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Calcium nitridonickelate(n) Ca,NiN, has been prepared through a
high-temperature and high-pressure azide-mediated redox reaction,
demonstrating that this method can stabilise nitrides of late transition
metals in relatively high oxidation states. Ca,NiN, crystallizes in the
NazHgO, structure type and displays low-dimensional antiferromag-
netic ordering of Ni?* spins.

Multinary 3d transition metal nitrides have been extensively
investigated with ambient and medium pressure (<1 GPa)
synthesis methods for their diverse physical and electronic
properties, their structural chemistry, and their close relation
to the well-studied oxometallates."” However, access to
nitrogen-rich transition metal nitrides is limited by the low
energy of nitride formation®° and especially for later transi-
tion metals such as Co, Ni and Cu, the obtainable nitrides are
usually nitrogen-poor and metallic: while in molecular chem-
istry low-coordinate Ni"" imido complexes and a transient Ni"
nitrido complex have been investigated,"*** currently reported
solid-state nitridonickelates such as MNiIN (M = Ca, Sr, Ba),
Ba,Ni**";N,, and Li;Sr;Ni***,N,,**"” feature low nitrogen to
metal ratios and mean Ni oxidation states of 1+ or lower. LiNiN
is the only well-characterized compound with Ni(i)'® as a
proposed Na,HgO,-type; the reported Sr,Ni"N, was later shown
to be a cyano-nitridonickelate(0) i.e. Sr,[(NC)NiN]."**°

A higher nitrogen content could lead to opening of a band gap
enabling semiconductivity, light-absorption for solar energy
conversion applications, and emergence of localized-electron
properties such as charge order and magnetism as found in
oxo-metallates.>’ > However, although recent high-throughput
calculations have predicted many new nitride systems highlight-
ing the great potential for materials discovery, employable synth-
esis routes for nitrogen rich compounds remain scarce.’>®
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Applying high pressures in the gigapascal range is favorable for
stabilizing nitrides against loss of dinitrogen but starting materi-
als like transition metals or their binary nitrides often need to be
nitrided in situ. This was demonstrated with N,-loaded diamond
anvil cell syntheses of binary materials such as metal diazenides
and pernitrides like NiN, or PtN,, polynitrides like FeN,, and
pentazolate salts like CsN5.%”*° Much less work has been done in
multianvil large-volume presses but recently it was discovered
that sodium azide can be used as a N, source, as demonstrated in
the syntheses of rocksalt-type Mg, sFe, ¢N and the highly oxidized
nitridoferrate(v) Ca,FeN,.>'® Large-volume-presses offer the
advantage over DACs that larger sample quantities for physical
properties measurements can be prepared and multinary systems
can more easily be studied.

Here we adapt the azide-route for the preparation of a new
Na,HgO,-type nitridonickelate with Ni in the 2+ state, which is
very unusual in this class of materials. Ca,NiN, was obtained at
900 °C and 8 GPa following eqn (1) with a 10 mol% excess of
Ca;zN, as a black moisture sensitive (lifetime in air several
minutes) microcrystalline powder (Fig. S1, ESIt). The excess
of CazN, and NaNj; is required to suppress the formation of
byproduct CaNiN, which also forms when raising the tempera-
ture or lowering the pressure."?

6Ca;N, + 9Ni + 4NaN; — 9Ca,NiN, + 4Na + 3N, (1)

Ca,NiN, was investigated with EDX spectroscopy showing a
mean composition of Ca, o(2)Nig.e(1)N2.0(2) (Normalized on Ca, 18
datapoints averaged, Table S1, ESIT). EDX also revealed that Na
is finely dispersed throughout the sample (which precluded
direct measurements of sample conductivity) and was identi-
fied through powder diffraction (Fig. 1a). There was no evi-
dence of a Ca/Na mixed position through initial Rietveld
refinement, consistent with Ca,FeN,, where the absence of
Na incorporation was verified through Md&ssbauer and magne-
tization measurements.*> The excess Ca;N, might have formed
an amorphous byproduct as the powder pattern showed a
heightened background at low Q.
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Fig. 1 (a) Rietveld refinement of Ca,NiN, with datapoints as black crosses,
Rietveld fit as red line, difference curve as grey line and tick marks of
Ca,NiN, and the Na byproduct shown above. The weight percent ratio of
Ca,NiN, and Na was refined to 97/3, which is in the range expected from
stoichiometry, ideally 94/6. The diffuse background at low Q-values is
probably due to amorphization of excess CazN,. (b—d) Structure of
Ca,NiN, with Ca as blue, Ni as orange and N as white ellipsoids at a 90%
probability level. CaNs square pyramids are shown in blue and NCasNi
octahedra in grey. (e) Energy level diagram for d® Ni in linear coordination
and simple o-bonding adapted from literature. !

The crystal structure of Ca,NiN, (space group I4/mmm, Z = 2,
a = 3.57206(2), ¢ = 12.19453(10) A, V = 155.719(5) A®) was
determined from powder diffraction data by charge flipping
in P4n2 and subsequent refinement (Fig. 1a) in I4/mmm. Details
and results of the refinement are in Tables S2 and S3 (ESIt).

Ca,NiN, crystallizes in the Na,HgO,-structure type and
features linear [Ni"N,]*~ complex anions as well as layers of
edge-sharing quadratic pyramids of CaN; (Fig. 1b) while the
nitrogen atoms are coordinated by five Ca and one Ni atom
forming layers of edge-sharing NCasNi octahedra. In solid state
chemistry, two-fold coordination of transition metals has for
example been observed in Na,HgO,-type compounds such as
M,NiO, (M = K, Rb and Cs) and A,ZnN, (A = Ca, Sr, Ba), and
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nitridometallates of Co, Ni and Cu with either linear chains,
kinked chains, or [MN,]-dumbbells such as AMN-type com-
pounds, (BaCa,[MN,],) (M = Co, Cu) and Sr3oC0;,N3;.***° The
interatomic distances in the CaNj5 square pyramid (Fig. 1c) are
equal in the equatorial plane and both Ca-N distances (Fig. 1d)
are in the range observed in similar compounds like
CaNiN, Ca,ZnN,, Ca,FeN,, Ca,FeN,, Ca;Co,N,, and CazN,
(dcan = 2.40-2.82 A).133236:41743 The Nj-N distance observed
in Ca,NiN, is smaller than in compounds containing infinite
N-Ni-N chains like CaNi'N (dyin = 1.792(1) A) and BaNi'N
(dni-n = 1.8281(1), 1.781(1) A), which is probably owed to the
higher oxidation state of Ni and the terminal Ni-N bonds."*"’

Bond valence sum (BVS) calculations were performed for Ca
and Ni for a coordination sphere of 4 A using bond valence
parameters reported by O’Keeffe (Table S3, ESIf). The bond
valence sum for Ni Vy;n = 2.03 corroborates the presence of
Ni", while the bond valence sum for Ca is slightly lower
with Vean = 1.80.** This is probably owed to the covalent
bonding in nitrides and metal-metal interactions and has
also been observed in related compounds such as CaGaN
(VGan = 0.9), CasFeN, (Vean = 1.85, 1.65), and the isotypic
Ca,ZnN, (Vean = 1.82).323245:46

Magnetic susceptibility measurements (Fig. 2) carried out at
30 kOe in the temperature range from 2.5 to 300 K showed a
broad maximum at ca. 200 K and a decrease towards lower
temperatures. The higher temperature region of the suscepti-
bility is indicative of short-range low-dimensional antiferro-
magnetic spin interactions, which also has been observed in
related nitridometallates such as Ca;CrN; and Ba,;Mn;Ng. 2>
The derivative dy/dT (Fig. S2, ESIt) shows a maximum at
Tx = 74 K indicating the possible onset of long-range magnetic
ordering. Neutron diffraction data will be needed to confirm this.

The susceptibility data were fit according to ymo1 = Xc + ZBF
with a Bonner-Fisher-type function ygr and a Curie function y¢
to account for an impurity producing a Curie tail at low
temperatures (see methods for details, ESIT).”® The resulting
fit (Fig. 2) follows the data well, with a deviation below ~75 K
close to the maximum in dy/dT at 74 K (Fig. S2, ESIt). The fitted
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Fig. 2 Magnetic molar susceptibility of Ca,NiN, measured in a field of
30 kOe with black circles as datapoints and combined Bonner—Fisher and
Curie-tail fit as orange line.
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paramagnetic moment of pegr = 2.19 pp is reduced from the
ideal S = 1 spin-only value of 2.83 ug, most likely due to mixing
with excited states through spin-orbit coupling. The fitted
exchange coupling of /= —157 K confirms strong antiferromag-
netic coupling within the ab-planes. Both the pu.¢ and J values
are consistent with localised Ni** moment behavior. The
impurity phase has an effective moment of 0.11 ug, equivalent
to 0.4% of a S = 1 byproduct, which is below the detection limit
of powder diffraction. The low-dimensional magnetic behavior
reflects the arrangement of Ni-atoms in square nets with
interatomic distances of dy;_n; = 3.572(1) A, which are separated
by layers of CaN; square-pyramids. Field-dependent magnetiza-
tion data at 300 and 2.5 K (Fig. S2, ESIf) shows a linear
dependence in accordance with paramagnetic or antiferromag-
netic behavior.

The high-temperature behavior of Ca,NiN, was investigated
with temperature-dependent powder X-ray diffraction (Fig. 3) and
reveals Vegard-type behavior of the lattice parameters up to 600 °C
with thermal expansion coefficients of o, = 1.8(1) x 10 > K ' and
#e = 7.1(6) x 107° K~ *. The larger value of o, reflects greater
amplitudes of thermal vibration perpendicular to the NiN, dumb-
bells which are aligned in the c-direction. Above this temperature
Ca,NiN, starts to decompose through elimination of % N, and 1 Ca
per formula unit resulting in crystalline CaNiN."* Ca/Ca;N, could
not unambiguously be identified in the powder patterns and
might also be amorphous. The decomposition was monitored
through phase fractions, which show gradual decomposition over
a wider temperature range, which might be owed to the relatively
fast data collection of 30 min per step. At 960 °C the capillary
presumably broke as CaNiN, which was reported to be stable up to
1100 °C, decomposed into CaO and metallic Ni.®

In conclusion, the preparation of Ca,NiN, with Ni in oxida-
tion state +II, which is very unusual for nitridometallates, is
demonstrated through the azide-mediated nitridation of metal-
lic Ni under high-pressure conditions. Ca,NiN, crystallizes in
the Na,HgO, structure type with linear coordination of Ni.
While in molecular chemistry low metal coordination environ-
ments are stabilized through sterically demanding ligands, the
stabilization here is probably due to covalent Ni-N multiple
bonding and consequent short Ni-N bond distances and the
electron inductive effect of the surrounding Ca®*" matrix.*
The observation of a susceptibility maximum consistent with
low-dimensional antiferromagnetic ordering of Ni** spins in
Ca,NiN,, whereas metallic CaNiN has a temperature-
independent Pauli susceptibility, suggests that Ca,NiN, is
non-metallic but further measurements will be required to
confirm this. Temperature-dependent powder X-ray diffrac-
tion shows that Ca,NiN, is stable up to 600 °C before
decomposing to CaNiN, which when compared to the synth-
esis temperature of 900 °C indicates the stabilizing influence
of the high-pressure conditions. Stability estimates are par-
ticularly important for efficient planning of syntheses of
compounds of noble metals like Ni and Cu, and our results
highlight that nitrogen-rich compounds require very strin-
gent temperature control which necessitates synthesis under
a high nitrogen chemical potential. Discovery of Ca,NiN,
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Fig. 3 (a) Temperature-dependent PXRD of a Ca;NiN; sample containing
a 20 wt% impurity of CaNiN. Dashed lines indicate decomposition onset
and capillary break. (b) Results of the Rietveld analysis up to 960 °C
showing evolution of lattice parameters a, ¢, and volume V with tempera-
ture as well as the decomposition of Ca,NiN, into CaNiN as a function of
phase fraction (p. f.). Linear regressions (red lines) were used to extract
thermal expansion parameters of Ca,NiN,. The fit quality is monitored
through R, which increases with temperature owed to decreasing data
quality. Estimated standard deviations (ESD) of individual datapoints are
too small to be displayed.

indicates that a new class of late transition metal nitrides can
be synthesised, and like oxo-nickelates and -cuprates, they
may have interesting correlated electron properties in proxi-
mity to a metal-insulator boundary, as illustrated by the
recent discovery of superconductivity in infinite-layer nick-
elates LnNiO,.%°
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