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S.I.1. Supplemental references for computational predictions of novel nitrides

Below, we provide some important examples of previous efforts to computationally predict novel binary
and ternary nitride compounds and structures. This list serves to highlight a diversity of methods and
nitride chemistries that have previously been explored computationally.
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High Pressure." ACS Omega 3.9 (2018): 11477-11485.

Balasubramanian, Balamurugan, et al. "Magnetism of new metastable cobalt-nitride compounds." Nanoscale 10.27 (2018):
13011-13021.

Bannikov, V. V., I. R. Shein, and A. L. Ivanovskii. "Elastic properties of antiperovskite-type Ni-rich nitrides MNNi3 (M= Zn,
Cd, Mg, Al, Ga, In, Sn, Sb, Pd, Cu, Ag and Pt) as predicted from first-principles calculations." Physica B: Condensed
Matter 405.22 (2010): 4615-4619.
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communications 9.1 (2018): 2756.
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Dong, Jianjun, et al. "Theoretical study of the ternary spinel nitride system Si 3 N 4— Ge 3 N 4." Physical Review B 67.9 (2003):
094104.

Gharavi, Mohammad Amin, et al. "Theoretical study of phase stability, crystal and electronic structure of MeMgN2 (Me= Ti, Zr,
Hf) compounds." Journal of Materials Science 53.6 (2018): 4294-4305.

He, Bing, et al. "CuNNi3: a new nitride superconductor with antiperovskite structure." Superconductor Science and
Technology 26.12 (2013): 125015.

Huang, Bowen, and Gilles Frapper. "Barium—Nitrogen Phases Under Pressure: Emergence of Structural Diversity and Nitrogen-
Rich Compounds." Chemistry of Materials 30.21 (2018): 7623-7636.

Huang, Jung Y., L. C. Tang, and M. H. Lee. "Ab initio study of the structural and optical properties of orthorhombic ternary
nitride crystals." Journal of Physics: Condensed Matter 13.46 (2001): 10417.

Jaroenjittichai, Atchara Punya, and Walter RL Lambrecht. "Electronic band structure of Mg— IV— N 2 compounds in the
quasiparticle-self-consistent G W approximation." Physical Review B 94.12 (2016): 125201.

Jiang, Chao, Zhijun Lin, and Yusheng Zhao. "First principles prediction of vanadium and niobium nitrides with M2N3
stoichiometry." Scripta Materialia 63.5 (2010): 532-535.

Kroll, P., Schréter, T., Peters, M. Prediction of novel phases of tantalum (V) nitride and tungsten (VI) nitride that can be
synthesized under high pressure and high temperature. Angew. Chem., Int. Ed. 2005, 44.27, 4249-4254.
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compounds." Physical Review Materials 1.2 (2017): 024606.
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Coordinated Iron and Cobalt Nitrides Synthesized at High Pressures and High Temperatures." Inorganic chemistry 56, no. 11
(2017): 6410-6418.

PalDey, S. C. D. S., and S. C. Deevi. "Single layer and multilayer wear resistant coatings of (Ti, Al) N: a review." Materials
Science and Engineering: A 342.1-2 (2003): 58-79.

Papaconstantopoulos, D. A., and W. E. Pickett. "Ternary nitrides BiNCa 3 and PbNCa 3: Unusual ionic bonding in the
antiperovskite structure." Physical Review B 45.8 (1992): 4008.

Punya, Atchara, and Walter RL Lambrecht. "CdGeN2 and ZnGe0. 5Sn0. SN2: Two new nitride semiconductors with band gaps
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BiNBa3." Solid State Communications 149.45-46 (2009): 2002-2006.

Résander, Mikael, and Michelle A. Moram. "Elastic constants of the II-IV nitride semiconductors MgSiN2, MgGeN2 and
MgSnN2." Journal of Physics D: Applied Physics 51.37 (2018): 375101.

Tholander, Christopher, et al. "Strong piezoelectric response in stable TiZnN2, ZrZnN2, and HfZnN2 found by ab initio high-
throughput approach." Journal of Applied Physics 120.22 (2016): 225102.

von Appen, Jorg, and Richard Dronskowski. "Predicting new ferromagnetic nitrides from electronic structure theory: IrFe3N and
RhFe3N." Angewandte Chemie International Edition 44.8 (2005): 1205-1210.

Yu, Rongmei, et al. "Crystal structures of transition metal pernitrides predicted from first principles." RSC Advances 8.64
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S.I.2. Construction and Clustering of Ternary Nitrides Map

The stability information of a ternary chemical space can be represented on a heat map, constructed
using axes corresponding to cations, and with a color scale corresponding to the formation energy of
the lowest-energy compound in a ternary space. For a heat map with N elements on the axis, there are
N! (N factorial) possible cation orderings of the heat map axis. Simple ordering schemes can be chosen
corresponding to atomic number, Mendeleev number, or another predefined elemental ordering
derived from the Periodic Table. However, because these axes may not be ordered specifically with
respect to underlying relationships within in a chemical space, stability trends and chemical families
may not be readily apparent. For example, shown below is a heat map for the stable ternary nitrides,
with elements on the axes ordered by atomic number:
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Figure S.I.2.1 Unclustered heatmap, where blue color scale corresponds to the formation energy of
the ‘deepest-hull’ stable ternary nitride within a ternary M;-M>-N space.

Although some relationships between elements are apparent by identification, for example between Li,
Ca, Sr, and Ba, other relationships are difficult to discern by eye. To construct a visualization that
places ‘similar’ elements adjacent to one another, we use hierarchical agglomeration algorithms to
cluster the ternary nitride space. Clustering requires a distance metric, represented by a vector for each
element, 4, indicating its ‘distance’ to all other elements, B. In available python packages, such as
scipy or Seaborn, this distance is usually given by a single feature, for example, formation energy.
Using this distance feature, a clustering algorithm iteratively determines which elements are ‘nearby’
other elements, gradually building larger and larger clusters. These clusters, and the distances between
them, can be represented phenotypically by a dendrogram. Single-feature cluster maps are
straightforward to construct, for example, using the clustermap function in the Seaborn package.
Shown below are several single-feature clustermaps:
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Figure S.1.2.2. Heatmaps clustered on the lowest formation-energy ternary nitride in a chemical space
(continuous data) for Left.) stable ternary nitrides only, and Right.) including metastable ternaries.
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Figure S.1.2.3. Heatmaps clustered on nominal data, on whether the deepest compound in a ternary
nitride space is Left.) metastable with respect to binaries (eventually on map as green), or Right.)
metastable with respect to the elements (eventually on map as red).

For each singular feature, a dendrogram ordering and corresponding clustermap can be constructed.
However, single-feature clustermaps present several limitations: 1) relationships constructed from
different distance-metrics are difficult to cross-reference between maps, 2) dendrogram distances
between elements with sparse features are not particularly meaningful, and 3) multiple relationships
cannot be represented on the same figure.



To circumvent these limitations, we constructed a new multi-feature distance metric designed to
capture multiple aspects of thermodynamic stability within the same figure. For the ternary nitrides
map, our overarching objective is to elucidate which families of elements have similar thermodynamic
propensity for forming ternary nitrides. At a high level, we aim to distinguish the elements by their
propensity to form stable or metastable nitrides, and at a more local level, to group these elements by
their formation energies and periodic groups. This data exists across multiple data types; formation
energy is a continuous variable, periodic groups are ordinal, and the different types of stability (stable
[blue], metastable against binaries [green], and metastable against elements [red]) are nominal.

To extend the single-feature clustermap algorithm to multiple data dimensions with mixed data-types,
we used Gower’s metric.!? For each variable type, we choose a distance metric that is best suited to
the data-type, and is scaled to fall between 0 and 1. For formation energy, which is continuous, we use
the Euclidean distance. For the type of chemical family, which is an ordinal data type, we use the
Manhattan distance on columns as defined in the left-step Periodic table,® and for the stability-type,
which is a nominal data type, we use the Dice metric.* The Gower distance, G, is a linear combination
of the various distance matrices,

GMI—MZ = Z /4 'dli/ll M,

Where W governs the weights of the various contributions. In our work, we emphasized the clustering
features in the following priority: formation energy of the stable compounds, formation energy of all
compounds, chemical families, and then proximity of similar ‘stability types’ (as indicated on the map
as blue/green/red), as well as the white spaces (where the DMSP did not identify a reasonable
compound substitution).

A custom implementation of Gower’s metric was coded within the scipy framework. Using the multi-
feature distance matrix between the various elements, we calculate the linkages using the ‘average’
method (UPGMA algorithm) and construct a dendrogram with optimal leaf ordering.” We manually
re-arranged the leaves of the dendrogram so as to order the elemental axes from left to right
predominantly by Stable (Blue) = Metastable vs. binaries (Green) > Metastable vs. elements (Red).
The resulting 1-D ordering of elements is set as the axis for the multi-feature clustermap.




S.I.2.a Comparison of our clustered nitrides map with a Pettifor nitrides map

Below, in Figure S.I1.2.a.1, we include a multicolored heatmap using a predetermined elemental
orderings based Pettifor’s Mendeleev numbers. There are some similarities between our hierarchically-
clustered map and a map constructed using Pettifor’s Mendeleev Numbers. For example, both maps
capture many of the stable Alk-TM-N families.

However, there are several subtleties captured in our hierarchically-clustered ternary nitrides map, that
are not apparent in a map constructed from Pettifor’s Mendeleev numbers. For example:

- In the Pettifor map, the precious metals (Re, Ru, Os, Rh, Ir) are shuffled in between the first-row
transition metals (Cr, Mn, Fe, Co, Ni), which results in the splitting of many clusters in the center
of the map.

- Our clustered map places Mg next to Zn (rather than separated by Cd), and places these two
elements with the rest of the Alkali/Alkaline Earths.

- In the Pettifor map, Sc and Y are not distinguished from the other transition metals, even though
we found here that they do not react to form ternary nitrides with the same propensity as the other
transition metals. This feature is captured by our hierarchical clustering, and was rationalized from
the “volcano plot’ in Figure 3 of the manuscript.

One limitation of a ternary map constructed by a Mendeleev Number ordering is that there is no
associated Dendrogram, which visualizes the distances between the different clusters. For example,
while Cs and V are adjacent in the 1D-elemental ordering of our map, from the Dendrogram it is clear
that Cs and V belong to different clusters. The same can be said between the boundaries at Al/Bi,
Cu/Te, S/Sc, and even at a local level between the individual ‘leaves’ of the dendrogram tree. This
clustering provides significant value in interpreting the chemical families in the ternary metal nitrides.

We note that it would not be straightforward to construct a Dendrogram for a predetermined ordering
(such as the Mendeleev Numbers). This is because the Dendrogram is a product of the hierarchical
clustering process, which ensures its smoothness and planarity (in other words, no criss-crossing
branches or leaves). It is, in general, not possible to guarantee that a distance matrix visualized in graph
form with arbitrarily set nodes (as in a predetermined elemental ordering) does not exhibit overlapping
edges: see Kuratowski’s theorem.
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Figure S.I.2.a.1 Ternary Nitrides Map, as constructed using Pettifor’s Mendeleev numbers on the axes.

Using the methodology published in Reference S.6, we evaluate the ‘predictability’ of a ternary nitrides
map, as ordered by the Mendeleev numbers, and by the hierarchical clustering performed in this work. To
perform this assessment, we determine if the character of a single ‘box’ can be predicted by its neighboring
boxes. We use the nearest-neighbor method from that paper to predict for each ternary M-M»-N space if it
should be stable (blue), metastable with AH; < 0 (green), or metastable with AHy> 0 (red).

The nearest-neighbor prediction works by determining the most common stability-type in the proximity of
a sampled space. We evaluate the proximity by a radius determined by a usual Euclidean metric, so that for

a space with coordinates (a, b) and (c, d) the distance r is given by r = \/(c —a)*+(d—b)* . For a given r,

we count the most frequent stability-type in the neighboring spaces, these nearby spaces ‘vote’ on the
character of a given box. A map that exhibits better clustering will have better prediction performance.

For this assessment, we will predict the color of the boxes of new ternary nitride spaces. However, we will
only take into account the stability information from the known ternary nitrides (indicated on the original
map by an inverted triangle). This way, both the Pettifor ordering and our ordering will be evaluated from
equal footing (i.e., the state of the nitrides space before this work began). To illustrate how the nearest-
neighbor prediction is performed: suppose we are predicting the stability of the Mg-Ti-N space, which was
previously unknown, but was found to contain the stable MgTiN, phase during our DMSP/DFT
investigation, and which subsequently synthesized in the laboratory (see manuscript Figure 2).



In Figure S.I1.2.a.2 below, the Mg-Ti-N space is indicated by a yellow star. Using the nearest-neighbor
assessment scheme, we can predict the color of the Mg-Ti-N space using our 1D ordering and Pettifor’s 1D
ordering. From our ordering, within a radius of » = 1, there are three blue boxes (and no red or green boxes),
and so we would predict from our ordering that Mg-Ti-N is also blue (stable). In the Pettifor ordering, there
are no known ternary nitride spaces (colored boxes) within » = 1 of Mg-Ti-N. However, if r = 2, there
would be two blue boxes (and no red or green boxes), and so for the Pettifor ordering the nearest-neighbor
assessment would also predict blue (stable), for » = 2.
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Figure S.1.2.a.2. Using the nearest-neighbor assessment to predict the stability-type (color) of the Mg-Ti-N space,
using our ordering (Left) and the Pettifor ordering (Right).

We now evaluate our 1D elemental ordering and the Pettifor 1D ordering, using the nearest-neighbor
assessment to predict each DMSP/DFT-surveyed space, using only the stability information of the known
ternary nitride spaces. The results are shown below in Figure S.1.2.a.3.
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Figure S.1.2.a.3. Left) Bar charts showing the total number of correctly-predicted spaces vs. total surveyed
spaces, using our 1D ordering (blue) and the Pettifor ordering (orange). Right) The accuracy of the nearest-
neighbor prediction from a map constructed using our 1D elemental ordering, and the Pettifor 1D elemental
ordering. When the search radius r is increased, prediction performance generally decreases, as we are
sampling spaces that are further away, and therefore more isolated, from the known ternary nitrides.

Figure S.1.2.a.3. shows that for each DMSP/DFT space, our 1D ordering consistently predicts the stability-
type of each space with higher accuracy than the Pettifor 1D ordering. This result is true for nearest-
neighbor radii on the map ranging from » = 1 to » = 3. In other words, the chemical neighborhoods in our
clustered ternary nitrides map are more predictive for the stability-type of a target ternary nitride space than
in a Pettifor ordering.



S.I.3 Interactive map of ternary metal nitrides

To view the interactive ternary nitrides map, extract the attached InteractiveTernaryNitridesMap.zip
file into a folder, and open TernaryNitridesMap.html. Hovering the mouse cursor over an individual
M;-M>-N entry on the ternary nitrides map will show the corresponding ternary nitride phase diagram,
along with a table of stable and metastable entries. An example is shown below for the Zn-Ti-N system.
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Figure S.I.3.1. Example ternary nitride phase diagram and table from the interactive map.

The green background of the ternary phase diagram corresponds to the depth of the ternary convex hull as
a function of composition; color coded by the formation energy as shown on the left colorbar (units of
eV/atom). Stable phases are indicated on the ternary phase diagram by a blue square. New stable ternaries
predicted in this work are indicated by a magenta box (in this example, TizZnN, Ti.ZnN, TiZnN>»). Stable
ternaries without a magenta box (such as TizZn3N) can be found in the ICSD. The ‘energy below hull’
indicates the reaction energy of a stable ternary nitride from its stable neighboring compositions in phase
space.

Metastable compounds are indicated by a circle, with the energy above the hull indicated by the color bar
on the right, in units of eV/atom. To avoid clutter, we only include metastable compounds with an energy
above the hull < 400 meV/atom. Note that we previously found the 90™ percentile of nitride metastability
to be 200 meV/atom.” If there are no ternary nitrides within 400 meV/atom of the hull, then the lowest
formation energy metastable ternary is listed on the table. The table also includes the decomposition
products of a metastable ternary nitride. For metastable ternary nitrides that decompose to N», we also
provide a critical p that can stabilize these metastable compounds, see Ref 8 for thermodynamic details.
If a metastable ternary nitride can be stabilized under pressure, we also provide the transition pressure where
it becomes stabilized.



The most up-to-date crystal structures for these compounds, along with their computed properties, can be
obtained by searching for these compositions on the Materials Project.

The interactive map was programmed in Bokeh, an interactive python visualization library.’ Buttons on the
bottom of the map can be used to turn on/off the ICSD triangles, the hover feature for phase diagram
information, and the crosshair feature. Zooming in or out of the map using your internet browser
(Ctrl + ‘=/=") may facilitate your viewing of the map. We recommend using the Google Chrome browser.

Running the interactive features of the map via the Bokeh interface may require an internet connection.



S.I.4 Validation of Zn-Me-N and Mg-Me-N Predictions

S.I.4.a. Unconstrained Crystal Structure Prediction

For the Zn-Mo-N, Zn-W-N, Zn-Sb-N, Mg-Ti-N, Mg-Zr-N, Mg-Hf-N, Mg-Nb-N systems, an
unconstrained ground-state search was performed using the “Kinetically Limited Minimization”
approach,'® which does not require prototypical structures from databases. Seed structures are
generated from random lattice vectors and atomic positions, subject to geometric constraints to avoid
extreme cell shapes, and to observe minimal interatomic distances (2.8 A for cation-cation and anion-
anion pairs, 1.9 A for cation-anion pairs). For each material, we sampled at least 100 seeds, over the
ternary compositions A;B;Ny for ijk = 112, 146, 414, 213, 124, 326, 338, 313, chosen to accommodate
the (Mg/Zn)**, M*">*6* "and N*~ oxidation states. New trial structures are generated by the random
displacement of one atom between 1.0 and 5.0 A while maintaining the minimal distances. Trial
structures are accepted if the total energy is lowered, and the number of trials equals the number of
atoms in the unit cell.

S.I.4.b. Thin-Film Synthesis

Experimental synthesis of Zn-Me-N and Mg-Me-N thin-film sample libraries was carried out by
combinatorial RF magnetron sputtering using high purity metals targets as cations sources. Ar and N>
gas or Ar and activated N> by means of a nitrogen plasma source were used as sputtering gases. Two
sputtering guns were loaded with 2"-diameter metal targets and positioned at 45° with respect to the
substrate normal to achieve a cation compositional gradient; the N source was aligned to the normal.
Prior to deposition, the sputtering chambers were evacuated to a pressure lower than 3x10° Torr.
Eagle-XG glass or fused silica slides were used as substrates, chosen specifically to avoid any
crystalline substrate effects which could stabilize metastable phases via coherent epitaxial strains.
Before the deposition, the substrates were cleaned by degreasing in water and soap, followed by
ultrasonic cleaning in acetone and isopropanol baths. Depositions were performed at a variety of
pressure, gas flows, temperature, sputtering powers on the guns to achieve the desired crystalline
phases. The deposition conditions used for the samples reported in this contribution are summarized
below on Table S.1.4.1

We note that the ternary nitrides synthesized here are not simple solid-solutions of the binary nitrides,
as the transition metal nitrides crystallize formally in the 3+ oxidation state (MoN, WN, SbN, TiN,
ZrN, HfN, NbN), while Mg3N> and Zn3N> have Mg/Zn in the 2+ state. Therefore the transition metals
oxidize (from 3+ > 4+/5+/6+) in these ternary nitrides, indicating these are not alloys between the
Mg/Zn-N binaries and the TM-N binaries. Finally, the energy scale of cation disordering was
separately calculated to be < 10 meV/atom,'' while these synthesized Zn-/Mg-ternary nitrides are
stable by significantly more than 10 meV/atom. This indicates that the stability of these compounds is
not driven by configurational entropy, and that these are indeed ground-state ternary compounds at
these compositions.



Table S.1.4.1. Deposition conditions for reactive sputtering of Zn-Me-N and Mg-Me-N thin films.

Mg-Ti-N Mg-Zr-N Mg-Hf-N | Mg-Nb-N

Dep. Temp 500 °C
Substrate EXG EXG EXG £-Si02
N; flow 6 sccm 6 sccm 6 sccm 6 sccm
Ar flow 6 sccm 6 sccm 6 sccm 6 sccm
E:::;f:fe”“ 3.5mT 3.5mT 3.5mT 3.5mT
Mg power 40 W 40 W 30 W 40 W
TM power 60 W 60 W 50 W 40 W
N: power 350 W 350 W 300 W 350 W
Dep time 90 mins (150-300nm thick depending on composition)

Zn-Mo-N Zn-W-N Zn-Sb-N
Dep. Temp 200 RT 300
Substrate EXG EXG EXG
N; flow 10 sccm 10 sccm 10 sccm
Ar flow 10 sccm 10 sccm 10 sccm
Deposition pressure 20 mT 20 mT 20 mT
Zn power 30 35W 50
M power 40 W 35W 20 W
N2 power 250 W - -
Dep time 60 mins (100-500nm thick depending on composition)




S.I.4.c. Synchrotron Characterization

Spatially resolved characterization of the thin-film sample libraries was performed on a 4x11 grid
consisting of 4 rows and 11 columns, with the compositional gradient along the 11 positions in one
row. Cation composition was determined by quantitative XRF on Fischer Scientific instruments
(Fischerscope XDV-SDD or Fischerscope XUV-XRF). Stylus profilometry (Dektak 8) or calibrated
XRF were used to determine sample thickness. Data analysis was performed using custom-written
procedures in the Wavemetrics IGOR Pro software package. The resulting data are available at
htem.nrel.gov. Based on the results of the compositional analysis, sample points having the exact cation
stoichiometry as to the theoretically predicted compounds, were subjected to high resolution x-ray
diffraction measurements.

Wide-angle X-ray scattering (WAXS) was performed using the Stanford Synchrotron Radiation
Lightsource (SSRL) Beamline 11-3 with an X-ray wavelength of 0.9744 A. Two-dimensional
scattering data were collected using a Rayonex MX225 detector in a grazing incidence geometry with
the X-ray beam held at an incident angle of 3° and a sample to detector distance of 150 mm. Images
are calibrated using a LaB6 standard and integrated between 10° <y < 170° (y is the polar angle) using
GSAS-IL.'? Diffraction data presented in the main text were background subtracted using an ad-hoc
Chebyschev function. Raw integrated line scans are shown in Fig. S.I.4.c.1. The broad signals at ca.
1.8 and 5 A" is from the amorphous substrates.

— MgTiN,
—_— Zn3M0N4
— MgZrN,
— Zn3WNy
— MgHIN,
thSbN3
Mg,NbN3
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© ©
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Figure S.I.4.c.1 Unprocessed line-scans generated from integrated detector images for (left)
hexagonal Zn-containing compounds and (right) cubic Mg-containing compounds. Q relates to
diffraction angle () and incident wavelength (1) by Q = (4n/A)sin(d) and 1 =0.9744 A



S.LI.S Ternary Nitride Discovery Histogram

Listed below are the years that each ternary Mi-M»-N nitride space was discovered, as determined by

the date of the publication for the first ternary nitride in that M1-M»-N system, as listed on the

Inorganic Crystal Structure Database, shown in Figure 2d. Systems with stars are computed in DFT
to be metastable (above the convex hull), corresponding to green or red squares in the ternary nitrides

map.
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1940 :
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: Au-C*
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1988 : Sc-Ta*  Co-Cs
1989 : Ca-Li Na-Ta
1990 : Ca-Zn Ca-Cr
1991 : Ba-W Cu-Ta*
1992 : Na-W Sn-Zr*
Ba-Na
1993 : Na-Si Mn-Sr
1994 : B-Sr Ba-Co
1995 : Sr-Zn Ba-V
Si-Sr  Mn-W#*
1996 : Sr-Zr Hf-Sr
1997 : Cr-W* Cu-Sr
1998 : Ba-Hf Ba-Cu
1999 : Al-Ba Al-Ca
2000 : Na-Re Cs-Mn
2001 : Mo-Pd* Mg-Sr
2002 : Au-Sr*  Ba-Sr*
2003 : Sr-Ta In-Sc*
2004 : Ba-In Mo-Pt*
2005 : Na-Sn*  Ba-Pb*
2006 : Au-Cs* Ba-Li*
2007 : Ca-Ti Al-B*
2009 : Co-In*  In-Ni*
2010 : Cs-Pd*  Al-Ga*
2011 : Cd-Co Cd-Ni
2012 : Se-Zr Mg-Mo
2013 : Hf-S* Cu-Ni
2014 : Te-Y Fe-Se*
2015 : Fe-Sn*
This Work Synthesized:

B-Nb*
Cs-Ta
B-Na
Ga-Nb*
Li-Nb

Ca-Mn
Al-Sr
Ca-Mg

Ge-Sr
Sr-Ti

Rb-W

S-Zr
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Li-S*
Ca-Co
Fe-Ga*
Li-Te*

Al-Si*
Ga-Mg*
Au-Cu*

K-Ta
Fe-Li
Ba-Fe
Bi-Ca

Ba-Mn
Ba-Zr
Ba-Cr
Ba-Ge
Co-W*
Mo-Sr
Li-Sc
Ba-Bi
Fe-Rh
Au-Rb*
Ca-Nb

Li-Se*

Rb-Ta
Li-Mo
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Na-Nb

Co-Y*
Ag-Ca
Ni-Sr

Cr-Sr
Nb-Sr
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B-Ba
Bi-Sr
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Au-K*
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Li-Sr  Nb-Sc*
Li-W  Fe-Y*
Ba-Mo B-Mg*
Mo-Na Ca-Sb

Au-Ca Ba-Ta
B-Ca Fe-W
Ba-Si Sr-V
Mn-Mo*

Si-Zn  Co-Sr

Li-Re Cs-Mo

Ba-Sb
Sn-Sr*
Ba-Rb*

Mg-Hf, Mg-Ti, Mg-Zr, Mg-Nb, Zn-W, Mo-Zn, Sb-Zn

This Work Predicted (Stable Only):

Ca-Fe Fe-Mo* Ca-Ni Ba-Ni
Cu-Pd*
Fe-Sr Ca-Pb* Ca-V  Ca-Sn

Cs-Nb

Ba-Nb
Ba-Zn Ba-Ti Ba-Ga Ga-Sr

Ni-W

Mg-Ta

Ca-Si

Ir-Ba, Os-Ba, Re-Ba, Ru-Ba, Ru-Ca, K-Co, Na-Co, Co-Rb, Cr-K, Cr-Mg, Cr-Na, Cr-Rb, Cr-Zn, Y-C, Ge-
K, Ge-Rb, Ca-Hf, Hf-Li, Na-Hf, Hf-Se, Li-In, Sr-Ir, K-B, K-Os, K-Pt, Re-K, Ru-K, K-Si, Bi-Li, Ir-Li, Os-
Li, Ru-Li, Sb-Li, Y-Li, Mg-Zn, Mn-Co, K-Mn, Mg-Mn, Na-Mn, Mn-Rb, Mo-Ca, Mo-K, Mo-Rb, Y-Mo,
Na-Ir, Na-Ni, Na-Os, Na-Ru, Na-Zn, Nb-K, Nb-Rb, Ca-Os, Cs-Os, Os-Rb, Sr-Os, Re-Ca, Cs-Re, Re-Mg,
Re-Rb, Re-Zn, Cs-Ru, Ru-Rb, Ru-Sr, Sb-Mg, , Sc-C, Y-Se, Y-Si, Sn-Li, Mg-Sn, Zn-Sn, Ca-Ta, Zn-Ta, Cs-
V, K-V, Mg-V, Na-V, Rb-V, Ca-W, K-W, Mg-W, Sr-W, Y-W, Ca-Zr, Na-Zr, Zn-Ni



S.I.6 Deepest Hull Binary Nitrides

Formation energy of the ‘deepest-hull’ binary nitride, as computed in DFT-PBE and using reference data
from the MaterialsProject database. In systems where a binary nitride is unknown (for example, Au-N),
the deepest-hull formation energy is computed from a binary nitride structure generated using the same
DMSP employed in this work, computed previously by the authors in Reference 8.

*We note that in the Sr-N and Ba-N spaces, the deepest-hull binaries are actually StN» (AHy=-0.751 eV/at)
and BaN, (AH; = -0.765 eV/at). However, these compounds are diazenides,'® which result in electronic
structures that we anticipate to be poor reference states for the solid-state bonding analyses. For this reason,
we use Sr3N, and BazN; as the reference binaries for the Sr-N and Ba-N systems, which are constructed in
DFT based on the CasN, structure. We note that these SrsN, and Bas;N» compounds have comparable
formation enthalpies with SrN, and BaN, as shown on the table below.

Convex hulls for the binary nitride spaces can be viewed for free on the Materials Project website, using
the ‘Phase Diagram’ app.

Element AH:(eV/atom) Compound Element AH;(eV/atom) Compound
Ag 0.57 AgsN Nb -1.21 NbN
Al -1.59 AIN Ni -0.06 NisN
Au 0.79 AuN Os 0.05 OsN»
B -1.47 BN Pb 0.33 PbsN»
Ba -0.76 *BasN» Pd 0.23 PdN,
Bi 0.24 BiN Pt 0.19 PtN,
C 0.14 CsNy Rb 0.48 RbsN
Ca -0.95 CasN, Re -0.13 ResN
Cd 0.39 Cd;N, Rh 0.11 RhN;
Co -0.08 CoN Ru 0.11 RuN»
Cr -0.53 CrN S 0.35 SN
Cs 0.35 Cs3N Sb 0.18 SbN
Cu 0.19 CuzN Sc 2.11 ScN
Fe -0.31 FeN Se 0.63 SeN
Ga -0.67 GaN Si -1.31 Si3Ny4
Ge -0.26 Ge3N4 Sn 0.00 Sl’l3N4
Hf -1.94 HIN Sr -0.75 *Sr3Na
In -0.11 InN Ta -1.37 TaN
Ir 0.16 IrN» Te 0.68 TesNy
K 0.38 KsN Ti -1.91 TiN
Li -0.46 LizsN VvV -1.16 VN
Mg -0.91 Mg:N, W -0.46 WN
Mn -0.41 MnN Y -1.88 YN
Mo -0.55 MoN Zn -0.03 Zn3N,

Na 0.26 NazN Zr -1.87 ZrN



S.I1.7 Metallicity, Ionicity, and Covalency Calculations

The Density Derived Electrostatic and Chemical (DDEC) approach was used to obtain net atomic
charges and natural bond orders assigned to each ion in each calculated structure.'*!> From the DDEC
analysis we define the average charge for ion i, d;, as the net atomic charge assigned to ion, i (number
of electrons) averaged over all ions, i, in the structure, 4.BsN,. The summed bond order for ion i, s;,
was obtained similarly by summing the natural bond orders for all interactions containing i, averaged
over all ions, i, in the structure, 4,BsN,. The Crystal Orbital Hamilton Population (COHP) analysis was
used to quantify the bonding interactions within each structure and partition these interactions by
specific ion-ion pairs using the LOBSTER code.'® To normalize the comparison of COHPs across a
range of structures and compositions, the energy levels from each PBE calculation were aligned to core
levels. Doing so allows for a reasonable comparison of Fermi energies and thus COHP energy depths
across the various systems analyzed. To alleviate the effects of varied pseudopotentials across systems,
the number of free atom valence electrons was determined for each system using the following
equation:

N,(AyBgN,) = aN,(4) + BN,(B) + yN,(N)

where N, is the number of valence (outermost shell) electrons. The minimum energy which contains
valence electrons, ev was then determined for each structure by incrementally decreasing the energy,
€, and integrating the density of states (DOS) from € to the Fermi energy, €r, such that

€F
SV = Sv:f DOS(EI) dEI =1
ey

where DOS is normalized by N, and E’ is the core-level aligned energy. The magnitude of bonding
interactions, Z, in each structure is then defined as

€F
3= f —COHP(E"E' dE’

gv
where the COHP is also normalized by N,.

Using these quantities, we produced the triangle plots shown in Fig. 4a. The ionicity, /, was
defined as:

5, 65 6
a—A+B—B+y—N>

lacngm, :a+ﬂ+y( sq " sg 'Sy
and quantifies the extent of electron transfer in the structure. The metallicity was defined as:
MAa,B[;Ny =[Zpp+ 244+ 255l
quantifying the net bonding energy of cation-cation interactions. The covalency, C, was defined as:
CAa,B[;Ny = |Zan + 2N+ 2yl

quantifying the net bonding energy for interactions containing nitrogen. To ensure each quantity (C, /,
M) was of the same magnitude, each quantity was divided by the maximum of that quantity within the



dataset. In order to plot points on a triangle, the sum of each point, (C, I, M), must equal 1. Therefore,
each quantity within each point was normalized by C+/+M.

To quantify the extent to which a given ternary was “N-rich” or “N-poor”, we compare the
cation/anion ratios in the ternary to the ratios in the deep-hull binaries (Aq-N, Bp-N) using the assumed
formation reaction:

a B a B
(E) AgN + (!7> By N +0.5 (y ——- F> N, = AqBgN,
and subsequent condition for being rich or poor in nitrogen:
«_F >0 - Nrich «_F <0->N
- —— - Y —— — — - .

14 a ,8’ = rich; 'y o ﬁ, poor
This reaction was also used to compute the change in charge, Ad, across this formation reaction, as
shown in Fig. 4b:

2 a 15 a p
AS; = 64,848, — o B (Z Sia N T I Oipyn 0.5 ()’ P F) 51‘,1\/2)
a + F +vy

where §; v, was taken to be 0. 4 and B are defined as the least and most electronegative cations in the
ternary.



S.1.8. Extended Metallicity/Ionicity/Covalency Figures
Figure S.1.8.1 van-Arkel Triangle for stable Alkali-Metal-Nitride Ternaries.
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Figure S.1.8.2 van-Arkel triangle, stable non-alkali Metal-Metal-Nitride Ternaries.
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Figure S.1.8.3 Scatterplot for change in ionicity of the more electronegative metal, B, and the

nitrogen anion, N, with respect to the deepest-hull binaries, for stable Alkali-Metal-Nitride
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Figure S.1.8.4 Scatterplot for change in ionicity of the more electronegative metal, B, and the
nitrogen anion, N, with respect to the deepest-hull binaries. Shown for stable Alkali-Metal-
Nitride ternaries, magnified on the -0.5 < AN < 0.5, and -1.0 < Adz < 1.5 ranges
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Figure S.1.8.5 Scatterplot for change in ionicity of the more electronegative metal, B, and the
nitrogen anion, N, with respect to the deepest-hull binaries.
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S.1.9. Reductive Effect-stabilized structures

Formation of nitrogen-poor Co.MosN and Sr3Ge:N, from the corresponding ‘deepest-hull’ binary nitrides
proceeds by the following reactions:

2 CoN+3 MoN — Co,Mo;N+2N,
3 SN, +2 Ge;N, = 3 Sr,Ge,N, +4 N,

In both systems, the metals are highly reduced compared to their corresponding binary nitrides, and there
are strong metal-metal bonds in the ternary nitrides. As computed from the Adx in Figure 4b, the
electrons in these metal-metal bonds can be explained by oxidation of nitrogen (with respect to the
corresponding binary nitrides).

Infinite
Co-Co

Infinite
[Ge-Ge]*
Chains

lonic
Sr2*(GeN,)*
Lattice

Covalent
Mo-N o~

Figure S.1.9. Crystal structures of reductive effect stabilized Co;Mo3N and Sr3Ge;Nz. CooMo3N
exhibits infinite 1-D chains of covalently-bonded [Co — Co], intertwined within an extended Mo-N

covalent network. Sr;Ge:N; features infinite 1-D [Ge — Ge]% ™ chains throughout an otherwise ionic
(Sr*")2[GeN2]* lattice.
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