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High-pressure Naz(N; )4, Caz(N;)4, Sr3(N3)4, and Ba(N;); featuring nitrogen dimers
with noninteger charges and anion-driven metallicity
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Charged molecular species, such as [N,]*~, [O,]*7, [C,]*7, and [S,]*", follow the paradigm of carrying integer
values of electrons. Here, the Na3(N;)4, Caz(Ny)s, Sr3(N;)s, and Ba(N,); compounds were produced and
characterized <70 GPa and evidenced to be composed of paradigm-breaking [N,]*~ dimers with noninteger
charges of —0.75, —1.5, —1.5, and —0.67, respectively. The anion-driven metallicity of the compounds is
proposed as the physical mechanism enabling the noninteger electron count of the [N, ]~ dimers. The properties
of these dimers and the compounds bearing them are demonstrated to depend on their noninteger charge, paving

the way to materials with electron-tunable features.
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L. INTRODUCTION

Nitrogen, the main component of the atmosphere, is om-
nipresent. Still, the chemistry of nitrogen has long been
thought to be very limited due to the extreme stability of
triple-bonded molecular nitrogen. As a result, nitrogen species
seemed to be constrained to the nitride (N*) and the azide
(N3') anions. In the last decades, tremendous efforts led to
the discovery and bulk stabilization of homoatomic ions such
as NI and Ny [1,2], providing a glimpse into the potential
chemical richness of nitrogen. High-pressure investigations
greatly expanded on these results, exhibiting the formation
of polynitrogen species ([N4]*" [3], [N5] [4-6], [Ne]**~ [7],
[N4]§g [3,8,9], and N frameworks [3,10-12]).

Studies of the chemistry of nitrogen at high densities
revealed the ubiquity of charged [N,]*~ dimers in binary
nitrides [13-29]. These were discovered in the form of
diazenides [N»]?" in SrgN4[N3] - (¢ )2, SrsN4 [N, 12, SrN,, and
BaN,, with N-N bond lengths (BLs) of 1.22 A, comparable
with those in protonated diazene N, H, (1.21-1.25 A) [30-32].
The family of compounds featuring charged dinitrogen
species was later enlarged due to high-pressure synthesis
of transition metals dinitrides (OsN,, IrN,, PtN,, and
TiN,) [16,17,28] displaying tetravalent [N,]*~ anions with
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N-N bond distances of ~1.4 A, like those in hydrazine
N,oHy (1.47 A) [33]. The [N,]*~ anion is isoelectronic with
the peroxide [0,]°~ and so was dubbed pernitride. Further
progress in the exploration of the chemistry of nitrides
brought findings of numerous compounds containing [N, [*~
structural units (Li,N,, LiN,, FeN,, CrN,, RuN,, Re(N;)N,,
Li,Ca3[Ny]5, etc.) [13,15,18,20,21,34-39] with N-N
distances varying in a rather wide range (1.15-1.35 A). For all
these compounds, the formal charge (FC) of the [N,]*~ anion
is an integer, with x = 1, 2, 3, or 4, with the 7 * antibonding
states of the nitrogen dimers partially or completely populated
[40]. The paradigm of integer FCs observed in [N,]*~ dimers
was recently questioned with the pressure synthesis of CuNj,
featuring [N, ¥~ units with x stated to be in between 1 and 2,
as well as Na3[Ny]4 [41] with x = 0.75 [13]. As the crystal
chemistry of nitrides and their physical properties (compress-
ibility, hardness, conductivity, optical characteristics, etc.)
strongly depend on the character of [N,]*" anions [21,37],
further high-pressure studies of yet unexplored metal-nitrogen
systems are of the utmost interest and importance.

Here, we present the results of high-pressure single-crystal
x-ray diffraction (XRD) experiments in laser-heated dia-
mond anvil cells (DACs), which reveal the binary alkali-
and alkaline earth-nitrogen compounds Na3z (N3 )4, Caz(N»)4,
Sr3(N3)4, and Ba(N;)s. The assignment of FCs to the [N, ]*~
units in each of these compounds yields a noninteger value.
We show that the FCs of the [N,]*~ species correlate with
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their intramolecular BLs and the physical properties of the
compounds bearing them. The mechanism enabling this
remarkable phenomenon is explored through ab initio cal-
culations and linked to the anion-driven metallicity of these
compounds.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Sample preparation

Diamond anvils with a culet diameter of 250 um were
mounted and aligned in a BX90-type screw DAC [42]. A
rhenium gasket with an initial thickness of 200 um was in-
dented down to 25 pum, and a sample cavity of 120 um in
diameter was laser-drilled at the center of the indentation.
A ruby microsphere was positioned on the diamond anvils
and its calibrated fluorescence employed as a pressure gauge
[43]. The DAC was then loaded with either NaN3, Ca(N;)s3,
Sr(N;)s3, or Ba(N; )3 as well as molecular nitrogen gas (~1200
bars) in a high-pressure vessel. NaN; was purchased from
Sigma Aldrich (=99.5% purity).

Ca(N3), was prepared starting from NH4N3; and Ca(OH),
according to a literature protocol by Miiller [44]. Ca(OH),
and excess of NH4N3 were dissolved in deionized water, and
the solution was filtered to remove CaCOj; residues. Water
was removed from the filtrate by a rotary evaporator to yield
Ca(N3),. The obtained material was further purified by re-
crystallization from acetone and then dried in vacuum. NH4N3
was obtained according to Frierson et al. [45] via a 12 h
sublimation (200°C — 25°C) in a Schlenk tube (open valve),
starting from stoichiometric amounts of NH4NO3; and NaNj.

Sr(N3), and Ba(N3), were prepared from SrCO; and di-
lute HN3 [<3%, prepared from a NaNj3 solution and an ion
exchanger (Amberlyst® 15, Sigma Aldrich)] according to
modified protocols by Suhrmann and Clusius [46] and Karau
[47]. The azides were precipitated from a concentrated aque-
ous solution with acetone, filtered, and dried in vacuum.

Alkaline earth azides are sensitive to moisture and light
and therefore should be stored in small quantities under inert
gas and the exclusion of moisture. Since HN3 and azides
are explosive and poisonous, special care is needed during
preparation and handling.

B. XRD

The XRD studies were performed at the GSECARS
(A =0.2952 A) and P02.2 beamlines (1 = 0.2891 A) at the
Advance Photon Source (APS) and PETRA III, respectively.
The structures of all reported compounds were solved and
refined using single-crystal XRD analysis. Le Bail fits based
on powder XRD were only used to be sure that we identified
all phases, and the sample did not contain any unidentified
phases—not for obtaining any structural information. To de-
termine the sample position on which the single-crystal XRD
acquisition is obtained, a full XRD mapping of the experimen-
tal chamber was performed. The sample position displaying
the most single crystal reflections belonging to the phase of in-
terest was chosen for the collection, in step scans of 0.5° from
—38° to +38°, of the single-crystal XRD data. The CRYSALIS
PRO software [48] was utilized for the single-crystal data
analysis. The analysis procedure includes the peak search,

the removal of the parasitic reflections of the diamond anvils,
finding reflections belonging to a unique single crystal, the
unit cell determination, and the data integration. The crystal
structures were then solved and refined within the JANA2006
software [49]. The procedure for single-crystal XRD data
acquisition and analysis was previously demonstrated and
successfully employed [3,12,50,51]. The full details of the
methods can be found elsewhere [52]. Powder XRD was also
performed to verify the chemical homogeneity of the sample.
The powder x-ray data were integrated with DIOPTAS [53] and
analyzed with the XRDA software [54]. Le Bail refinements
(Figs. S12-S14 in the Supplemental Material [55]) employing
a powder XRD pattern were accomplished with the FULLPROF
software [56].

C. Raman spectroscopy

Confocal Raman spectroscopy measurements were per-
formed with a LabRam spectrometer equipped with a x50
Olympus objective. Sample excitation was accomplished us-
ing a continuous He-Ne laser (632.8 nm line) with a focused
laser spot of ~2 um in diameter. The Stokes Raman signal
was collected in a backscattering geometry by a charge-
coupled device coupled to an 18001/mm grating, allowing a
spectral resolution of ~2cm™'. A laser power of ~4.6 mW
incident on the DAC was employed.

D. Laser-heating

The double-sided sample laser-heating was performed at
our home laboratory at the Bayreuth Geoinstitut [57] as well
as at the P02.2 [58] and GSECARS [59] beamlines of the
PETRA TII and APS synchrotrons, respectively, using two
YAG lasers. All samples readily absorbed the YAG laser, and
temperatures were accurately measured through the produced
thermoemission [57]. For all samples, temperatures between
2000 and 2500 K were reached to induce a chemical reaction.

E. Computational details

First-principles calculations were carried out within the
framework of density functional theory (DFT) [60] and the
pseudopotential method using the CASTEP simulation package
[61]. Ultrasoft pseudopotentials were generated on the fly
using the parameters provided with the CASTEP distribution.
These pseudopotentials have been tested extensively for ac-
curacy and transferability [62]. The pseudopotentials were
employed in conjunction with plane waves up to a kinetic en-
ergy cutoff of 570 eV. The calculations were carried out with
the PBE exchange-correlation functional [63]. Monkhorst-
Pack [64] grids were used for Brillouin zone integrations with
a distance of <0.025 A~ between grid points. Convergence
criteria included an energy change of <5x10~%¢V /atom for
self-consistent field cycles, a maximal force of < 0.008 eV/A,
and a maximal deviation of the stress tensor <0.02 GPa from
the imposed stress tensor.

III. RESULTS AND DISCUSSION

Sodium, calcium, strontium, and barium azides were each
loaded into a BX90 DAC [42] along with molecular nitro-
gen, acting both as a reagent and a pressure transmitting
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TABLE 1. Selected structural parameters of the metal-nitrogen #/44 and /112 compounds obtained from single-crystal XRD. The full
crystallographic details can be found in Tables S1-S4 in the Supplemental Material [55]. The crystallographic data has been submitted under

the deposition number CSD 2080210-2080213.

Na3(Ny)4 [41] K3(N2)4 [65] Caz(Na)y Sr3(N2)4 Ba(Ny)3
Pearson symbol 1144 1144 1144 1144 cll12
Space group 14, /amd 14, /amd 14, /amd 14, /amd 1-43d
Pressure (GPa) 28 27 53 47 65
a(A) 4.9597(16) 5.331(2) 4.864(2) 5.0747(11) 9.983(2)
c(A) 16.29(7) 17.552(6) 15.758(6) 16.343(4) 9.983(2)
V(A%) 400.7(18) 498.8(5) 372.8(3) 420.88(17) 994.8(3)
Exp.d(N—N) A) 1.147(3) 1.151(11) 1.191(7) 1.19(4) 1.111(14)

1.149(3) 1.151(10) 1.194(6) 1.20(4)

Calc. d(N=N) (A) 1.14 1.14 1.19 1.18 1.14
(60 GPa) 1.14 1.14 1.19 1.19
Cale. d(N=N) (A) 1.15 1.15 1.20 1.20 1.15
(1 bar) 1.16 1.16 1.22 1.22
FC of [N,]*7, x 0.75 0.75 1.5 1.5 0.67

medium. Double-sided YAG laser-heating of the compressed
samples was performed at various pressures between 40 and
70 GPa. The samples were then characterized by single-
crystal XRD, and their structures were solved [52]. The
Na3(N3)4, Caz(Ny)4, and Sr3(N,)s compounds were synthe-
sized at pressures of 41, 53, and 47 GPa, respectively, and
found to be isostructural. Their structures adopt the tetrag-
onal symmetry (space group I4,/amd, #141); the lattice
parameters are provided in Table I. As an example of their
common structure type, which is further referred to by its
Pearson symbol #/44, the structure of Sr3(N;)4 is shown in
Figs. 1(a)-1(d). The full crystallographic details can be found
in Tables S1-S3 in the Supplemental Material [55], and the
single-crystal data were deposited in the CCDC database
under the identifiers CSD 2080210-2080213. This structure

(b)

(d)

type has recently been reported for K3(N,)4 (at 27 GPa)
[65] as well as Na3(N,)4 (at 28 GPa) [41]. A noteworthy
feature of all #/44 compounds is that two crystallograph-
ically distinct nitrogen atoms, N1 and N2, form the two
dimers, N1-N1 and N2-N2, with intramolecular distances
almost identical within the experimental error [41,65]. As
listed in Table I, the N1-N1 [N2-N2] intramolecular distances
are of 1.147(3)A [1.149(3)A], 1.151(11) A [1.151(10) A],
1.191(7)A[1.194(6) A], and 1.19(4)A[1.20(4)A] in the
Na3(Nj)4, K3(N3)4, Caz(Nj)4, and Sr3(Ny)4 compounds at
pressures 28, 27, 53, and 47 GPa, respectively. The dimers
are found to be elongated compared with nitrogen molecules
(N,), where the N—N distance is of ~1.10A [66,67] in
nitrogen gas or in high-pressure solid molecular nitrogen
allotropes. Upon decompression, the diffraction signal from

FIG. 1. Crystal structure of t/44 and c/112 compounds. (a) t/44 Sr3(N,)s at 51 GPa, (b) /44 as viewed along the ¢ axis, (c¢) Srl atom
coordinated by nine [N,] dimers, and (d) Sr2 atom coordinated by eight dimers. Color code for spheres representing different atoms: green
(Srl), pink (Sr2), blue (N1), and orange (N2). The #/44 Sr3(N;)4, Caz(Ny)4, Naz(Ny)4, and K3(N,)4 are isostructural. (e) c/112 Ba(N,); at
65 GPa, (f) cI112 as viewed along its threefold axis, (g) Ba coordinated by 12 dimers—six side-on and six head-on, and (h) the N1-N2 dimer
coordinated by four Ba atoms. The color code for spheres representing different atoms: cyan (Bal), blue (N1), and orange (N2).
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Caz(N3)4 and Sr3(N3)4 could be observed down to 6 and 2
GPa, respectively. The information on the equations of state
of the three t/44 compounds studied in this paper is provided
in the Supplemental Material (Figs. S1-S3) [55].

The laser heating of Ba(N3), and N, at pressures between
51 and 69 GPa resulted in the formation of a new com-
pound, Ba(N;)s. Its crystal structure was determined using
single-crystal XRD analysis, see Tables I and S4 in the Sup-
plemental Material [55]. The data can be accessed through
the CCDC with the identifier CSD 2080210. Ba(N,)3 adopts
a cubic structure (space group [-43d, #220) with the lat-
tice parameter a = 9.983(2) A[V = 994.8(3) A3] at 65 GPa
[Figs. 1(e)-1(h)]. Based on the structure solution and refine-
ment, this structure type will be referred to by its Pearson
symbol c/112. Only two Wyckoff positions are occupied:
16¢, by the barium Bal atom, and two times 48e¢, by the
two crystallographically distinct nitrogen atoms N1 and N2.
As seen in Fig. 1(g), barium atoms are coordinated by 12
[N,]*" dimers, six side-on and six head-on. In comparison,
the cations in the /44 structure have only 8 and 9 coordinating
dimers. At 65 GPa, the length of N1-N2 dimers d(N1-N2) =
1.111(14) A is, within experimental error, like the length of
the N, molecules in molecular nitrogen at the same pressure
[66,67]. Each dimer has four barium first neighbors, forming
a distorted tetrahedron [Fig. 1(h)]. Considering the center
of mass of the [N,]*~ dimer rather than the two individual
atoms, Ba(N;); is isostructural to a-CusAs, which is related
to the AlS structure type [68]. Ba(N;); could be decom-
pressed down to 12 GPa; at lower pressures, no diffraction
lines characteristic of this phase could be observed. Figure
S4 in the Supplemental Material [55] shows the experimental
and calculated unit cell parameters and unit cell volume of the
Ba(N;); compound with respect to pressure.

DFT calculations were performed for all three #/44 phases
and the c/112 solid. The relaxed structures were found to
match with the experimental models, as seen in Tables S1—
S4 of the Supplemental Material [55]. The small decrease
in the BL (< 3%) of the calculated N — N distances in the
[N, ]~ dimers between ambient pressure and 60 GPa (Table I)
highlights their incompressibility, in agreement with previous
reports [37,41].

The FCs x =0.75, 0.75, 1.5, 1.5, and 0.67, assigned
to the [N species in Naz(Nj)s, K35(N2)4, Caz(Ny)g,
Sr3(N,)4, and Ba(N)s, respectively, are noninteger,
contrary to what could be expected for nitrogen compounds
[13,16,18,28,69] and other solids featuring homoatomic
species, namely, carbon [70-72], oxygen [73-75], and sulfur
dimers [76,77]. This breaks the established paradigm of
integer charges discussed above. The anion charges in the
t144 and cI112 solids were determined assuming that the
cations of alkali and alkaline earth metals have FCs equal
to +1 and +2, respectively. At first glance, the validity
of this hypothesis is not obvious, as for some subnitrides
M;N (M = Ca, Sr, Ba) the possibility of the FC of the
cations to be equal to +1.5 has been discussed [30,78].
However, arguments such as short interatomic metal-metal
distances in Ca,N, SroN, and Ba,N (12 to 18% shorter
than in pure metals at ambient conditions), measurements
of various physical properties (resistivity, photoelectron
spectroscopy, compressibility, and others), and ab initio
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FIG. 2. Calculated (average) d(N-N) distances with respect to
the formal charge (FC) x— of nitrogen dimers [N,]*~, for 19 simple
binary compounds containing [N, ]*~ species [13,14,22-28]. All dis-
tances were computed at 1 bar. The more complex binary compounds
that contain [N,]*” species along with another anionic nitrogen
species were not included (e.g., SryN; [32], ReN, [37]). For the FeN,
[20], CrN, [35], and RhN; [80] compounds, the assessment of the FC
of the nitrogen dimer was based on their reported Raman modes and
bulk moduli. Compounds featuring [N,]*~ species but with missing
calculated data on their intramolecular bond lengths (BLs) have
been omitted. Since the charge on the [N,]*~ dimer in CuN; is not
known [13], it was not included in the plot. The linear correlation
between the N-N BLs and FC of the [N,]*~ dimers is expressed as
BL = 0.074(1) A, FC + 1.104 A and is drawn as a dashed line. The y
axis intercept at x = 0 was fixed at 1.104 A, which is the N, molecule
BL at 1 bar. Inset: Molecular orbital diagram of the pernitride [N, ]+

calculations all advocate for subnitrides to be
considered as metals described by the formula (M>*),(N3")e™
[78,79].

As the noninteger FCs of the [N~ dimers in the /44
and c/112 compounds are determined based on established
crystallochemical considerations, it is more compelling to es-
tablish whether the value of x correlates with the geometry of
the dimers and/or their chemical and physical properties. The
first hint at a positive answer is that the [N,]* entities are,
according to the experimental data for the /44 compounds
and DFT calculations for both #/44 and cI112 compounds,
elongated in comparison with N, molecules in pure nitrogen
at the same pressure [66,67]. Calculated intramolecular [N, ]*~
BLs for numerous compounds at 1 bar are compared in Fig. 2.
Considering that calculated N—N intramolecular distances
of 1.10 A [66,67], 1.16-1.20 A [13,14], 1.23-1.27 A [14,19],
1.30-1.34 A [25-27], and 1.38-1.42 A [25,28] are typical
for N», [N,]7, [N2]%, [No], and [NL]*, respectively, those
found for Na3(N,)4, K3(N»)4, and Ba(N,); are intermediate
to N, and [N»,]~, while those of Ca3(N,)4 and Sr3(N,)4 are
in between of the usual values for [N,]~ and [N2]>". As seen
in Fig. 2, there is a remarkable linear correlation between the
N—N BLs and the FCs of the [N,]*~ dimers. One can note
that, if integer charges were assigned to dimers in the t/44 and
cI122 solids, they would have shown a significant deviation
from a linear dependence. Further arguments in favor of the
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FIG. 3. Visualization of the electron localization function (ELF)
analysis at 1 bar. The blue and red colors represent, respectively, no
to little electron localization and a significant electron localization.
The lack of pronounced electron localization in Sr3(N;)s between
(a) Sr—Sr and Sr-[N,] units [(200) slice] and (b) between [N,]—[N;]
[(002) slice] is visible. Likewise, as shown in (c), no notable electron
localization is seen in Ba(N;); [(001) slice] between any species
aside from the [N, ]*~ intramolecular bond. In both compounds, elec-
tron localization is never found away from an atomic site, as it would
be the case for an electride.

definite correlation between the noninteger FCs of the dimers
and their chemical and physical characteristics are the behav-
ior of the N—N vibrational modes and the compressibility of
the [N,]*"-bearing compounds with respect to the x value.
Indeed, the comparison of the calculated phonon density of
e-N,, Ba(Ny)3, Baz(Ny)4 (a hypothetical compound), and
Ba(N;) at 30 GPa in Fig. S5 in the Supplemental Material
[55], as well as e-N,, Na(N;)s (a hypothetical compound),
Na3(Ny)4, and Na(N,) also at 30 GPa in Fig. S6 in the Sup-
plemental Material [55], demonstrates a systematic redshift
of the [N,]*" stretching mode with increasing values of x.
Also, Fig. S7 in the Supplemental Material [55] shows a
clear correlation between the compressibility of 15 reported
binary compounds [15-17,24,80] containing [N,]*~ units and
the value of (d)? /Ziax, where (d) is the average cation-anion
distance and Z;) and x are the charges on the metallic cation
and on the [N,]*~ anion, respectively. Figures S8 and S9 in the
Supplemental Material [55] show further correlation between

x and, respectively, the [N, ]*~ dimer Mulliken charge and the
[N>]*~ dimer Mulliken bond population for 12 simple binary
compounds containing the [N,]*~ species.

To understand the nature of the established correlation be-
tween the [N,]*~ charge and the physicochemical properties
of the t/44 and cI112 compounds, one needs to character-
ize the chemical bonding in these solids. Bond population
analysis on all #/44 compounds and the c/112 solid (Table
S5 in the Supplemental Material [55]) revealed no significant
electron density between [N>]-[N»], M-M, and [N,]-M, ef-
fectively ruling out any covalent interactions between these
constituents. The electron localization function (ELF) calcula-
tions [examples for Ba(N;); and Sr3(N; )4 are shown in Fig. 3]
provide a visual corroboration. Aside from intramolecular
bonding, there is no electron localization between atoms, as
would have been expected for electrides. As such, in the first
approximation, [N, ]*~ units can be considered as isolated, and
their electronic structure may be illustrated with a molecular
orbital diagram, like the one shown for [N>]* in the inset of
Fig. 2. Electrons transferred from the cations necessarily fill
the 7 * antibonding orbital—the lowest nonfilled energy level
of the [N, ]*~ species.

The most important clue to understanding these com-
pounds is the analysis of their electron density of states
(DOS), shown in Fig. 4 for Ba(N,)3; (and Figs. S10-S13 in
the Supplemental Material [55] for the #/44 solids). It reveals
that (i) all solids are metallic, agreeing well with the absence
of a detected signal from Raman spectroscopy measurements
made on all of them, and that (ii) essentially all the electrons
in the partially filled band are contributed by the 7 * orbitals
of the charged [N,]*~ dimers. Indeed, the latter is verified
quantitatively, where the filling of the 7 * orbitals, as reflected
in the partial DOS (pDOS), was computed using the following
formula:

/%" pDOS(E)dE
S/t pDOS(E)E’

where —¢ denotes a suitably chosen energy level, ¢f is the
Fermi energy, and +e¢ is the upper energy limit. The results are
shown in Table S6 in the Supplemental Material [55] and com-
pared with the filling expected based on the FC. For example,
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FIG. 4. Calculated electronic density of states (DOS) for the Ba(N;); compound at 1 bar. (a) The total DOS with contributions from all
atoms. The compound is metallic, as seen by the nonzero DOS at the Fermi energy (set at 0 eV). (b) Partial DOS calculations, where only
the electronic states belonging to nitrogen atoms were considered. The electrons constituting the partially filled band are lying on the 7 *
antibonding orbitals of the [N,]*~ species. (c) Partial DOS calculations, this time only showing the electronic states formed by the barium
atoms. The equivalent graphs can be found for the Na3(N; )4, K3(N3)4, and Sr3(N,), in Figs. S10-S13 in the Supplemental Material [55].
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for the Ba2+[(N2)3]2’ compound, the FC is —% for each [N;]
unit, and since four electrons can be fitted into the 7 * orbitals,
their filling is expected to be of (%)/4 = 0.17. For the Ba(N»)3
compound, the filling of the 7* orbitals was found to be of
0.16 based on the integrated pDOS, closely matching the 0.17
value obtained when assuming a full cation-to-anion valence
electron transfer. The same remarkable agreement is observed
for all four #/44 compounds.

The considerations described above enable us to conclude
that (a) the valence electrons of the metal (Na, Ca, Sr, Ba)
are almost entirely transferred to the nitrogen dimers, yielding
cations (Na*t, Ca®*, Sr?*, Ba>") and [N,]*~ anions, analo-
gously to ionic compounds; (b) the metallicity of the t/44 and
cl112 solids is mainly driven by the charged [N,]*~ anions;
and (c) the conduction electrons are effectively delocalized
across the 7 * orbitals of all [N,]*~ units, thus responsible for
the exotic noninteger charge of the dinitrogen species.

The metallicity of the t/44 and cI112 is anion driven,
making them different from common metals, alloys, metallic
subnitrides (e.g., Ca;N, Fig. S14 in the Supplemental Material
[55]), or even metallic nitrides (e.g., NiN, [39], CuN, [13],
CoNy [38], or TiN, [28]), in which the metals (e.g., Ca, Ni,
Cu, Co, Ti) contribute the totality, the majority, or a significant
fraction of the electrons in the conduction band. The t/44
and /112 solids also differ from Zintl phases, among which
metallic compounds are rare and explained by a heteronuclear
mixing of electronic orbitals (i.e., covalent bonding), leading
to a partially filled band [81,82]. The defining feature, anion-
driven metallicity—here demonstrated to impact the geometry
of the [N;]*” units, phonon modes, and compressibility—
makes the /44 and cI112 solids representatives of a distinctive
class of materials. Other synthetic substances, for example,
polynitrogen compounds [9,10,83] and metal fullerides [84],
can also be considered to belong to the class of materials with
anion-driven metallicity.

IV. CONCLUSIONS

The investigation of the Na-, Ca-, Sr-, and Ba-N systems up
to 70 GPa has led to the synthesis of the Na3 (N3 )4, Caz(N;)q,

Sr3(N3)4, and Ba(N;); compounds. In these solids, nitro-
gen dimers [N,]*~ possess noninteger FCs x equal to —0.67,
—0.75, or —1.50, thus breaking the hitherto dominating
paradigm of integer-charged [N,]*~ dimers. The values of the
charges were shown to correlate with the lengths of the dimer
and the physicochemical properties of the dimer-bearing
compound, thus demonstrating the fundamental importance
of this parameter. The essentially complete valence elec-
tron transfer from the metal cations to the [N,]*~ species
gives rise to anion-driven metallicity, with these electrons
being delocalized on the antibonding 7 * orbitals of nitrogen
dimers.

In this paper, we reveal the unique nature of the [N,]*~
dimers and explain the origin of their noninteger FCs through
insight into the electronic structure of the binary alkali- and al-
kaline earth metal-nitrogen compounds. These results should
stimulate further analyses of the electronic structure and prop-
erties of other metallic [N;]* -bearing solids. The flexibility
of the [N, ]*~ species as electron acceptors, combined with the
sensitivity of their properties to the value of x, opens the way
to electron-tunable materials and technologies.
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