenges in many
magneto-ionic systems is the substitution of liquid electrolytes
by solid electrolytes for their operation. The advantages of lig-
uid electrolytes include avoiding pinholes and maximization of
the electric field. These are hard to replicate in solid state con-
figurations, though some soft-solid electrolytes (ionic gels) have
proven successful in triggering oxygen motion.[**=!l Full-solid-
state configurations are often preferred for practical electronic
devices.[5233]

Nitrogen magneto-ionics has been explored in CoN||
FeN,>* CoFeN,>>>¢l and CoMnN*! films actuated using liquid
propylene carbonate-based electrolytes. A very recent study has
also shown the potential of nitrogen magneto-ionics in solid state
to tune EB in Ta/MnN/CoFe/Ta stacks.l’] However, the high tem-
perature treatment during the conventional field cooling process
to establish the EB also triggered the motion of N ions toward Ta.

The objective of this study is to emulate the favorable char-
acteristics of liquid-electrolyte gated nitrogen-based systems to
develop a solid-state magneto-ionic configuration which can be
controllably altered with electric fields from the as-prepared
(i-e., not heat-treated) state. For this purpose, thin films of the
ternary Co,Mn, N compound sandwiched between two Ta lay-
ers (Ta/Co,Mn, ,N/Ta) have been investigated. Adding Co to the
MnN was expected to decrease the bonding energy between Mn
and N, therefore facilitating the electric-field-triggered nitrogen
migration. The results reveal that the magneto-ionic effect scales
with the Co content, leading to large voltage-driven variations of
magnetization (with a non-volatile M increase of >100% at room
temperature) for the composition with x = 0.55. Electron energy
loss spectroscopy (EELS) mappings indicate that nitrogen ions
are driven toward the Ta seed layer after gating. Additionally, the
pristine sample of the same composition shows an exchange bias

41,54]
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loop shift of 1.26 kOe, which is halved after gating. This indi-
cates that a mixture of ferromagnetic (FM) and antiferromagnetic
(AFM) phases, tunable with voltage, co-exist in these Co,Mn; N
single layers. Our results are appealing for the development of
solid-state magneto-ionic devices, compatible with complemen-
tary metal-oxide-semiconductor (CMOS) technology, with poten-
tial applications in new types of spintronic and magnetic memory
systems.

2. Results and Discussion

2.1. Magnetic and Structural Characterization

Thin films of Ta/Co,Mn, ,N/Ta were sputtered on top of ther-
mally oxidized p-type Si (100) substrates (with a SiO, thickness
of 285 nm). The Co,Mn, N thickness was nominally 50 nm, and
the top and bottom Ta layers were 10 nm thick. The amount of
Co corresponded to x = 0, 0.10, 0.15, 0.24, 0.42, and 0.55. The
composition of the samples was probed through energy disper-
sive X-ray spectroscopy (EDX) in several regions of the films to
account for homogeneity (see Table S1, Supporting Information).
The samples were subsequently electrically actuated (gated) at
20 V for 1 h at room temperature (RT) using the configuration
depicted in Figure 1a, establishing an electric field from the bot-
tom p-type Si toward the top Ta. The configuration was chosen so
that the SiO, served as the main dielectric layer. The bottom Ta
layer could have also been used as the bottom electrode, but the
ternary layer may become conductive depending on the N con-
tent, consequently weakening the magneto-ionic effect>®! and/or
generating pinholes. The magnetic reversibility of the samples
was probed by subsequent gating at —20 V for 1 h with the same
configuration. However, it was only successful on the Co-richer
samples with x = 0.42 and 0.55 (see Figure 1).

In-plane hysteresis loops were measured using a vibrating
sample magnetometer (VSM) in the as-prepared (AP) and gated
states, as shown in Figure 1c-h. The sample with 0 at.% Co, i.e.,
MnN, is anticipated to be AFM with the sputtering conditions
used, which are similar to other AFM MnN studies.[®%%%] This is
in agreement with its magnetic signal, which is close to zero, and
no changes are observed after gating. The saturation magnetiza-
tion (M) of the AP samples increases modestly with the addition
of Co. Note that the value of M was calculated by extrapolating
the linear region of the M-H loops at high fields back to zero field.
After gating at RT, a considerable increase in M is observed.
Moreover, the voltage-driven increase of My is larger for higher
Co contents. For instance, while the M, of the Co, ;,Mn, N (i.e.,
x = 0.10) sample remains moderately low (from 7.7 emu cm = in
the AP state to 10.8 emu cm™ after gating), for x = 0.55 the M
enhancement is more remarkable, ~#110% (15.1 emu cm™ in the
AP state vs 31.9 emu cm 3 after gating).

The precise M dependence with the Co atomic concentration
is shown in Figure 1b. While before gating the increase in M
with Co addition is moderate, the M, of the gated samples scales
rapidly with the Co content (from 2.3 emu cm™ for 0 at.% Co up
to 31.9 emu cm™* for x = 0.55), in contrast to the gain in the AP
state (from 1.2 to 15.1 emu cm~3 for x = 0 and x = 0.55, respec-
tively). The M, increase becomes particularly pronounced for x =
0.55, suggesting that a sufficiently high concentration of Co pro-
motes significant magneto-ionic effects. On the other hand, the
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Figure 1. a) Schematic of the sample stack and the gating layout. CoMnN is a simplified notation for Co,Mn;_,N. b) Dependence of Mg with the at.%
Co for the as-prepared (AP) and gated states. c—h) Hysteresis loops at room temperature corresponding to films with Co percentages of 0 at.% (c), 10
at.% (d), 15 at.% (e), 24 at.% (f), 42 at.% (g), and 55 at.% (h), in the AP state (black curves) and after gating with +20 V for 1 h at room temperature
(red curves) in the configuration shown in (a). Additionally, hysteresis loops from the reversed state, obtained after applying —20 V for 1 h, are shown in

(g) and (h) (blue curves).

squareness values (My/M;, where M, is the remanent magneti-
zation) for both states are modest, all of them between 0.05 and
0.3, and they tend to decrease as the at.% Co increases, suggesting
that hysteretic properties are dominated by randomly oriented,
non-interacting magnetic clusters, particularly for large x.

To better understand the progressive increase in Mg with
cobalt content, X-ray diffraction (XRD) measurements were per-
formed on the as-prepared samples, as shown in Figure 2a. Two
main peaks are present in most of the patterns. The primary
peak progressively shifts with the addition of Co, from 20 =
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42.6° (at x = 0), corresponding to the tetragonal MnN (002)/(200)
phase, 57396162 yp to 20 = 44.6° (at x = 0.55), which matches
with the orthorhombic Co,N(021) (PDF 01-072-1368) phase.[63-6%]
Considering that most of the Mn,N, and Co,N, phases with the
same value for x and y have similar crystallographic structures
and lattice parameters (typically smaller for Co compounds),
the continuous change of the ternary layer main peak suggests
that the incorporation of Co in the MnN occurs through atomic
substitution. Also, the proposed Co,N is probably a (Co,Mn),N
phase with lattice parameters slightly different from those of
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Figure 2. a) XRD patterns of Co,Mn,_,N layers with variable Co content
from x = 0-55. b) XRD patterns of the CogssMng 45N sample in the as-
prepared (AP) and gated states. Reference lines are drawn at the angular
positions of MnN and Co,N phases as guides for the eyes. The peaks
marked with a star are associated with the Ta (202), while the ones marked
with a diamond are associated with the Co,Mn;_,N.

pure Co,N. The primary Co,Mn, N peak broadens as it shifts
to higher 26 angles, with increasing Co content (Figure 2a). This
broadening occurs asymmetrically, likely caused by variations in
the composition due to the presence of less nitrided phases, such
as Co; NIl or Co,N/Mn,N (which have smaller lattice parame-
ters than Co,N), resulting from the nitrogen loss with the addi-
tion of Co. This effect can be explained by considering the dissim-
ilar enthalpies of formation between Mn and Co. Since the en-
thalpy to form CoN is lower than that needed for MnN, the Mn—N
bond is expected to be stronger than the Co-N one.[”] Thus,
the Co incorporation is expected to weaken the metal-nitrogen
bonds, facilitating nitrogen mobility and, eventually, leading to
nitrogen loss. Indeed, phases such as Co;N (FM), Co,N (FM)
or Mn,N (ferrimagnetic, FiM) could explain the magnetism ob-
served in the hysteresis loops discussed later, as Co, N is reported
to be AFM below 11 K.[6*6*] The second, less intense peak, located
~20 = 38° and marked with a star, is consistent with tetragonal Ta
(202) (PDF 00-019-1290) and it is not present in all patterns. The
absence of this peak could be ascribed to amorphous-like tanta-
lum. Figure 2b shows the XRD pattern for the composition cor-
responding to x = 0.55 before and after gating. Interestingly, no
major differences are identified between the patterns, indicating
that the magnetization increase does not originate from major
structural modifications but likely from the formation of clusters
with a volume below the threshold to be probed by XRD, or by
interstitial N motion.

To complement the XRD structural characterization, high-
resolution transmission electron microscopy (HRTEM) images
were taken for the Co, s Mn, ,sN sample in both the AP and gated
states (see Supporting Information, Figure S1). Interplanar dis-
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tances corresponding to Co,N are identified in both states. Less
frequently, interplanar distances corresponding to other candi-
date phases are also present in both states, such as AFM MnN
(002) (1.85 A) and FiM Mn,N (111) (2.24 A). Additionally, inter-
planar distances that match FM Co,N (111) (2.00 A), were also
found in the HRTEM images of the gated sample. Further nar-
rowing down of the possible ferro/ferrimagnetic phases requires
additional characterization, as will be described below. Note that
the aforementioned phases may exist in our particular case as
nitride (Co,Mn), N, solid-solutions.

Low-temperature magnetic hysteresis loops were recorded for
the Co, ssMn, ,sN sample using a SQUID magnetometer, before
and after gating at RT, to confirm whether the AFM transition
of Co, N, expected at 11 K, was indeed observed.[%*%] Figure 3a,b
show the loops recorded at 300, 200, 100, 50, 20, and 10 K for
the AP and gated states, respectively. During the cooling pro-
cess, a field of 10 kOe was applied to the sample in order to
induce a shift of the hysteresis loop (i.e., EB effect!®]). The re-
sults reveal that the coercivity increases at low temperatures, and
an evident EB effect appears below 30 K. By carefully inspect-
ing these low-temperature loops, two contributions can be ob-
served: an unbiased soft component, resembling the loops above
50 K, and a magnetically harder one which is exchange biased.
After gating, the amount of soft phase contribution in the loop
increases considerably, and the overall loop shift becomes less
prominent. Figure 3¢ shows the evolution of Mg with tempera-
ture for both states. The My increases from 15.1 emu cm~ at
300 K to 96.2 emu cm~ at 10 K for the AP sample, and from
31.9 emu cm™ at 300 K to 103.1 emu cm ™ at 10 K for the gated
sample, respectively. The difference of M, between the AP and
gated states becomes less pronounced as T decreases and, below
100 K, both samples show similar M, values. The dependence
of coercivity and exchange bias of the films with temperature is
shown in Figure 3d. The coercivity remains modest until 100 K,
below which it starts to increase gradually. Below 50 K, it quickly
ramps up, reaching 4.12 and 2.49 kOe at 10 K for the AP and
gated samples, respectively. In the inset of Figure 3d, a similar
trend is presented for the EB field (Hj). H; remains zero down
to 30 K, below which it rapidly increases to 1.26 kOe (AP) and 0.59
kOe (gated) at 10 K. The shape of the hysteresis loops alongside
the evolution of M corroborates the presence of two FM com-
ponents, which can be related to the two aforementioned contri-
butions. The hard contribution, FM/FiM at room temperature,
probably consists of large, ordered clusters or a layered morphol-
ogy, while the soft one likely originates from small clusters. Some
of these clusters are possibly small enough to be superparamag-
netic, hence explaining the Mg behavior with temperature. Upon
gating, new superparamagnetic sites are formed, or the size of
the existing ones increases while the effect on the magnetically
ordered clusters is less pronounced, with a smaller M enhance-
ment.

The observation of EB in the low-temperature loops implies
the coexistence of both FM and AFM phases in the Co, ssMn, ,sN
layer, as neither Ta nor TaN is magnetic. The FM phase has al-
ready been discussed, while the XRD results suggest that the
AFM phase is likely (Co,Mn),N for x = 0.55. From the low-
temperature magnetometry measurements, a Ty ~ 20-30 K is
established, slightly higher than the value expected for Co,N, sug-
gesting that the addition of Mn alters this transition temperature.

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Hysteresis loops of the Cog 55 Mng 45N sample from 300 to 10 K in the as-prepared (AP) a) and gated b) states. c) Dependence of the saturation
magnetization with temperature in both states. d) Dependence of the coercivity and exchange bias field (Hg) (in the inset) with temperature for both

states.

Ithas been previously shown that a solid solution of an AFM com-
pound with a higher T\ and another with lower T\ can produce
an AFM system with an intermediate Ty.[7%] Thus, given that
all known AFM phases of manganese nitrides have T, above RT
[e.g., Ty(MnN) = 660 K, Ty(Mn,N) = 301 K and Ty (Mn,N,) =
925 K],5773-71 it is expected that the obtained T for (Co,Mn),N
is higher than that for pure Co,N. The large EB in the AP state
indicates that this AFM phase couples to clusters of FM Co;N [or
more likely (Co,Mn);N] and/or FM Co,N or FiM Mn,N phase [or
likely a mixture such as (Co,Mn),N as both Mn,N and Co,N have
a cubic phase with similar lattice constants]. Given the inverse re-
lation between the FM size and EB,[37¢] the decrease in EB could
be explained by the electric field induced growth of the structures
observed in the AP state. Namely, during gating the more metal-
lic FM/FiM (Co,Mn);N or (Co,Mn),N component grows at the
expense of the (Co,Mn),N. In addition, during the gating, new
small clusters of FM/FiIM (Co,Mn);N or (Co,Mn),N could also
be formed from the (Co,Mn),N layer. The fact that these small
clusters are not exchange biased, could be related to the minimal
size required to induce EB in small clusters.l””] Note that these as-
sumptions are reasonable in the context of our experiment, pro-
vided that voltage induces a loss of N in the Co,Mn, N layer.

2.2. Nitrogen Migration Mechanisms
With the configuration depicted in Figure 1a, upon application

of positive voltage, N ions are expected to diffuse toward the bot-
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tom Ta layer. To elucidate the redistribution of nitrogen across
the heterostructure, electron energy loss spectroscopy (EELS)
and depth-resolved variable energy positron annihilation lifetime
spectroscopy (VEPALS) were used.

The EELS maps for oxygen (green), nitrogen (red), cobalt
(blue), and manganese (pink) Co,s;sMn, ,;N lamellae are shown
in Figure 4a,b for the AP and gated states, respectively,
alongside their corresponding scanning transmission electron
microscopy/high-angle annular dark-field (STEM/HAADF) im-
age. Yellow dashed lines are drawn as guides to the eye to
separate the different layers in the structure. The boundaries
were set considering the contrast in brightness between layers
and the elements present in them. The maps are rather homo-
geneous, with no obvious ion channels (in contrast to oxide-
based systems!?*#1)). However, no clear nitrogen diffusion front
can be observed, unlike that seen in liquid-electrolyte gated
nitrides,?#! indicating that in N-based solid-state gating the ob-
served effects are more subtle. In addition, traces of N are ob-
served in both Ta layers before and after gating. The top Ta is also
partially oxidized, resulting in lower brightness compared to the
bottom Ta. The STEM/HAADF image displays a blue solid line,
across which an EELS scan was performed. The normalized in-
tensity of the nitrogen and the brightness alongside the scan are
plotted in Figure 4c for both states. The nitrogen intensity was
normalized to the Mn signal from the ternary layer, which had an
intensity comparable in the maps from both states (AP and gated)
and was uniform along the film. From a simple inspection, the
changes in the nitrogen distribution are not evident both in the
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Figure 4. From left to right, STEM/HAADF image and EELS mapping of O (green), nitrogen (red), cobalt (blue) and manganese (pink) for the as-
prepared (AP) a) and gated b) states of the Cog 55Mng 45N sample. A line has been drawn in the STEM image over which an EELS scan was performed.
The results for the brightness and the nitrogen signal of the line scan are shown in (c).

maps or the line scans, although the overall N line scan appears
to be slightly shifted after gating (with the maximum N signal
at the bottom half of the Co,ssMn, 5N layer). An in-depth sta-
tistical analysis was performed to assess the nitrogen migration
throughout the film. In particular, the area under the N curve
in the line scans from Figure 4c was integrated, which is related
to the nitrogen content of the layer. The analysis reveals that the
area of the N signal in the Co,ssMn, 5N layer is 0.3% larger in
the AP sample compared to the gated sample, contrary to what
occurs in the bottom seed Ta layer, where the N content increases
slightly after gating. A similar trend was observed from an in-
depth analysis of the EELS nitrogen map, where the mean inten-
sity of the Co,Mn, N layer is higher in the AP state compared to
the gated, and in contrast to the increase in N content in the Ta
seed layer after gating (see Figure S2 and Table S2, Supporting In-
formation). These observations are consistent with the expected
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N-ion diffusion behavior after gating the sample, i.e., nitrogen
migrating toward the bottom part of the structure. Previous stud-
ies on thermally annealed Ta/MnN/CoFe/Ta also had difficulties
elucidating the N redistribution along their heterostructure, as
the N variation in the EELS signal was non-existent. Nonethe-
less, the moderate changes in the N distribution along the layers
produced a substantial increase of the EB of the system.[>’] Like-
wise, in the current case, minor changes in the N content across
the Co, 5sMn, 4N layer led to significant changes in its magnetic
properties.

The defect structure of the Co, ssMn, ,s N sample was also char-
acterized, before and after gating, through VEPALS to shed fur-
ther light on the ion migration mechanisms. The technique en-
ables the acquisition of positron lifetimes which are proportional
to defect sizes (i.e., the larger the open volume, the longer the
positron lifetime) and their relative intensities reflect, to some

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

5UB017 SUOLLLLIOD) BAIEBID 2(qedldde 8L Aq peusanob ale SO YO ‘88N J0 Sa NI 0y ARRIq1T BUIIUO AB]IM UO (SUOIPUOD-PUR-SLLLIBI W00 A3 | W AZeiq1jeuluo//SdIy) SUORIPUOD PUE SULB 1 81 9 *[7202/90/02] UD ARIqIT auIluO AB1IM (-oul BANGeT) eqropesy Aq /870vZ0Z WPe/Z00T OT/I0p/LIc0" A3 AReIq Ul Iuo//Sa1LY LU0 Papeolumod ‘0 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

www.afm-journal.de

mean e’ implantation depth, (z) (nm)

0 5 16 31507196123

0 5 1631507196123

040} ¢ 1 sol

_— . —
(2] M

2 o3s) 1,(4 keV): ~400 ps | é
e —

S 2 50t
£ o030 — AP ; 2
2 —— GATED 2
= £
(0]

g 0.25 1 E 40 F
@ ©,(4 keV): ~186 ps -
o pust

30t

50 5 16 31 50 71 96123
I T

0 5 1631507196123

T

25t )

@ 4r R 20

o -

GES =) 15
7]

5 3t S

Y— -—

= £

s (4 keV): O 10

o 74(4 keV): ~4 ns >

by -~

7} @©

3 Ll AP 1 3

Qo GATED =

15(4 keV): ~1.4 ns

() S I
01234567

e" implantation energy, E, (keV)

Figure 5. Depth-resolved variable energy positron annihilation lifetime spectroscopy (VEPALS) results for the Cog 55Mng 45N sample in the as-prepared
(AP) and gated states, represented by black and red symbols, respectively. a) shows the first and second lifetime components (z, and 7, respectively)
and b) their relative intensity (I, and I,, respectively). c) shows the third and fourth lifetime components (z3 and z,, respectively) and d) their relative
intensity (I3 and l4). The grey and light red shaded areas represent the top Ta layer and the adjacent Cog 55Mng 45N layers, respectively.

extent, the concentration of each defect (see the Experimen-
tal Section for further details).”#7°! The results of VEPALS are
shown in Figure 5, where the first three components of positron
lifetime can be distinguished: 7,, 7,, and 7;. The lifetime com-
ponents are consistent with small vacancy clusters, grain bound-
aries (i.e., large vacancy clusters) and pores (of ~0.5 nm in diam-
eter), respectively (see Table S3, Supporting Information). Larger
pores are represented by the fourth component (z,) and, as seen
in Figure 5d, are only residual since the relative intensity falls be-
low 2% across the entire heterostructure for both AP and gated
samples. Remarkably, z,, 7,, and 7; do not significantly change
upon gating (note that black and red symbols largely overlap),
indicating that the defect sizes remain unaltered. The positron
lifetimes recorded for E, = 4 keV (hence for depth of ~50 nm) of
7,/ 186 ps, 7, ~ 400 ps, correspond to the density functional the-
ory (DFT) calculated defect sizes of between 1 and 2, and ~30 va-
cancies, respectively (see Table S3, Supporting Information),>®!
whereas, 7, ~ 1400 ps and 7, ~ 3100-4500 ps are much longer
and represent micropores of a size ~ 0.47 nm and 0.6-0.9 nm,
respectively.®%) Conversely, relative intensities I;, I;, and I, be-
come strongly affected after biasing: I, decreases, while I; and
I, increase across the whole heterostructure. This indicates the
formation of micro-pores at the expense of small vacancy clus-
ters, confirming mild ion migration processes upon voltage. This
compensation seems to be accentuated in the upper region of the
Co,ssMn, 45N layer, close to the interface with Ta. For instance,
I,(AP) grows larger until the positron implantation energy sur-
passes 3.75 keV (=45 nm deep), while the I,(gated) quickly de-
creases until 2.75 keV (~27 nm), and, after remaining constant
~51%, the intensity further decreases in a similar fashion to
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I,(AP) after 3.75 keV. Similarly, I; behaves differently close to
the interface for the AP state compared to that after gating. At
~45 nm, 3.75 keV, both I;(AP) and I;(gated) start increasing at
the same pace.

Therefore, the VEPALS results further support that the gating
effect is rather subtle, and the effects are more pronounced close
to the upper interface. The overall crystalline structure remains
rather unaffected by the N rearrangement, as seen from the XRD
patterns, indicating that the amount of nitrogen that migrates is
not enough to distort the film’s lattice and suggesting that the top-
most layers are the most affected by the nitrogen displacement
(or loss).

2.3. Advanced Spectroscopy Analysis

To further corroborate which phases are present in the
CoyssMn, N sample, X-ray absorption spectroscopy (XAS) was
carried out before and after gating. The total electron yield (TEY)
XAS spectra of Co and Mn L, ; edges at 300 K and base temper-
ature (<10 K) are shown in Figure 6, together with their corre-
sponding X-ray magnetic circular dichroism (XMCD) signal. As
can be seen in the figure, all TEY-XAS spectra show fine struc-
ture, indicating that Co and Mn are in a non-metallic state. This is
consistent with the energy of the K-edge XAS of Co;N and Co, N,
which indicates that the effective valence state of Co in Co;N and
Co,N would be between Co!* and Co?*.18182] In contrast, the L-
edge XAS Co,N has a more metallic character, which would lead
to a rather featureless XAS in the L, edge of Co.[33 The Mn L-edge
XAS of the Co, ssMn, ,sN samples also show some fine structure,
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ColL — 300K
b —<10K

XAS (arb. units)

XMCD (arb. units)

770 780 790 800 770 780 790 800
Photon energy (eV) Photon energy (eV)

Table 1. Obtained Co and Mn magnetic moments per atom from applying
the sum-rules to the XMCD data for both states [as-prepared (AP) and
gated] at the two temperatures measured (300 K and base temperature,
<10 K). The total moment corresponds to the sum of the orbital and spin
moments.

Element State [AP/Gated] Temperature [K]

Mror [ug/atom]
0.06 +0.01
0.09 +0.01
0.25 +0.06
0.54 +0.06
0.12+0.01
0.12+0.01
0.25+0.02
0.55 +0.04

Co AP 300
Mn AP 300
Co AP <10
Mn AP <10
Co Gated 300
Mn Gated 300
Co Gated <10
Mn Gated <10

<]
s}
T
o
~

MnL, —300K | d) | MnL, —300K
P <10K ! <10K

40 | |

XAS (arb. units)

XMCD (arb. units)

| Hiri-plane = 60 kOe

| Pinptane =60 kOe

640 650 640 650
Photon energy (eV) Photon energy (eV)

Figure 6. Cog 55Mng 45N XAS and XMCD spectra of the Co L, 3 a,b) and
Mn L, ; c,d) edges for the as-prepared (AP) (a,c) and gated (b,d) states at
300K (red curve) and base temperature <10 K (blue curve). XMCD spectra
were recorded with an in-plane magnetic field of 60 kOe. Dashed vertical
lines are drawn as eye-guides to the positions of the peaks found in the L;
edge.

which may indicate a higher Mn valence state than that for Mn,N
and closer to Mn?*.18+8¢] Interestingly, the shape of the Co and
Mn TEY-XAS spectra barely changes after gating, indicating that
there is no drastic change in the valence state of the transition
metals from the phases present in the film after the voltage is
applied, neither when decreasing the temperature below Ty, in
agreement with the other characterization techniques.

The single peak in the Co XMCD L-edge spectra (Figure 6a,b)
indicates that the order of the Co ions is FM. In contrast, the Mn
XMCD L-edge spectra (Figure 6¢,d) show positive and negative
peaks, suggesting a FiM arrangement of the Mn ions. Note that
different magnetic order in the Mn and Co ions is in concordance
with the different magnetic order observed in Mn- and Co-based
nitrides.®3] The intensity increase of the XMCD signals between
300 K and low temperature for both Mn and Co indicates that
the magnetization increases substantially as the temperature is
lowered, as observed from magnetometry measurements.

Interestingly, there are no apparent changes in the shape
of the XMCD spectra of the sample before and after gating,
eventually differing from what is observed in magnetometry.
The magnetic moment per atom of Co and Mn before and
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after gating were extracted from the XMCD signal at 300 K
and low temperature using the sum rules,##¥] and the results
are summarized in Table 1. It is worth noting that many of
the atoms in the Co,ssMn,,sN layer do not contribute to the
ferro/ferrimagnetism in the film, which leads to rather low mo-
ments extracted from the XMCD analysis. The total Co mag-
netic moment per atom at 300 K doubles after gating (from 0.06
pg/atom to 0.12 pg/atom). Yet, the increase of M observed af-
ter gating slightly exceeds 100%, as shown in the magnetometry
section. This additional gain can be related to the increment of
the total Mn magnetic moment after gating, from 0.09 p; /atom
to 0.12 py/atom. At low temperatures, the magnetic moment re-
mains largely unaffected after gating, 0.25 p,/atom for Co and
0.55 py/atom for Mn, consistent with the magnetometry results.

The fact that the shape of the XMCD spectra does not change
upon gating may suggest that rather than reducing the mag-
netic (Co,Mn);N toward a more metallic FM phase [e.g., Co
or (Co,Mn),N], more (Co,Mn);N is generated from the AFM
(Co,Mn),N phase. Nevertheless, apart from Mn in a (Co,Mn);N
phase, the magnetic moment from Mn could also originate from
uncompensated Mn,N spins due to nitrogen deficiency!””! (al-
though this type of contribution is typically much weaker than
FM or FiM signals) or the presence of FiM phases such as
Mn,N® in regions with a larger amount of nitrogen vacancies,
as most of the other nitride phases of Mn are known to be para-
magnetic or AFM at RT.!]

Therefore, XAS and XMCD results somewhat constrain the
number of possible phases mentioned in previous sections. The
fine structure seen in the XAS-TEY spectra excludes the possi-
bility of highly metallic phases such as metallic Co, Mn or CoMn
alloys. Consequently, (Co,Mn);N (Co,;N with Mn substitutions, as
Mn;N is not a stable phase) seems the most probable candidate
to explain the magnetic signal of the Co, ;s Mn, ,sN films. Phases
such as Mn,N (FiM) or uncompensated spins in Mn,N cannot
be completely discarded, since the XMCD signal indicates a FiM
ordering of Mn.

In contrast to the TEY-XMCD results (sensitive to the topmost
layers), the fluorescence yield (FY)-XMCD, which is sensitive to
the whole film (see Figure S3, Supporting Information), exhibits
little changes to the spectra after gating, implying that most of the
magnetic modifications occur within the top layers of the film,
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in agreement with the VEPALS results. Note that the difference
in shape between the absorption and XMCD spectra in the TEY
and FY are probably due to the self-absorption effects in the FY
measurements. Thus, from the FY- XAS or XMCD it is complex
to extract information concerning the valence states of both Co
and Mn.

3. Conclusion

In summary, a series of Ta/Co,Mn, ,N/Ta heterostructures were
deposited by sputtering (x = 0-0.55) and afterwards electrically
manipulated (gated) at RT using a solid-state configuration to in-
duce a N redistribution inside the samples. In the as-prepared
(AP) state, the magnetic signal of the ternary layer moderately
increases with the amount of Co. For sufficiently high Co con-
tents, after positive gating, the magnetic signal of the samples is
enhanced, as M increases from 15.1 to 31.9 emu cm™3 in the
case of x = 0.55. The voltage treatment also induces changes
in the hysteresis loops at low temperatures. In particular, the
Co,ssMn, ,sN sample exhibits an exchange bias effect below 30
K, which can also be tuned (%50% at 10 K) by applying an electric
field at RT. The phases responsible for the observed magnetic be-
havior are pinpointed using XRD, HRTEM and XAS. The most
probable scenario is a matrix of (Co,Mn),N (AFM, T = 30 K)
with embedded superparamagnetic clusters of (Co,Mn);N (FM)
or (Co,Mn),N (FiM), with a blocking temperature ~100 K. After
gating, the evidence points to more and/or larger magnetic clus-
ters being formed from the (Co,Mn), N matrix, allowing the pos-
sibility to tune the magnetic phases with voltage. These results
demonstrate the feasibility of solid-state nitrogen magneto-ionics
in Co,Mn, N films, which is appealing for applications in low-
power spintronic and memory devices by avoiding energy losses
from heat dissipation.

4. Experimental Section

Sample Preparation: A series of thin film heterostructures compris-
ing Ta seed/ Co,Mn, N/ Ta cap layers were grown through direct cur-
rent (DC) magnetron sputtering on top of thermally oxidized (285 nm
SiO,) p-type Si substrates. The thickness of the ternary layer was 50 nm
nominally, while the Ta seed and cap layers were 10 nm thick. The de-
position was assisted by a shadow mask, in order to pattern the films in
areas of 5 mm x 5 mm. Before deposition, a base pressure better than
5 x 1078 Torr was always reached. All 10 nm Ta layers were deposited
at room temperature (RT) and 3 mTorr in a full Ar atmosphere, using
50 W DC power. The ternary layer was reactively co-sputtered from Co
(99.99%) and Mn (99.99%) metallic targets in a 1:1 Ar:N, atmosphere.
The working pressure was set to 2.5 mTorr and the substrate temperature
at RT. The Co content was varied from 0 to 55 at.%. The amount of Co
included in the layers was controlled either by changing the power applied
to Co (from 25 W up to 50 W) or changing the Co gun’s geometry (see
Table S1, Supporting Information), as plasma could not be lit below 20 W
with the mentioned depositing conditions.

Magnetic Measurements: In-plane magnetic characterization of the
samples was performed using a LakeShore 8600 series vibrating sample
magnetometer (VSM). The VSM hysteresis loops were recorded at RT with
a maximum applied field of 19 kOe. All samples were measured in the as-
prepared (AP) state and after undergoing an ex situ treatment of +20 V
during 1h (GATED sample) with an Agilent B2902A power supply. The bot-
tom contact was made by scratching the oxidized SiO, and pasting a small
piece of indium on the scratch to ensure good contact with the doped Si.
The top contact was directly placed on the conductive Ta. Complemen-
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tary low-temperature measurements were acquired for the Cog 55 Mng 45N
sample in the AP and GATED states using a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design MPMS3).
To induce EB, the sample was cooled in a 10 kOe field from 300 K to a mea-
surement temperature of 300, 200, 150, 100, 50, 30, 20, and 10 K. In-plane
hysteresis loops were then measured at each temperature.

Structural and Compositional Analysis: The Co and Mn contents in
all layers were quantified through energy dispersive X-ray spectroscopy
(EDX). The structural characterization was performed by X-ray diffraction,
using a Malvern-Panalytical X'Pert3 MRD system with Cu K, radiation.
The 6-20 scans were measured in the 20 range from 30° to 55° using a
PixCel'® line detector with a 0.02° step size and total integration time of
200 s. Additionally, cross-section lamellae from the Cogs5sMng 45N films
in the AP and GATED states were prepared by focused ion beam (FIB).
They were subsequently observed by high resolution transmission elec-
tron microscopy (HRTEM) and electron energy loss spectroscopy (EELS)
on a TECNAI F20 HRTEM/STEM microscope operated at 200 kV.

X-ray absorption spectroscopy (XAS) and x-ray magnetic circular
dichroism (XMCD) measurements at the Co and Mn L, ; edges were car-
ried out at the BOREAS beamline of the ALBA synchrotron in Barcelona,
Spain!®] for the Cog 55Mng 45N sample in the AP and GATED states. The
spectra were acquired at RT and <10 K (base temperature) in a grazing
angle (60° to the sample normal) in total electron yield (TEY) and partial
fluorescence yield (PFY) under high vacuum conditions (10~ Torr). The
subtraction of the XAS signal between spectra recorded at opposite in-
coming beam helicities, with an in-plane applied field of 60 kOe, resulted
in the XMCD spectra at the same edges.

Defect characterization by variable energy positron annihilation life-
time spectroscopy (VEPALS) measurements were conducted for the
Cog.55Mng 45N sample in the as-prepared and gated states at the Mono-
energetic Positron Source (MePS) beamline at Helmholtz-Zentrum Dres-
den — Rossendorf (Germany)!®] using a digital lifetime CrBr, scintillator
detector, coupled to a Hamamatsu R13089-100 photomultiplier and em-
ploying a ADQ14DC-2X digitizer from SPDevices.[®'] A conventional life-
time spectrum N(t) was described by N(t) = X(1/z;)l; exp(-t/r;), where
7; and [; are the positron lifetime and intensity of the i-th component, re-
spectively (XI; = 1). All the spectra were deconvoluted using a non-linear
least-squares fitting method employed within the fitting software package
PALSfit[>?] into four discrete lifetime components, which directly evidence
localized annihilation at four different defect types (or sizes: 7;, 7,, 73, and
74). The corresponding relative intensities primarily reflect the concentra-
tion of each defect type (size) as long as the size of compared defects was
in a similar range. Broadly, positron lifetime was directly proportional to
defects size, i.e., the larger the open volume is, the lower probability there
was for positrons to be annihilated with electrons, and hence the longer
positron lifetime.[’%7°] The positron lifetime and its intensity have been
probed as a function of positron implantation energy Ep or, in other words,
implantation depth (thickness). A mean positron implantation depth (z)
(given in nm) can be approximated using a simple material density p =

6.83 g cm~3 dependent formula as (z) (nm) = (sg ) Ep (keV) "62 193]
ey

DFT calculations of the positron lifetimes for different possible de-
fect configurations were performed employing the so-called atomic su-
perposition technique (ATSUP).%l The electron-positron correlations
were treated according to Bororiski-Nieminen.[®] For simplicity, the
Cog 55Mng 45N was approximated to CoN for these calculations.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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