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Recent high-throughput computational searches have predicted many novel ternary nitride compounds provid-
ing new opportunities for materials discovery in underexplored phase spaces. Nevertheless, there are hardly any
predictions and/or syntheses that incorporate only transition metals into new ternary nitrides. Here, we report
on the synthesis, structure, and properties of MnCoN,, a new ternary nitride material comprising only transition
metals and N. We find that crystalline MnCoN, can be stabilized over its competing binaries, and over a tendency
of this system to become amorphous, by controlling growth temperature within a narrow window slightly above
ambient condition. We find that single-phase MnCoN,, thin films form in a cation-disordered rocksalt crystal
structure. X-ray photoelectron spectroscopy analysis suggests that MnCoN, is sensitive to oxygen through
various oxides and hydroxides binding to cobalt on the surface. X-ray absorption spectroscopy is used to
verify that Mn*" and Co*" cations exist in an octahedrally coordinated environment, which is distinct from
a combination of CoN and MnN binaries and in agreement with the rocksalt-based crystal structure prediction.
Magnetic measurements suggest that MnCoN, has a canted antiferromagnetic ground state below 10 K. We

extract a Weiss temperature of 6 = —49.7 K, highlighting the antiferromagnetic correlations in MnCoN,.
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I. INTRODUCTION

Transition metal (TM) nitrides are important in several in-
dustrial applications, such as superconductors, hard coatings,
plasmonics, photovoltaics, piezoelectrics, permanent mag-
nets, and more [1-4]. Despite their known and promising
functionality, TM nitride materials have been historically un-
derexplored due to challenging synthesis routes and hurdles in
achieving oxygen-free pure nitrides. To expand the number of
known functional nitrides, several papers over the past decade
have used high-throughput computations to identity nitride
materials for various applications, including earth-abundant
semiconductors, magnetic antiperovskites, and MAX phase
precursors to MXenes [5—7]. The bounded nature of these
works resulted in a few dozen nitride compounds to study,
many of which were known. On the other hand, in 2019
Sun et al. [8] conducted a properties- and structure-agnostic
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high-throughput computational search for ternary nitride com-
pounds using a data-mined structure predictor [9] algorithm
specifically trained for new nitride discovery. This search
found 244 newly predicted stable ternary nitride phases, out
of which 93 were in completely new chemical spaces (i.e.,
a pair of metals previously unknown to form a ternary ni-
tride). Guided by these predictions, experimentalists have
recently utilized radio frequency (rf) sputtering to synthe-
size several new ternary nitrides in the laboratory, such as
MgTiN,, MgHIN,, Mg,NbN3 [10], MgZrN, [11], ZnTiN,
[12], ZnZrN, [13], Zn,SbN3 [14], LaWN3 [3], MnSnN; [15],
Zn,TaN3 [16], and Zn, VN3 [17], to name a few.

While this is a fruitful materials discovery approach, none
of these compounds contain only transition metals (TMs)
[here, we consider Zn as chemically more like an alkaline
earth (AE) main group element than a transition metal]. In
fact, the 2019 paper [8] only found one new TM-TM-N
chemical space containing a stable ternary nitride, Mn-Co-
N. Figure 1(a) summarizes the new and known AE-TM-N
and TM-TM-N as reported by this paper. Because many of
the known TM-N binary compounds are useful compounds
and magnetic materials, the predicted MnCoN, phase is a
compelling materials discovery target. The structure predicted
for MnCoN, in 2019 (entry mp-1029367 in the Materials
Project) [18] is in a trigonal space group (sg, R3m) where the
cations (Mn and Co) are bonded with anionic N to form MnNy
and CoNy tetrahedra. Unlike the chalcopyrite structure, the
predicted R3m structure contains two inequivalent N3~ sites.
On the first N3~ site, N>~ is bonded to one Mn cation and
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FIG. 1. (a) Bar chart of known, predicted metastable and new stable nitrides of alkaline earth—transition metal nitrides (AE-TM-N) and
transition metal—transition metal nitrides (TM-TM-N). (b) Calculated enthalpies of five prototype structural candidates, sg-13 RS-derived and

sg-122 ZB-derived crystal structure shown as the right side of (b).

three equivalent Co cations to form NMnCos tetrahedra. In
the second N3~ site, N3~ is bonded to one Co cation and three
equivalent cations of Mn to form corner-sharing NMn;Co
tetrahedra.

It is important to contextualize MnCoN, among the com-
peting MnN, and CoN, binary phases. While there are several
in each system, we focus on those with a 1:1 metal:N ra-
tio, like the MnCoN, compound of interest. We begin by
discussing manganese nitrides. The manganese nitride with
1:1 cation:anion composition, 8-MnN, exists experimentally
in a tetragonally distorted rocksalt (RS) structure (space
group number 139) with antiferromagnetic (AFM) order with
Ty = 650 K, measured from an exfoliated powder originally
prepared by magnetron sputtering [19]. Conversely, some the-
ories have proposed a cubic zinc-blende (ZB) structure under
certain conditions [20,21]. Convex hull calculations from Li
et al. [21]. predict a phase transition sequence for MnN with
increasing pressure; first, the semiconducting nonmagnetic
ZB phase transforms at 5 GPa to a metallic AFM phase
in the NiAs structure, which at 40 GPa is destabilized ver-
sus a metallic ferromagnetic (FM) RS phase. Interestingly,
while the low-pressure phases are not seen experimentally,
on increasing pressure, Zheng et al. [22] recently observed a
transition from AFM to FM order in rocksalt-derived MnN at
34 GPa. The transition to FM was associated with a reduction
in cell volume of ca. 12% to 16 A [3].

There are also several known nitrides of cobalt. While
most of the early transition metal nitrides with a TM:N com-
position of 1:1 are reported as RS, this structure becomes
destabilized with increasing electron count from populating
antibonding orbitals [23]. Depending on the synthesis method,
CoN had been reported as RS [24] and ZB [25]. Because
both RS and ZB have underlying face-centered-cubic (fcc)
lattice symmetry, the same family of x-ray diffraction (XRD)
peaks are present in both. However, relative intensities in
powder XRD patterns and peak positions both change be-
tween polymorphs. Suzuki et al. [26] synthesized ZB CoN
by rf sputtering in 1995. In lieu of a full refinement, they
showed that the material is ZB by comparing experimental
XRD intensity with simulated patterns of CoN in both ZB and
RS structures. They further observed that the ZB CoN exhibits
Pauli paramagnetic properties, which was later theoretically

confirmed by Lukashev et al. [27] using spin-polarized
calculations.

Considering the TM-N binaries, the unreported MnCoN,
compound must be stabilized among multiple competing fcc
structures, namely tetragonal RS MnN with octahedral coordi-
nation and cubic ZB CoN with tetrahedral coordination. Thus,
the structure of MnCoN, might be either one of these or a
mixture of both. In this work, we study this novel phase space
and report the experimental synthesis of MnCoN,, which
adopts a cation-disordered rocksalt structure. We use labo-
ratory and synchrotron XRD data, along with first-principles
calculations, to explore the crystal structure, comparing the
experimental data to the binary structures and the previously
predicted structure. The octahedral environment is further
supported by XAS experiments. We also show that MnCoN,
exhibits canted AFM order at low temperature. Altogether,
this work should motivate the identification and study of ad-
ditional new TM;-TM,-N materials.

II. RESULTS AND DISCUSSION

A. Computational prediction

Since a high-throughput structure predictor approach does
not always identify ground-state structures [8], and the
existing R3m MnCoN; entry in the Materials Project is non-
spin-polarized (nsp), we begin by more thoroughly surveying
candidate configurations for MnCoN,. We selected five
structural prototypes for MnCoN, and considered different
possible magnetic configurations within a small eight-atom
cell. The prototypes include three zinc-blende (ZB) -derived
structures: the MnCoN, phase from the Materials Project
(mp-1029367, sg-160), chalcopyrite ordered ZB (sg-122), and
CuAu ordered ZB (sg-115), as well as two rocksalt (RS)
-derived structures from our previous work on similar ternary
nitrides: [10] «¢-NaFeO, ordered RS (sg-13) and y-LiFeO,
ordered RS (sg-141).

Figure 1(b) compares the total energy of the candidate
crystal polymorphs in their most stable magnetic configura-
tion. The lowest total energy was found for the «-NaFeO,
RS-type structure in an AFM configuration [sg-13-AF; this is
the zero reference energy in Fig. 1(b), and deviations from this
energy are referred to as the polymorph energy difference].
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FIG. 2. (a) Laboratory XRD heatmap of a MnCoN, film grown at ambient conditions. Reference diffraction patterns of ZB CoN
(black curve, ICSD entry no. 79936) and tetragonally distorted RS MnN (gray curve, ICSD entry no. 106932) are placed at the bottom.
(b) Experimental phase map of MnCoN, deposited at various temperatures with all compositions measured by XRF. The shaded pink area
indicates ZB phase while the green area represents RS phase. The blue shaded area represents the region where both RS and ZB regions
are observed. The light green gradient with increasing temperature indicates lower crystallinity of the RS phase. Points with the same plot
marker color were grown as part of the same combinatorial deposition. (c), (d) Synchrotron GIWAXS data measured from three different
Mn/(Mn + Co) compositions for films grown on (c) pSi and (d) EXG glass. Both films were grown in nominally ambient conditions. The

calculated pattern in space group 13 is placed at the bottom.

Here, both the Mn and Co substructures have AFM order
with local moments of ~3.3uz and ~2.5ug, respectively.
These moments suggest high-spin Mn** and Co*" oxidation
states. This AFM structure is 18 meV/atom lower in energy
than the ferromagnetic (FM) configuration. We also tested
ferrimagnetic (with Mn and Co having opposite spin direc-
tion) and low-spin Co configurations, which were found to
be even less stable. The second most stable candidate, with
a polymorph energy difference of +36 meV /atom, is the RS-
derived structure based on the y-LiFeO, prototype with AFM
order (sg-141-AF-Mn) comprising high-spin Mn (~3.7 ugz)
and low-spin Co (~0.3 ug).

We find the most favorable ZB structure is ferrimag-
netic chalcopyrite (sg-122-FI) at +97 meV/atom above the
a-NaFeO, structure. Similarly, ZB-derived structures in sg-
160 and sg-115 prefer ferrimagnetic configurations. Thus,
the ZB-derived structures in Fig. 1(b) are calculated with
ferrimagnetic ordering with Mn (~3.1-3.4 pg) and Co
(~2.3=2.6 ) spins in opposite directions. Also, there is a
significant local moment of ~0.3 uz on nitrogen, suggesting
partial reduction of N to N3~ and ambiguity in the oxidation
states of Mn and Co. The nonmagnetic MnCoN, structure
found in the materials project (sg-160-nsp) is energetically

very unstable at 4538 meV/atom. Even in the ferrimagnetic
state (sg-160-FI), it is still the least stable of the three ZB-
derived structures at +149 meV /atom. Structure schematics
of the lowest energy level RS-derived (sg-13) and ZB-derived
(sg-122) phases are shown on the right side of Fig. 1(b).

The polymorph energy difference between sg-13 and sg-
141 RS-derived structures is moderate at 36 meV/atom.
While we did not explicitly sample cation-disordered struc-
tures computationally, because local order (i.e., Mn and Co
configuration around a single N ion) changes between these
prototypes, it is likely that entropy and/or kinetic hindrance
during synthesis will result in experimental materials with
cation disorder. Such disordered RS structures are well-known
in both the high entropy ceramic [28] and the battery cathode
[29] communities, and they have also been observed in other
ternary nitrides [10]. This propensity for cation-disordered RS
to form across so many chemistries was very recently shown
to be statistical in nature [30].

B. MnCoN, synthesis

Figure 2(a) displays 44 laboratory XRD patterns col-
lected as a function of position on a compositionally graded
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Mn-Co-N film on a Si substrate. The diffraction intensity is
presented as a heatmap against the measured cation composi-
tion and scattering vector, Q (A = 1.54059 10\). The film was
grown without active heating, which we refer to as “ambient”
in this article. The traces on the bottom of the plot are simu-
lated XRD patterns; the black curve is the reference pattern for
ZB CoN [26], whereas the gray curve is that of tetragonally
distorted RS MnN [19]. Depending on the composition, the
experimental patterns resemble the reference patterns: ZB
at higher Co concentrations, RS at higher Mn content, and
both sets of peaks around Mn/(Mn + Co) = 0.5. For a given
chemical system, peaks from (tetrahedrally coordinated) ZB
are shifted to lower Q than (octahedrally coordinated) RS be-
cause, while both are fcc, ZB is a lower density structure with
a larger unit cell. Thus, the abrupt shift in peak position sug-
gests that the local coordination changes with an overall trend
in Mn4,Co;_,N, of ZB when Co-rich, RS when Mn-rich,
and coexistence around the stoichiometric condition. While
further experiments would be needed to assess local compo-
sition, our observation suggests that it might be possible to
realize stoichiometric MnCoN,, in either ZB or RS structures.
Within each set of peaks (i.e., ZB or RS), a subtle shift in Q is
observed with composition, suggesting that, at least for small
magnitudes of x in Mn;,Co;_,N», Co is incorporated into RS
and Mn into ZB, as opposed to distinct MnN and CoN binary
phases. The lack of additional XRD peaks beyond those in
basic ZB/RS patterns is an indication of significant disorder
on the cation sublattice of the ternary phase(s).

Similar behavior is seen with active heating to a deposition
temperature (73) of 50 °C, but the RS region shifts to lower
Mn compositions, even beyond the stoichiometric condition.
Thus, at slightly elevated temperatures, the stoichiometric
single-phase cation-disordered RS compound MnCoN; can
form. Samples grown at 150 °C exhibit a single phase for
all Mn concentrations studied, as shown in Fig. Sla of the
Supplemental Material [31]. Despite observation of a single
RS phase at high Tj, the overall crystallinity of the film is
lower as indicated by diffraction peaks with large full width
at half-maximum (FWHM), a trend that increases with higher
deposition temperatures. The FWHM of the (111) and (200)
peaks for 7y of ambient, 50°C, and 150°C are shown in
Fig. S1b.

Films grown at several conditions are summarized on a
phase diagram as a function of deposition temperature (73)
and composition in Fig. 2(b), where each point color repre-
sents a different compositionally graded film. Films grown
at 150°C and above only show a RS phase regardless of
Mn/(Mn + Co) values. However, the crystallinity of the
samples progressively decreases with an increase in deposi-
tion temperature, highlighted by the color gradient area in
Fig. 2(b). For samples deposited at ambient and up to 50 °C,
the observed phases (ZB and RS in our system) depend on
the Mn/(Mn + Co) values. For films grown at 50°C, the
ZB phase is observed when Mn/(Mn + Co) < 0.34 and RS
is observed when Mn/(Mn + Co) > 0.45; both phases ap-
pear in the range 0.34 < Mn/(Mn + Co) < 0.45. At ambient,
these stability windows are moved to higher Mn content; the
ZB phase is seen when Mn/(Mn + Co) < 0.38 and the RS
phase when Mn/(Mn + Co) > 0.52, with mixed ZB and RS
at intermediate compositions. Multiple growths with similar

parameters are performed to check the phase stability when
Mn/(Mn + Co) = 0.5. It appears that the Mn/(Mn + Co) =
0.5 composition is on the cusp of a phase change. At this
composition, we observed only RS phase for one growth.
However, on subsequent, nominally identical growths, both
RS and ZB phases are present. XRD patterns from these
films, and others deposited at various temperature (ambient
to 350 °C), are shown in Fig. Slc. This difficulty controlling
the MnCoN, phase might be expected to lead to property
variations in follow-on studies of the material.

To further diagnose the crystallinity of samples, we charac-
terized them with synchrotron grazing incidence wide-angle
x-ray scattering (GIWAXS; A = 0.97625A). Figure 2(c)
shows integrated GIWAXS patterns of films grown at ambient
with Mn/(Mn + Co) = 0.4, 0.5, and 0.6. For the composi-
tions Mn/(Mn + Co) = 0.5 and 0.4, peak splitting indicative
of RS/ZB coexistence is observed; Mn/(Mn + Co) = 0.6 is
closest to phase pure. To understand the role of thermal
conductance of the substrate on phase formation, films were
subsequently also grown on borosilicate glass (Corning Ea-
gle XG glass, EXG) at ambient conditions. Despite the lack
of active heating, both the lower thermal conductivity (<
IWm~' K~ for glass versus >100 Wm~! K~! for Si) and
the thicker substrate (1.1 mm for glass versus 0.6 mm for
Si), coupled with front-side heating from the plasma, result
in an elevated growth temperature during deposition on glass.
GIWAXS patterns from the same Mn/(Mn + Co) = 0.4, 0.5,
and 0.6 compositions but grown on glass substrates are shown
in Fig. 2(d). With the slightly elevated Ty afforded by depo-
sition onto the glass substrate, the RS phase is observed for
Mn/(Mn + Co) = 0.5 and 0.6; only at high Co content (low
Mn content) is a mixed phase observed. The detector images
of films grown on Si substrate and EXG are shown in Fig. S2.

To summarize Fig. 2, the apparent phase instability from
minor thermal differences created by the plasma environment
or different substrates during ambient temperature deposition
suggests the growth process is highly sensitive to the ther-
mal environment. At the same time, deposition temperatures
>150°C reduce crystallinity. One explanation for this could
be N loss at elevated Ty; MnCoN, lacks an electropositive
metal that helps stabilize N-rich nitrides [8], and instead
contains only transition metals well known to accommodate
substoichiometric N [32]. For films grown just above ambi-
ent (i.e., at 50 °C), the metal-stoichiometric films are highly
crystalline and reliably form in the RS structure.

C. Chemistry of Mn and Co in MnCoN,

X-ray photoelectron spectroscopy (XPS) is a powerful tool
to understand the electronic and surface chemical environ-
ment of a system. XPS was conducted at three to four points
with varying Mn:Co concentration for films grown at 50 and
150°C on a Si substrate. Figures 3(a)-3(d) show the Mn
2p, Co 2p, N 1s, O 1s spectra acquired from the MnCoN,
film grown at 50 °C. The Co and Mn 2p orbitals [Figs. 3(a)
and 3(c)] each display characteristic spin-orbit splitting (2p3/»
versus 2pj»). Both the Mn 2p and N 1s spectra [Figs. 3(a) and
3(b)] can be fit with asymmetric peaks consistent with a single
chemical state for each element. In the Co 2p core level, the
two main peaks at 780 and 795.4 eV correspond to Co 2p3/»

104411-4



THIN FILM SYNTHESIS, STRUCTURAL ANALYSIS, ...

PHYSICAL REVIEW MATERIALS 8, 104411 (2024)

(a) (b)
1.20x10° . MnN, N1s
» 6.0x10 1
© »
P S 58t .
i Zz
[} 2 56
k= I3 //
) £ | 4 i
& 8 5.4 e
e — - — == x : . - \”‘
660 655 650 645 640 635 400 398 396 394
©) binding energy / eV (d) binding energy / eV
1 1 1 1 1
. Mn 2s Co 2p
1.10x 10" [ metallic Co 4 20x10 E
» shakeup peaks ©»
S 105 1 21as i
@ 100 4 o . (2 |
> WAL ]
£ oosf N\ 4 E
) @ CoO, CoOOH (%)
e Co(OH)x o a 1.05 \ B
< . : . : . 3 — e T
820 800 780 760 536 532 528
@) binding energy / eV (f) binding energy / eV
L % 641.2 .
» 4| Mn 2p g Mn 2p
BOX10T ¢ non-metaliic Co 2p > — Fit
= 5F — Fit =
0] <1c> 641.1F
s 9 ® 3
x 3l oo o
s ° £
Q ol . 2 e41.0F
5 ® 8 DBE = 244.64 £0.01 eV
L2 1F Q
= ~
(6] 0 T T T c 640.9 T T
0 10 20 3094 103 = 396.3 396.4 396.5 396.6

N 1s peak area / c/s N 1s binding energy / eV

FIG. 3. Surface XPS spectra of MnCoN,. Panels (a)-(d) are XPS
spectra of Mn2p, N 1s, Co2p, and O 1s of stoichiometric MnCoN,
grown at 50°C. (e) The cation peak area vs N 1s peak area for
compositional variation 0.35 < Mn/(Mn + Co) < 0.58. (f) Bind-
ing energy of Mn 2p vs N 1s for compositional variation 0.35 <
Mn/(Mn + Co) < 0.58, with a linear fit.

and Co 2p;; respectively [33,34]. The core levels [Fig. 3(c)]
require peaks corresponding to at least three distinct chemical
states, with the presence of additional shakeup peaks and a
contribution from the Mn 2s orbitals. The dark blue (780.15
and 795.55 eV) and light blue (782.2 and 797.4 eV) peaks are
tentatively associated with Co oxides and hydroxides [35,36].
The presence of hydroxides is further supported by the ap-
pearance of several shakeup peaks that are often associated
with the adsorption of surface oxides/hydroxides, observed
at 785.9, 801.4, 790.5, and 805.8 eV [36,37]. The peak at
771.8 eV is attributed to Mn 2s, while the peaks at 778.6
and 794.15 eV are assigned to metallic Co. Collectively, these
results indicate that Co—O bonds form preferentially in the
near-surface region of MnCoN, during air exposure, leading
to decomposition into Co-(O,0H) and Mn-N phases.

XPS indicates the presence of large amounts of oxygen in
the near-surface region, which is also seen in the bulk of a
film by Rutherford backscattering spectrometry (RBS), shown
in Fig. S3. This suggests the presence of surface oxides,
not unexpected for nitrides exposed to atmosphere [37]. O
Is spectra [Fig. 3(d)] can be subdivided into two peaks at
531.2 and 529.5 eV. The blue-shaded O 1s feature centered at
529.5 eV is due to lattice O*~, and the position is con-
sistent with that expected for metal oxide(s) [38,39]. The
higher binding energy O s (purple shaded) feature at 531 eV

likely corresponds to the surface hydroxyls, under coordinated
lattice oxygen [40], and/or traces of oxidized contaminants
[39,41]. A small yellow shaded peak featured at higher bind-
ing energy (533.2 eV) is attributed to carbon contamination.

Similar XPS spectra, shown in Fig. S4 (a)—(d), were col-
lected at multiple compositions in the range 0.4 < Mn/(Mn +
Co) < 0.6, for deposition temperatures of 50 and 150 °C. The
integrated intensities of the Mn, Co, and N peaks discussed
above are plotted against each other in Fig. 3(e). This plot
shows a strong linear correlation between the Mn 2p and N 1s
peak areas, indicating that these constituents very likely par-
ticipate in the same phase. Further evidence for the existence
of an Mn-N phase is the linear correlation (with slope = 1)
between binding energies for the Mn 2p and N 1s peak,
shown in Fig. 3(f). At the same time, the sum of nonmetallic
Co 2p peak areas is anticorrelated with the N 1s peak area,
suggesting that there are no phases present that involve both
Co and N. Based on all of these observations, we assign the
Mn 2p and N 1s peaks to a MnN, phase, as annotated in
Figs. 3(a) and 3(b), with a Mn:N ratio ~1.7 based on the
observed sensitivity-factor corrected peak areas. The ABE =
244.64 £ 0.01 eV value represents the characteristic binding
energy separation between the N 1s and Mn 2p peaks for the
MnN, phase. On the other hand, the nonmetallic Co 2p peaks
appear anticorrelated to N 1s. In fact, the total peak area of Co
2p (Co oxides and hydroxides) has a positive correlation with
M-0, whereas Mn does not, as shown in Fig. S5. This analysis
indicates that Mn—N bonds are likely stronger and better resist
replacement of N with O compared to Co—-N bonds on the
surface of MnCoNj, and that the nitrogen detected is associ-
ated with Mn. An implication of the higher affinity for Co to
bond to O over Mn is that more Co is involved in secondary
phases. This suggests that an excess of Co [as measured by a
global composition probe such as x-ray fluorescence (XRF)]
will be needed to achieve locally stoichiometric MnCoN, in
thin films containing several percent of O.

Chemical information of the films was further studied
using x-ray absorption spectroscopy (XAS) to understand
the bulk chemistry of the system. Three compositions with
Mn/(Mn + Co) = 0.6, 0.5, and 0.4 for films grown at am-
bient, 50°C, and 150°C were selected and analyzed for
x-ray absorption near-edge structure (XANES) spectroscopy
and extended x-ray absorption fine structure (EXAFS) spec-
troscopy at both the Mn and Co K-edges. The Mn K-edge
XANES of films grown at ambient for an Mn/(Mn + Co)
value of 0.6, 0.5, and 0.4 is presented in Fig. 4(a), along with
references MnO and Mn, O3 for comparison. The absorption
edges (E,) for all three Mn/(Mn + Co) compositions are in
the range 6547-6547.9 eV, which is close to that of Mn;0s3,
hence the oxidation state can be attributed to Mn>* [42-45],
as shown in Fig. 4(a). The slight shift to lower photon energy
from the Mn,0Oj3 standard is expected as N anions are less
electron withdrawing, even for the same nominal +3 oxida-
tion state.

Co K-edge XANES spectra of samples grown at am-
bient are shown along with the standards CoO and
LiCoO, in Fig. 4(b). All Co K-edge XANES spec-
tra of the Mn—Co-N films show a preedge feature
at ~7710eV; the primary edge measured lies between
the absorption edges of CoO and LiCoO,, suggesting
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FIG. 4. XAS data of films with Mn/(Mn + Co) = 0.6, 0.5, 0.4.
Panels (a) and (b) are XANES data at the Mn and Co K-edges. The
inset of panel (b) shows the energy shift of the absorption edge on
increasing Co content. Panels (c) and (d) are EXAFS data at the Mn
and Co K-edges.

an oxidation state for Co between +2 and +3 [46].
On increasing Co content, the absorption edge is progres-
sively shifted to positive energy as shown by the arrow
in the inset of Fig. 4(b). This suggests there is more pos-
itive charge density around Co (i.e., a greater degree of
electron withdrawal) at high Co concentrations [37]. Some
oxygen is seen through the bulk of slightly Co-rich films in
RBS, as discussed in section 2 of the Supplemental Material
(Figs. S3a,b). This is common in sputtered nitride mate-
rials during the discovery stages of research, to the point
where they are sometimes considered N-rich oxynitrides, but
nearly O-free variants can often be achieved after continued
optimization using specialized growth techniques [3,11,47].
Because the bulk oxygen concentration is set by the back-
ground pressure of oxygen-containing species during growth,
and oxygen clearly prefers to bind to Co over Mn in MnCoNj,
we posit that a few extra percent of Co is needed to locally
achieve stoichiometric MnCoN, among some CoO that is also
formed. Whether the intermediate 24-/34 character of Co is
indicative of an intermediate oxidation state of Co in MnCoN,
or mixed Co oxidation states (which might be expected in,
for example, MnCoN, + amorphous CoO) is at this point
unknown.

Figure 4(c) shows Fourier-transformed EXAFS spectra
[Ix(R)|] at the Mn K-edge for the films with Mn/(Mn +
Co) = 0.6, 0.5, and 0.4. For all films (shown in S5), the inten-
sity of both the first and second shells decreases with higher
Co composition, and there is no change in the shell expansion
or contraction in the first and second shell, indicating the
absence of structural (crystal) changes [48]. |x(R)| results
from the Co K-edge for the same Mn/(Mn + Co) = 0.6, 0.5,
0.4 positions are shown in Fig. 4(d). EXAFS pair distance
data have previously been used to compare relative fractions
of metals in octahedral and tetrahedral sites in Mn- and Co-
containing spinel oxides [49]. Because of the similar ionic
size between Mn and Co [50], peaks arise around the same

places in Mn and Co radial distribution functions for a given
coordination environment. For the spinel oxides, intensity at
a radial distance (r) of 2.5 A was attributed to octahedral Mn
and Co, and intensity at r = 3.0 A was attributed to tetrahedral
Mn and Co [49]. Here, we see high intensity at 7 = 2.3 A for
Mn- and Co-edge radial distribution functions, suggesting that
both Mn and Co in MnCoN, are octahedral. The peak shift
to lower r relative to the oxide spinel is expected because
the metal-anion bond lengths from octahedrally coordinated
nitride binaries are slightly smaller than in the corresponding
oxides. The inset of Fig. 4(d) compares the Co K-edge EXAFS
signal of MnCoN,, to standards where the Co is in both octa-
hedral (LiCoO, in the purple dashed curve) and tetrahedral
(CoAl,O4 in the orange dashed curve) environments. The
film’s curve is a much closer match with the octahedrally
coordinated LiCoO, standard. Altogether, these EXAFS data
provide strong evidence beyond XRD that ternary MnCoN, is
distinct from the combination of RS MnN and ZB CoN binary
phases.

Octahedral Mn>* is Jahn-Teller active, but we did not see
any indication of distortions or symmetry lowering (via peak
splitting) in XRD or GIWAXS. One explanation could be that
cation disorder prevents a cooperative distortion. In this case,
local distortions may still be observed as low-r peak-splitting
in EXAFS. We do not identify any perceivable peak splitting
in the MnCoN, EXAFS data, but splitting is also not present
in the EXAFS data for the Mn,O5 standard, which is also
octahedral (bixbyite) Mn3*. Because of this, we cannot rule
out Jahn-Teller activity in MnCoN,.

The XANES and EXAFS of the films grown at 150°C,
50°C, and ambient are presented in Fig. S6a-d. There is a
consistent ordering of absorption edges for Mn and Co in
XANES (Figs. S6a and S6b). The XANES data of all films
show a well-defined preedge feature indicating a noncen-
trosymmetric structure [51]. The feature is more pronounced
in Co-rich compositions, where a tetrahedral environment is
more likely. Since there is no indication of a crystalline non-
centrosymmetric structure in XRD, this feature could be due
to local-tetrahedral motifs in amorphous regions or at grain
boundaries. The shift in preedge peak position in Mn K-edge
is smaller than in the Co K-edge, indicating the change in
oxidation state in Mn is smaller than in Co, in agreement
with XPS analysis and from EXAFS curves. Mn K-edge
EXAFS (Fig. S6c) shows a slightly lower magnitude for
Mn/(Mn + Co) = 0.4 for films grown at all 73. The consis-
tency of Mn—N and Mn—Mn bonding in Mn EXAFS confirms
that the system is stable [37] at 150°C > Ty > ambient for
0.6 > Mn/(Mn + Co) > 0.4. On other hand, in Co K-edge
EXAFS (Fig. S6d), the Co—Co bond intensity is lower for
higher Co content (lowest for the sample grown at 150 °C).
This indicates that Co tends to oxidize at higher concentra-
tions, consistent with the XPS results.

D. Magnetic properties

From XPS and XAS analyses, we conclude that both
Mn** and Co®* cations reside in octahedral coordination en-
vironments, with the presence of some Co*" that is possibly
localized around O impurities. With octahedral Mn**, one
expects four unpaired electrons in the high-spin configuration
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FIG. 5. Magnetic properties of a film with Mn/(Mn + Co) = 0.5
grown at 50°C. (a) Moment of the MnCoN, film as a function of
applied field measured at 2, 20, and 300 K. Inset is the magnified
graph at lower field range. (b) Zero-field-cooled (ZFC) and field-
cooled (FC) moment as a function of temperature measured at 1 and
7 T. Note: The FC scan was stopped once the measurement reached
an identical value as the ZFC data.

(e = 4.9 up) and two unpaired in the low-spin config-
uration (pegr = 2.8 ug). For Co**, one expects an § =0
diamagnetic low-spin configuration, whereas high-spin would
have four unpaired electrons (pe = 4.9 up). With Co?*, one
expects three unpaired electrons with some unquenched or-
bital momentum with high spin (e = 5.2 up).

DC magnetization was measured for a film with
Mn/(Mn + Co) = 0.5 grown at 50 °C. Figure 5(a) shows the
magnetization as a function of applied magnetic field, mea-
sured at temperatures ranging from 2 to 300 K. Data are
plotted after subtracting the substrate’s background signal,
which was measured on a comparable piece of Si. Hysteresis
is observed at 2 K, and it disappears at T = 20 K, suggesting
that a magnetic transition exists at 7 < 20K. At 2 K, the
coercive field (H,) of the film is observed to be 0.4 T, and there
is a small net moment, as illustrated by the inset in Fig. 5(a).

Temperature-dependent measurements were performed
under field-cooled (FC) and zero-field-cooled (ZFC) condi-
tions, at 1 and 7 T. At both fields, cusps appear at 10 K
[Fig. 5(b)]. A small bifurcation between the ZFC and FC data,
and the absence of a significant shift in the ZFC peak position
over a wide field range (1-7 T), suggests a potential AFM
transition at 10 K and the presence of some disorder. However,
because we observed a small hysteresis at 2 K, we hypothesize
that the ground state is likely canted AFM or ferrimagnetic
order below 10 K.

We also note a change in slope in the inverse magnetization
at high temperature, visible in both Fig. 5(b) and a plot of
H/moment versus temperature (Fig. S7a). From these data, we
hypothesize that the most likely scenario is that MnCoN, is
fully paramagnetic at high temperature, and short-range AFM
correlations start to disrupt ideal paramagnetic behavior below
~150 K. We observed linear behavior of the moment at high
temperature in a plot of the inverse moment (Fig. S7b), which
is consistent with paramagnetic behavior, and therefore we
performed a Curie-Weiss fit from 170 to 300 K. While this fit
cannot yield a meaningful Curie constant as we do not know
the film mass precisely enough to calculate susceptibility,
a meaningful Weiss temperature can still be extracted. The
Weiss temperature (®) resulting from this fit is —49.7(3) K,
supporting the assignment of AFM interactions in MnCoNj.

The canted AFM ordering temperature of ~10K is much
lower than that of the reported binary Mn nitrides (MnyN
at 745 K [52], Mn3N; at 920 K [53], and MnN;_; at 650
K [19]) and FM ordering of binary Co nitrides (CosN at
615 K and Co, gN at 450 K [54]). This makes our observation
of a low-temperature order in MnCoN, surprising. However,
cation disorder was recently found to suppress magnetic order
in MnSnN; in a wurtzite-derived structure [15], lending credi-
bility to our hypothesis of low-temperature canted AFM order.
In rocksalt MnCoN», the presence of cation disorder between
diamagnetic low-spin Co®* and magnetic Mn** would imply
weak interactions, for example through magnetic dipoles, or
perhaps puddles of order that do not encompass the entire
sample. Further work will be required to probe the level
of cation disorder in this material and explore its effect on
properties. On other hand, we see evidence of CoO, phases
through chemical analysis, and Co3O4 shows magnetic or-
dering below 20 K [55]. However, XRD does not indicate
the presence of crystalline CozO4 oxides, so we conclude the
magnetic properties observed here are likely dominated by the
MnCoN, phase. Another possible scenario for MnCoN, could
be that it is AFM at all temperatures measured here like the
binary Mn nitrides, although we were not able to probe this
hypothesis directly in this work; the bifurcation between FC
and ZFC, shown in Fig. 5(b), and opening of the hysteresis
loop below ~20 K [Fig. 5(a), inset], would then occur from
spin canting and pinned domains that require reorientation.

III. CONCLUSION

A new ternary nitride material MnCoN, has been discov-
ered in thin film form. The compound was initially predicted
in a trigonal R3m space group with Mn and Co tetrahe-
drally bonded with four N atoms, but our calculations suggest
the material is more stable in a rocksalt-derived structure
with octahedral coordination environments. Our experimen-
tal syntheses performed on different substrates confirm that
MnCoNj films exhibit a cation-disordered rocksalt phase and
that the deposition temperature must be carefully controlled
to achieve single-phase, highly crystalline material. XPS sug-
gests that oxygen preferentially bonds to Co on the surface of
MnCoN,. Further experiments using x-ray absorption spec-
troscopy verify octahedral coordination of Co** and Mn?* in
the bulk of the film, confirming the rocksalt phase in this sys-
tem. Magnetic studies show that the system possesses canted
AFM order with a transition at ~10 K and a small net moment.
In the future, the study of magnetic properties with improved
film quality and under controlled cation antisite populations
would be interesting. Our experimental confirmation of this
new TM;—TM;—N material adds one more compound to
the library of ternary nitrides, motivating renewed effort in
predicting and discovering new materials in similar ternary
spaces.

IV. METHODS
A. Synthesis

Combinatorial MnCoN)j, thin films were deposited using an
RF magnetron sputtering system at several temperature ranges
of 25—450 °C. The thin films were deposited by cosputtering
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3”7 Co (99.98%) and 3” Mn (99.99%) targets (Kurt J. Lesker
Co.) placed at a 120° angle to each other, thus creating a
gradient in cation fluxes resulting in compositional gradient
deposition of MnCoN,. Most films were grown for 2 h, re-
sulting in thicknesses ranging from about 400 to 700 nm.
Samples for XAS studies were grown for 10 min, resulting
in correspondingly thinner films, but possibly higher overall
oxygen concentrations from surface oxidation. Prior to de-
position, the chamber was evacuated to a base pressure of
~3 x 1077 Torr. All films were grown at a working pressure
of 4 mTorr, provided by 20 sccm Ar and 5 sccm of molecular
N,. No additional nitrogen activation was employed. Most
of the films were deposited on 50.8 cm x 50.8 cm pSi (100)
wafers with a native oxide layer (~2nm), while some were
deposited on 12.7cm x 1 cm glassy carbon (HGW GmbH,
Germany) and on Corning Eagle XG glass (EXG, electroni-
cally insulating and optically transparent, with a silicon back
plate to transfer heat during deposition) for certain property
measurements as mentioned in the text. All samples were
cleaned with isopropanol and DI water followed by N, gas
blow before loading into the chamber. The targets were pre-
sputtered for at least 30 min with the shutter closed to remove
surface oxide.

B. Characterization

Experimental data for this study have been analyzed using
the COMBIgor package [56], and they are available pub-
licly in the National Renewable Energy Laboratory (NREL)
high-throughput experimental material database [57,58]. Thin
films grown on 2” x 2" substrates were mapped as 4 x 11
points, called “libraries.” A Bruker D8 x-ray diffractometer
using 0-20 geometry and Cu Ko radiation and equipped
with an area detector was used to map the libraries. High-
resolution synchrotron grazing incidence wide angle x-ray
scattering (GIWAXS) measurements were performed on se-
lect samples at beamline 11-3 at the Stanford Synchrotron
Radiation Lightsource, SLAC National Accelerator Labora-
tory. The data were collected with a Rayonix 225 area detector
at room temperature using a wavelength of A = 0.97625A, a
1° or 3° incident angle, a 150 mm sample to detector distance,
and a beam size of 50 um vertical x 150 um horizonal. Cation
compositions were measured with a Fischer XDV-SDD x-ray
fluorescence instrument with an Rh source and a 3-mm-diam
spot size. The measurements were performed at ambient tem-
perature and pressure with an exposure time of 120-180 s for
each measurement. Rutherford backscattering spectrometry
(RBS) was used to further check the cation and anion concen-
tration. RBS was run in a 168° backscattering configuration
using a model 3S-MR10 RBS system from National Electro-
statics Corporation with a 2 MeV He™ beam energy. Samples
were measured for a total integrated charge of 160 uC. RBS
spectra were modeled with the RUPM software package [59].

XPS measurements were performed in a Physical Electron-
ics VersaProbe III instrument using monochromatic Al-K«
x-rays (hv = 1486.7 eV). High-resolution XPS spectra were
acquired at a 55 eV pass energy, and the binding-energy scale
was calibrated using the Au 4f7,, (83.96 eV) and Cu 2p3)»
(932.62 eV) core levels and the Fermi edge (Er = 0.00eV)
measured on sputter-cleaned metal foils. Curve-fitting of XPS
spectra was performed and fitted in Igor Pro.

X-ray absorption spectroscopy (XAS) was performed at
beamline 6-BM at the National Synchrotron Light Source
(NSLS-II) at Brookhaven National Laboratory. The beamline
was equipped with a paraboloid collimating mirror coated
with rhodium, a monochromator utilizing (111) crystal, and a
flat mirror designed for rejecting harmonic frequencies. The
films on which XAS measurements were carried out were
grown on glass substrates to mitigate the issue of Bragg
diffraction from the crystalline substrate. Spectra of films
were collected at room temperature in fluorescence mode,
whereas the spectroscopic references, including CoO pow-
der (99.5%, Sigma Aldrich), MnO powder (99.5%, Sigma
Aldrich), Mn;03 (99.9%, Sigma Aldrich), LiCoO, (99.5,
Sigma Aldrich), and CoAl,O3 (99.5, Sigma Aldrich), were
measured in transmission mode. Six scans for the Co K-
edge and three scans for the Mn K-edge were collected and
averaged to further improve the signal-to-noise ratio of the
absorption spectra. Fourier-transformed EXAFS spectra were
processed with a k*-weighting Hanning window (3-9.9 A)
and without phase correction. Data were analyzed in Athena
within the Demeter software suite [60].

Magnetic properties were measured via superconducting
quantum interference device (SQUID) magnetometry in a
Quantum Design Magnetic Properties Measurement System
(MPMS3) with the Vibrating Sample Magnetometer. The
films were measured from 2 to 300 K under applied fields
from —7 to +7 T. The measured MnCoN, film was an ap-
proximately 5 x 5mm piece of a combinatorial film grown
on a Si substrate. It was approximately 600 nm thick with
composition Mn/(Co + Mn) = 0.5 £0.01 as measured by
XREF. To isolate the signal of the film, a bare substrate was
also measured and subtracted.

C. Calculations

To calculate the total energy, we employed the strongly
constrained and appropriately normed (SCAN) meta-GGA
functional [61] in density functional theory (DFT) with the
projected augmented wave (PAW) method as implemented
in the Vienna ab-initio Simulation Package (VASP) [62-64].
We used on-site Coulomb interaction [65] of U = 2¢eV for
both the Mn-d and Co-d orbitals as determined in [66] for
the SCAN functional. Calculations were spin-polarized to ac-
count for the expected magnetic moment of Mn and Co. The
soft “N_s” PAW potential was employed to allow for a re-
duced energy cutoff of 380 eV [67]. Further, the final energies
were obtained with a Brillouin zone sampling of 4000 k-points
per reciprocal atom, and the atomic forces were relaxed to
below 0.01 meV/A during the full structural relaxation.
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