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ABSTRACT: In pursuit of new stable nitrogen-rich phases
and of a possible insulator—metal transition, the ground-state
electronic structure of lithium azide, LiNj, is investigated from
1 atm to 300 GPa (~2-fold compression) using evolutionary
crystal structure exploration methods coupled with density
functional theoretical calculations. Two new LiN; phases,
containing slightly reduced and well-separated N, units, are
found to be enthalpically competitive with the known lithium
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azide crystal structure at 1 atm. At pressures above 36 GPa nitrogen-rich assemblies begin to evolve. These incorporate NN bond
formation beyond that in N, or N;~. Nj rings and infinite one-dimensional linear nitrogen chains (structural analogues to
polyacetylene) appear. Above 200 GPa quasi-one- and two-dimensional extended puckered hexagonal and decagonal nitrogen
layers emerge. The high-pressure phase featuring linear chains may be quenchable to P = 1 atm. With increasing pressure the

progression in electrical conductivity is from insulator to metal.

B INTRODUCTION

At standard temperature and pressure (STP: T =298 K; P =1
atm), elemental nitrogen is a gas, consisting of molecular
diatomic N, units. The atoms in the diatomic are bound by stiff
covalent triple bonds (N=N); the molecule’s dissociation
energy (9.8 eV) is only surpassed by the heteronuclear diatomic
CO molecule (11.1 €V)." Not many higher molecular or
extended structures are known for nitrogen other than N,
quite a contrast with its neighboring element, carbon. Under
normal conditions simple nitrogen catenation (formation of
molecules with NN bonds) is limited by the bond strength of
the N, molecule and substantial barriers (calculated to be >1.8
eV/atom at 1 atm)” separating molecular and the less stable at
1 atm oligomeric or polymeric nitrogen allotropes. A few higher
elemental molecular units are known, such as N3,3 N4,4 and the
N;~ anion® in the gas phase, and N;* has been isolated in a
crystalline phase with AsF,~ or SbFs~ counteranions.’
Tetrahedral N, has been a target for synthesis; even though
it is ~182 kcal/mol (~7.9 eV) less stable than 2N,, the barriers
to it breaking apart are predicted to be large, ~60 kcal/mol
(~2.6 €V).” The neutrals in this series are all quite unstable,
thermodynamically.

Nitrogen does in fact form innumerable stable and
metastable chemical compounds, among them some nitrogen-
rich ones (n > 2, n = number of nitrogen atoms). For instance
five- and six-membered heterocyclic ring systems are known
with high nitrogen content, up to a maximum of five nitrogen
atoms per ring.” Recently some adducts of azoles have been
synthesized with Ny Ny and Ny, chain structures.”™"! To date,
Ny, is the largest known nitrogen-rich chain incorporated in an
organic compound, in the chloride salt of 1,1’-(triaz-1-ene-1,3-
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diyl)bis( 1H-tetrazole-5-amine)."" All nitrogen-rich molecules
are energy-rich, in fact potentially explosive, as a consequence
of the thermodynamic stability of the product N, molecule, and
the further gain in entropy in forming small molecules in the
gas phase.>"”

The application of high pressure to condensed phases opens
another route to stabilization of high nitrogen content
structures. Theory and experiment have joined to predict and
observe a variety of stable or metastable structures for
elemental nitrogen and nitrogen-rich phases under compres-
sion.”*™" For N,, the prediction of McMahan et al.” that
molecular N, assumes a monatomic polymeric nitrogen phase
(in a three coordinated net called the cubic gauche (cg) phase,
cg-N) under pressure, at about 60 GPa, was later confirmed in
high-pressure (>110 GPa) and high-temperature (>2000 K)
experiments by Eremets et al.'® The existence of a cg-N phase
was also suggested in other high-pressure experiments as
well.'”'® These studies have led in turn to many other
theoretical predictions of allotropic forms of nitrogen under
pressure.”*~?*

An important class of N-rich systems is that of the azides,
containing well-separated molecular-like linear or nearly linear
N;~ complexes ionically or covalently bonded to a variety of
stabilizing ions. The first of these to be synthesized were the
aryl azides by Griess in 1864 and NaN; and HNj by Curtius in
1890.>%%” After the successful synthesis of polymeric cg-N from
N,, many of the alkali-metal azides, AN; (A = Li to Cs), were
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compressed (LiN;, 62 GPa at room temperature, RT;19 NaN3,
160 GPa at 120—3300 K, 250 GPa at RT—3300 K,'* 52 GPa
at RT;*® KN,, 38 GPa at RT;* CsN,, 55 GPa at RT *°).
Perhaps an underlying intuitive hope in these studies was that
of reducing the pressures needed to obtain extended nitrogen
allotropic structures. Azides already have an “extra” NN bond
compared to Ny; this might well be a route to extended
nitrogen networks. There seems to be some support for this
idea. For instance, in the N, and NaNj; high-pressure
experiments of Popov in 2005, cg-N appeared at 50 GPa
when one compressed NaN; and 127 GPa for the case of pure
N, (both at RT).'®

We now report detailed theoretical investigations of the
ground-state electronic structure and lattice dynamics of LiN;
at 1 atm and at high pressures. Surprisingly, we find a welter of
new N-rich phases above 36 GPa (~1.3 fold compression).
These are structurally unique, featuring cyclic and infinite linear
polymer-like nitrogen assemblies, stabilized by Madelung
energy involving the lithium ion. The high-pressure nitrogen
sublattices we describe are structural analogues of hydro-
carbons—benzene and polyacetylene foremost among these. A
remarkable feature of all of the high-pressure LiNj structures
we predict is their metallic nature, even though the
manifestation of the charge transfer might classify them as
ionic. One of the high-pressure LiN; phases which we discuss
below (P6/m), and its metallic character, has been recently
published by Zhang et al.>'

In search of high-pressure phases for LiN;, we also stumbled
onto two new phases at 1 atm. The remarkable aspect about
these two phases is that they return us to well-separated N,
molecular-like units. The details of the calculations are given at
the end of this paper as an Appendix. Every structure calculated
in this paper is a ground-state one including zero point energies
(ZPE) in the quasiharmonic approximation. (They are
incorporated in energetic and enthalpic considerations, unless
otherwise noted).

B RESULTS AND DISCUSSION

LiN; Crystal Structure. LiN; is an ionic solid (Li*N;~) at
STP (T = 298 K, P = 1 atm). It crystallizes in a monoclinic
Bravais lattice, space group C2/m, with two formula units per
cell (Z = 2).** The LiNj, structure is isomorphous to the low-
temperature (<292 K) phase of NaN; (a-NaNj;), so we will
refer to the STP-phase a-LiN;. However, we use a C2/m (I)
nomenclature to be consistent with other similar phases (see
below) that we predicted at 1 atm. NaN; also has a
rhombohedral R3m phase (f-NaN;) at high temperature
(>292 K).**> Such a temperature-induced phase transition is
not observed in LiNj so far.

The LiN; C2/m (I) crystal structure consists of Li* cations
and centrosymmetric linear N3~ anions packed in a distorted
NaCl-type structure, as shown in Figure 1. The cations and
anions are arranged alternately in two-dimensional hexagonal
close packing (2D hcp) layers. The azide anions are arranged
parallel to each other along their molecular axes, these stacked
with a tilt angle (¢ = 6—90) of 11.5° to the 2D hcp layers (see
Figure SI in the Supporting Information (SI) of this paper).
The terminating nitrogens of the azide anion are coordinated
by three lithium cations; in turn each lithium is coordinated by
six nearest end nitrogens of azide anions forming LiNjg
octahedra that are edge-shared, as shown in Figure 1b. The
LiNj; structure can also be viewed as composed of 2D LiNg
octahedral layers “glued” together with triatomic N3 needles.

Figure 1. Calculated static ground-state crystal structure of monoclinic
LiN; C2/m (I) at 1 atm: (a) N3~ units on the mirror plane of C2/m,
with central nitrogen occupying the corners of the unit cell; (b) edge-
shared LiNj octahedra. Li and N are shown in green and blue.

The azide units in LiN; are quite well separated (at 1 atm).
The experimental N—N separation (1.162 A)** in N;~ in LiN,
at 1 atm is similar to that in an isolated N,~ (1.188 A), as
determined using velocity modulation spectroscopy in the gas
phase.** The Li—N (2.214 A) and Li—Li (3.266 A) separations
in LiNj; are slightly longer than in ionic lithium nitride, Li;N
(Li-N = 1.937 A)* and bec-Li (Li-Li = 3.02 A)*
respectively, at 1 atm. The internuclear separations mentioned
above are all experimental; they are in good agreement with our
calculated separations (see Table S1 of the SI).

Competing Structures at P = 1 atm. The evolutionarg
crystal structure search prediction schemes that we have used®
effortlessly found the experimentally known LiN; C2/m (I)
structure at 1 atm. We also examined for LiN; other known
ENj structure types, E = Na, K, Rb, Co, Cu, Ag, and Hg. The
energetics are summarized in Figure S3 of the SI; the result is
that the f-NaNj;, HgN;, and two CuNj structure types are
within 0.1 eV per formula unit of the a-LiNj; structure (C2/m
(I)). We note that this energy difference is four times smaller
than the ZPE (0.4 eV/LiN;) of a-LiN; at 1 atm. All other
structure types are higher in energy.

Remarkably, the structure search revealed two nonazide
phases that also compete in enthalpy with C2/m (I) at 1 atm.
These have the same space group but have Z = 4; we refer to
them here as C2/m (II) and C2/m (III). The new phases
contain N, molecular units and Li chains, as shown in Figure 2.
C2/m (II) and C2/m (III) are 44 and 153 meV/LiN; (ZPEs
are included) below the C2/m (I) enthalpy at 1 atm.

The computed bonded NN bond separations in C2/m (II)
and C2/m (III) are stretched (1.13—1.16 A) to a small degree
relative to the gas-phase N, molecule (1.10 A). This is
consistent with the electronic structures of these phases (to be
discussed in detail in subsequent text), which have electrons
filling one out of the 12 bands (Z = 4) formed from #*
antibonding orbitals of N,. Because of the low symmetry, and
small asymmetric Li—N interactions, not all of the z* orbitals
of all of the N, molecules in these phases are equally occupied.

The lithium atoms form quasi-two-dimensional zigzag and
linear “element lines” in C2/m (II) and C2/m (III); the Li—Li
separations are 2.96 and 2.91 A, respectively, comparable to the
Li—Li separation (3.02 A) in bec-Li at 1 atm. Note that there is
nothing unusual in this; as cation Li* is much smaller than
atomic Li. While each N in the N, ions is coordinated to two
nearest Li atoms in both competing phases, the difference
between them lies in the Li—N network. In C2/m (II) each Li
is surrounded by six nitrogens, producing LiNg octahedra,
whereas in C2/m (III) Li has five- coordinated square pyramids
(LiN;), as shown in Figure 2. These polyhedra are edge-shared
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Figure 2. Static ground-state crystal structures of LiN; (a) C2/m (II) and (b) C2/m (III) at 1 atm in ball-and-stick and polyhedral representations.
The hexagonal holes run along the c-axis in both phases (see text). Octagonal holes can be seen in C2/m (III) along the b-axis. Blue = N; green = Li.

in 2D Li—N layers, and these layers are connected by N, units
in a way that leaves hexagonal and octagonal holes in the Li—N
layers. No such holes exist in C2/m (I) (see Figure S4 of the SI
for layer and polyhedral edge-sharing representations of LiN;
phases).

The first thought on finding a structure featuring N,
molecules (albeit that they are slightly reduced) and Li chains
is that the ionic LiNj is trying to dissociate to N,(s) and Li(s).
Is there a driving mechanism for such a reaction? The
calculated heat of formation (AH;) of the lithium azide C2/m
(I) phase in the ground state is —0.55 eV/LiNj; the
experimental heat of formation at 298 K (AH®%) is +0.11 eV/
LiN,;**** The difference is higher than expected, but (a) the
experimental figure is somewhat uncertain and (b) the
calculation gives a ground-state (T — 0) value; the
experimental value is for 298 K. The calculated negative heat
of formation of the azide would seem to argue against the
existence of stable alternative structures that contain N,
molecules (partially reduced). But there could well be some
gain in stabilization from Madelung energies in such structures,
so we cannot reject them as unreasonable. An alternative
decomposition of the azide, 3LiN; — LizN + 4N,, is just about
thermoneutral. However, we found no structures that
incorporate elements of the ionic nitride with N, molecules.

A reviewer has suggested that our density functional theory
(DFT) calculations might be misleading here, in indicating
stability for the “molecular” complexes. A recalculation of the
C2/m (I) and (III) structures with the HSE06 functional found
the N,-containing structure (III) 0.10 eV per LiN; above (I),
which still leaves it competitive. We might add that our
confidence in the structural search was reinforced by
computations (to be reported elsewhere) on Li,N,, which
found the observed structure.*

Higher Pressure Phases: Ng Rings. The structures we
have described in the preceding text all quickly destabilize as
the pressure rises, with the exception of the known C2/m (I)
structure, which persists at least up to 36 GPa. A number of
interesting, novel structures emerge above that pressure, where
the nitrogen sublattices resemble well-known hydrocarbons—
benzene and polyacetylene. The computed enthalpies of the
various stable and metastable phases as a function of pressure
are shown in Figure 3 (see Figures S5—S7 of the SI for a
complete list of phases found in our calculations).

The first stable high-pressure phase beyond C2/m (I)

appears at 36 GPa and remains stable at higher pressures, up to
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Figure 3. Static ground-state enthalpies (per LiN;) of various LiNj

structures relative to the experimental a-LiN; C2/m (I) phase. Zero
point energies are not included.

190 GPa (see Figure 3). In this hexagonal P6/m structure
(Figure 4), the nitrogen sublattice adopts benzene-like planar
six-membered Ny rings. The rings form columnar hcp arrays
embedded in lithium hcp element lines, as shown in Figure 4a.

The Ng rings are perfectly hexagonal, Dg,. However, as the
P6/m space group indicates, the Ny ring mirror planes and the
P6/mmm Li sublattice are not in registry—if they were, LiN;
would be in the P6/mmm space group. At the onset of its
region of stability at 36 GPa, P6/m LiNj is characterized by
rotational disorder in the N rings, with imaginary frequencies
as a consequence. But, above 40 GPa the phonon calculations
suggest that the P6/m phase is then dynamically stable.

The Li—Li separation in the Li element lines (2.34 A, 60
GPa) is 0.1 A longer than in fcc-Li at 60 GPa, and the Li—-N
separation (1.92 A) is in line with the LiN separation in ionic
solid -Li;N (1.90 A) at the aforementioned pressure. Each N
of an Ny ring is coordinated by two nearest Li atoms that are
above and below the nitrogen ring plane, and each Li is six-
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(b)

Figure 4. (a) Static ground-state crystal structure of LiN; P6/m at 60
GPa. (b) Li—N network around the N ring shown in polyhedral
representation. Blue = Nj; green = Li.

coordinated by nearby N atoms, forming triangular prisms
whose triangular bases are face-shared along the c-axis (see
Figure 4b).

All six NN bonds in the N units in LiN; are identical, 1.31 A
at 60 GPa, which is shorter than the NN bond (1.36 A) in cg-N
at the same pressure (see Figure S2 of the SI for evolution of
NN separations under pressure). Another comparison might be
with an isolated N>~ molecular ring, optimized at 1 atm; this
has the same NN separation. The shortest inter-ring NN
separation in the P6/m is 2.59 A, and the separation from an Ny
ring nitrogen to one above it along the c-axis is 2.34 A (at 60
GPa). The inference is that the N rings in LiN; are quite well
separated.

The nitrogen hexagons in the N> sublattice of LiNj are
planar. An isolated planar N> ring (which is expected to be
subjected to a Jahn—Teller distortion) deforms to a C,, “boat”
form (see Figure S8 in SI for C,, Ng7). Starting the
optimization in the LiNj crystal structure with such a boat
ring returns the structure to the P6/m phase with a planar N
ring upon optimization. This points to the importance of Li—N
Madelung energy in stabilizing the planar N rings in LiN3, and
the whole LiNj; crystal structure.

It may be relevant here to mention the long story of discrete
molecular Ng. The replacement of CH in benzene by N is a
formally “isoelectronic” one. And indeed (CH),_,N, rings are
known molecules for n = 1 —4. But, cyclic Ny is not known
experimentally. The molecule has attracted great theoretical
interest. It is clearly not very stable, but could it be a local
minimum? The theoretical discussion has gone back and forth
on this;*' the latest evidence is that there is no barrier for this
ring to spontaneously decompose into three N, molecules.

As we were completing this work, a study of LiN; under
pressure appeared by Zhang et al.*' It reported and analyzed
the same P6/m structure we discuss here.

Given that we found benzenoid structures albeit that they are
negatively charged (Ng*~), we also looked for structures that
incorporate N,*” units, isoelectronic with the aromatic
cyclobutadiene dianion ring. The isolated molecular dianion,
capped by two lithium counterions, appears to be metastable.**
But, all of the structures we calculated for LiN; that incorporate
such four-membered rings emerged as substantially less stable
than the structures discussed so far.

High-Pressure Phases: Chains. In the stability range of
P6/m (36—190 GPa, or 1.3- to 1.9-fold compression) some
other low-symmetry phases appear as metastable, with
intriguing structures. The nitrogen sublattice in one of these,
PT (I), takes on a polyacetylene-like infinite linear chain
structure. In another, P2/m, the unit cell is composed of Ny

rings and wavelike nitrogen assemblies, as shown in Figure Sa,b.
The linear and wavelike N-chains in PT (I) and P2/m have the

b
(c) = c2/m (IV) (@ P-1(ll)

Figure S. Static ground-state crystal structures of LiN;: (a) P1 (I), (b)
P2/m, (c) C2/m (IV), and (d) PT (II) at 60, 100, 200, and 200 GPa,
respectively. All of the structures shown here are metallic.

closest NN separations that are in the range of 1.32—1.29 A at
60 GPa. The Nj rings and lithium sublattice in P2/m are similar
to those in the P6/m phase. We note that these phases in our
calculations are only metastable. That such structures should
arise is entirely plausible, following the electronic analogy of
CH and N. It takes ~200 GPa (1.9 fold compression) in our
calculations for LiNj; to spawn extended nitrogen nets.

Above 190 GPa and in the ground state two new phases are
at lower enthalpy than P6/m. They are C2/m (IV) and PT (II).
These high-pressure phases have puckered extended 2D
decagonal and quasi-2D hexagonal nitrogen layers, as shown
in Figure Sc,d. These nitrogen nets are structurally somewhat
similar to black phosphorus (A17) and arsenic (A7) structures,
respectively.” The A17 and A7 networks contain puckered six-
membered rings. Six out of 10 nitrogens in the puckered
decagons of C2/m (IV), and two out of six in PI (II) hexagons
are three-coordinated within the nitrogen network. The NN
separations (1.30—1.33 A, 200 GPa) in these nets are similar to
the known three-coordinated cg-N NN separations (1.31 A,
200 GPa). C2/m (IV) also contains infinite zigzag nitrogen
chains. The quasi-2D and 1D nitrogen frameworks in these
structures are separated by a lithium sublattice (Figure Sc). The
structure C2/m (IV) remains as the most stable phase of LiNj
until 500 GPa, as shown in enthalpic comparison of Figure 6.
The phonons were calculated for all of the structures we
investigated (see SI, Figure S9). In fact all of the structures we
calculated exhibit no imaginary frequencies in their pressure
ranges and are thus vibrationally stable.

We did not find any 3D nitrogen nets in our structure search,
at least in the pressure range studied (1 atm to 500 GPa). A
model LiNj superlattice (LigN,,) containing a 3D nitrogen net
was constructed by filling some (there are several possibilities;
the lowest enthalpy structure is reported here) of the holes in
cg-N. Optimization of a LigN,, model built this way leads to a
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Figure 6. Static ground-state enthalpies of various LiNj structures
relative to the P6/m phase. Zero point energies are not included.

structure with N, units and infinite nitrogen chains. This
structure is 0.9 eV/LiNj higher in enthalpy than LiN; P6/m at
60 GPa. The computed structure of LigN,, is given in SI
(Figure S10).

Quenchable High-Pressure LiN; Phases? The nitrogen
sublattice in LiN; evolved from molecular N, - N3 — Ny —
extended 1D and 2D nitrogen nets under pressure. We next
inquire about the possibilities that any of these nets return to 1
atm, while retaining their structures. Among all of the phases
studied here P1 (I) is the only one that has no imaginary
phonons from its range of stability down to P = 1 atm.
However, at 1 atm, it is 0.7 eV/LiNj; in enthalpy above the C2/
m (I) phase. If the barrier to isomerization to LiN; (or
decomposition to elements) can protect P1(I), then perhaps it
could be detected. Other stable and metastable phases
identified at high pressures (>36 GPa) have imaginary phonons
when the pressure is lowered (<10 GPa).

Metal to Insulator, and Then Back to Metal
Transitions. The calculated electronic band structure and
total density of states of LiNy C2/m (I) and C2/m (III) phases
at 1 atm are shown in Figure 7. The electronic structures of
alternative (at low pressure) R3m and C2/m (II) phases are
similar to C2/m (I) and C2/m (III), respectively; the details are
reported in the SI, Figure S11. The crystal orbitals—the bands
in C2/m (I) and C2/m (Ill)—are grouped, with significant
gaps separating them; the implication is that they are derived
from quite localized molecular orbitals of N3~ and N,
molecules (shown in Figure 7). In both of these solids the
valence bands and lowest unoccupied portion of the
conduction bands belong to nitrogen; lithium bands are
located 6 eV above the Fermi level (Eg) and higher. The
implication is of predominantly ionic Li—N interactions.

Low-pressure C2/m (I) LiN; [Li*N;”] should be an
insulator, as one would expect from the molecular orbital
(MO) diagram of the azide anion (Figure 7, top right). The
calculated Perdew—Burke—Enzerof (PBE) band gap is 3.2 eV
(using HSEO6 it is 5.1 eV); a direct gap occurs at Z-point in the
first Brillouin zone. No experimental band gap data are available
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Figure 7. Calculated Perdew—Burke—Enzerof (PBE) electronic band
structure and total density of states (per-electron) of static LiN; phases
at 1 atm: (top) C2/m (I) (Z = 2); (bottom) C2/m (II) (Z = 4). The
dashed lines mark the energy of the highest occupied crystal orbital.
Schematic molecular orbital energy level diagrams of N;~ and N,
molecules are shown beside the corresponding C2/m (I) and C2/m
(III) densities of states, respectively.

for comparison. Calculated band gaps for C2/m (I) in other
theoretical studies are comparable, within the errors of the DFT
methodology.*#**

The competing C2/m (III) phase, the one with N,, units also
has a direct band gap (at the C-point in the zone) of 4.6 eV.
However, this phase, [Li,*"(6N,)*"] is at first sight metallic, as
a consequence of transfer of the lithium electrons to the z*
antibonding orbitals of the N, conduction band (Figure 7,
bottom).

Is C2/m (III) metallic or on the verge of being a Mott
insulator? A spin-polarized calculation did not split the partially
filled 7z* band. Introduction of a Hubbard U (the onsite
Coulomb repulsion) using Dudarev’s approach*® has no effect
on the band structure, until the U, value is as large as 10 eV. At
U.¢ = 10 eV, C2/m (II1) becomes half-metallic (uz = 1.04 per 2
N, molecules at 1 atm), as shown in Figure 8. We think that
such a large U, is unrealistic,”” and believe the C2/m (III)
(and its related C2/m (II) structure) will indeed be metallic.

The P6/m structure, the one containing benzenoid rings, is
metallic throughout the pressure range investigated here (1 atm
to 500 GPa, (~2.6-fold compression). The calculated band
structure at 60 GPa is shown in Figure 9ab. Note the
molecular-like well-separated lower bands. Akin to C2/m (III),
lithium transfers its valence 2s electron to the 7* antibonding
orbitals of the Ny benzene-like ring. The bands between +4 and
—14 eV are predominantly nitrogen 2p states, with some N 2s
mixing, while the bands below —14 eV are N 2s states. The top
valence bands and the conduction bands near the Fermi level
are analogous to the well-known benzene 7 orbitals (see SI
Figure S12). The high-pressure P1 (1) and C2/m (IV) phases
(with chains and extended layers) are broadly similar in their
electronic structure to P6/m. These phases are calculated to be
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Figure 8. GGA + U total spin polarized density of states of C2/m (III)
at U = 8 and 10 eV. The structure is nonmagnetic for U below 8
eV; above it, half-metallic.

metallic; the bands crossing the Fermi level are n-like with
some lone-pair character. The densities of states (per-electron)
are shown in Figure 9¢,d at 100 and 200 GPa, respectively. In
PT (1) an interesting gap opens at an equivalent of four
electrons above the Fermi level (as integrated on the DOS
plot). The band structures and band projected charge density
plots near the Fermi level are shown in the SI, Figure S12.

The findings of metallicity or lack of it were checked by
calculations with an HSE06 hybrid functional. They remain as
reported in preceding text.

In the sequence of LiNj structural phase transitions was
found to be as follows: C2/m (III) [1 atm] — C2/m (I) [3
GPa] - P6/m [36 GPa] — C2/m (IV) [190 GPa]; the
predicted electrical properties thus change from metal —
insulator — metal with increasing pressure. This is an unusual
reentrant sequence but also seen for a metal—electride—metal

sequence for Li itself and also for Na under pressure.** In LiN;
we looked for an electride phase but did not find one. But, here
our structures are not accompanied by an electride phase. The
presumption in this unusual progression in electronic behavior
is that the N,-containing low-pressure phases are real, as
computed. If one goes directly from the low-pressure C2/m (I)
structure to the high-pressure phases, the progression is more
typical, namely, insulator to metallic.

While there is no evidence to date for structural or electrical
phase transitions in high-pressure LiNj, in experiments carried
out up to 60 GPa," for NaNj there is strong evidence for both
in terms of structural phase transitions (>19 GPa) and an
observed darkening of the sample above 50 GPa.'”

H CONCLUSION

Structural explorations of lithium azide from 1 atm to 500 GPa
(~2.6-fold compression) have been investigated within density
functional theory. In addition to the experimentally known
monoclinic LiN; (C2/m (I)) phase, two other competing
phases containing N, units that are slightly reduced are
predicted at 1 atm. Interestingly these phases are metallic but
become unstable above 3 GPa, corresponding to quite small
compressions. At pressures above 36 GPa, N rings and infinite-
linear and wave-like nitrogen-rich assemblies in LiNj structures
then emerge as the most stable phases.

A notable feature of all of the high-pressure phases is that
they are also metallic. Given that the constituents are light
elements, the phonon energy scales are quite high (see above),
so the prospect of superconductivity may therefore be worth
pursuing. The Ny and infinite N-chain sublattices in P6/m and
PT (I) phases can be structurally regarded as hydrocarbon
analogues of benzene and polyacetylene, except that they
emerge as negatively charged. At very high pressures (>200
GPa) quasi-one- and two-dimensional extended puckered
hexagonal and decagonal nitrogen layers are the stable
arrangements. The calculated ground-state thermochemistry
and density functional perturbation theory—phonon calcula-
tions indicate that these phases are enthalpically and
dynamically stable.

(a) P6/m [60 GPa]

(b) P6/m (1) [60 GPa]

(c) P-1[100GPa] (d) c2/m(1v)[200 GPa]
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Figure 9. (a, b) Calculated PBE electronic (and metallic) band structure and total density of states (per-electron) of static LiN; P6/m at 60 GPa, (c)
DOS of PT (1) at 100 GPa, and (d) DOS of C2/m (IV) at 200 GPa. The Fermi energy (Eg) level is set to zero. See the SI for the band structures of

PT (1) and C2/m (IV).
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The PT (I) phase may be quenchable if kinetically persistent.
The Ny and infinite N-chain containing stable and metastable
P6/m and P1 (I) phases dominating in the high-pressure
landscape (up to 200 GPa) are fascinating, and provide in our
view an impetus to reinvestigate LiN; in the high-pressure
regime, to seek these nitrogen-rich assemblies.

B APPENDIX

Theoretical Methodology

Lithium azide crystal structures were explored using evolu-
tionary structure search algorithms as implemented in the
XtalOpt program.”” The structures were optimized using
density functional theory (DFT), as implemented in the
Vienna ab initio Simulation Package (VASP).* The generalized
gradient approximation of Perdew—Burke—Enzerof” as the
energy functional, and the Projector Augmented Wave (PAW)
method for the electron-ion interaction was used.”"** The
PAW potentials represent the valence electrons of Li (1s% 2s'),
N (25 2p*) with cut-off radii 1.7 and 1.5 a, (a, being the Bohr
radius) respectively. A plane-wave basis set cutoff of 650 €V,
self-consistent field tolerance of 0.1 X 107° eV/atom, zone
sampling on a grid of spacing 27 X 0.01 A™, and 107* eV/A
threshold of forces (“force” in a classical sense) on atoms
guaranteed good convergence. HSE06 calculations>>>* were
done by setting the range-separation parameter 0.2 as
implemented in VASP. The molecular calculations were carried
out at PBEPBE/6-31+g(d,p) level of theory using Gaussian 09
program.

The XtalOpt structure searches were carried out for LiN;
considering Z = 1, 2, and 4, and pressures P = 1 atm, 10, S0,
100, 200, and 300 GPa. We have followed a structure search
approach similar to the one we used in our LiNH, study.*®
Phonon calculations were carried out for the low enthalpy
phases using the PHONOPY code®” which is interfaced with
VASP gamma point phonon calculations, at the density
functional perturbation theory (DFPT) level>® The space
groups of the crystal structures were identified using
FINDSYM*’ and Spglib® programs. The XRD patterns of
LiN; phases were calculated using the Reflex module in
Materials Studio.’’ The crystal structure graphics were
produced using VESTA.®

B ASSOCIATED CONTENT
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Crystal structures of lithium azide with tilt angle indicated,
internuclear separations in LiNj; phases, energetics of various
LiN; structures (at 1 atm) in the known ENj structure types,
layer and polyhedral representations of LiN; phases at 1 atm,
pressure vs enthalpy plots of all of the interesting ground-state
LiNj; structures obtained in the structure search, structure of
the N>~ molecule, phonon density of states of the most stable
LiN; phases, optimized crystal structure of LigN,,, electronic
band structure and density of states of LiN; phases from 1 atm
to high pressures, band projected charge density isosurface
plots of high-pressure LiN; phases, optimized crystallographic
information of various LiNj crystal structures, and calculated
XRD patterns of LiN; phases. This material is available free of
charge via the Internet at http://pubs.acs.org.
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