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A new solid atomic phase of nitrogen, which is dynamically stable at pressures above 20 GPa, has been pre-

dicted within the density functional theory. This phase has a low symmetry of the crystal lattice P1 and exhib-
its electronic properties unique for nitrogen crystal structures in the low-pressure region, which are charac-
teristic of semimetals. The structural, energy, mechanical, and electronic properties of this phase are calcu-
lated and compared with similar characteristics of the gauche phase of nitrogen.
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INTRODUCTION

In nature, nitrogen exists in the form of diatomic
molecules N, with a strong triple covalent bond. One
of the important features of nitrogen is the ratio
between triple and single bond energies, which is not
typical of many other elements; the sum of three single
bond energies is approximately 1.5 times less than the
triple bond energy [1]. Thus, energy can be stored by
creating a nitrogen-containing substance in which the
nitrogen atoms are linked to each other by single
bonds. In this regard, pure nitrogen clusters and crys-
tal structures with single bonds between atoms are of
the greatest interest, and according to theoretical pre-
dictions, their efficiency is several times higher than
those of other high-energy substances [1, 2]. The
molecular phase of nitrogen under normal conditions
is more thermodynamically stable compared to nitro-
gen clusters and crystalline structures; therefore, non-
molecular structures tend to decompose into diatomic
molecules with the release of a large amount of energy.
This process occurs without the formation of polluting
compounds, since molecular nitrogen is the main
component of atmospheric air. Therefore, various
nonmolecular nitrogen structures are considered as
environmentally friendly materials with a high stored
energy density.

Over the past decades, numerous theoretical and
experimental studies have been carried out to search
for nonmolecular nitrogen structures, as well as to
study their properties and stability. To date, the stabil-
ity of many different isolated N,, clusters, m = 3—78, is
theoretically predicted [3—13]. However, the experi-
mental production of such structures remains a rather
difficult task, and only a few nitrogen clusters have

already been synthesized: Ng [14], N4 [3, 15], N5 [16],
NZ [5], and Nj [4].

At high pressures, the molecular phase of nitrogen
is transformed into a solid atomic state, which is also
actively studied along with cluster forms of nitrogen.
The possibility of existence of a crystalline state of
nitrogen with single bonds between atoms was first
theoretically predicted in [17]. The predicted nitrogen

structure has the crystal lattice symmetry /2,3 [17] and
is called the cubic gauche phase of nitrogen (cg-N).
Further theoretical calculations predicted many dif-
ferent solid phases of nitrogen [18—26]. Among all
theoretically predicted nitrogen crystal structures at
pressures below 150 GPa, the gauche phase of nitrogen
is the most thermodynamically favorable [25, 27, 28].
Modeling of decompression at zero temperature

demonstrated that only the cg-N [17], Pccn [35], R3

[24], and P62c¢ [25] phases are dynamically stable at
low pressures. All theoretically considered solid phases
of nitrogen, at least up to 400 GPa, have the electronic
properties characteristic of semiconductors or insula-
tors; therefore, they must be transparent to optical

radiation of the corresponding wavelength. The R3
phase has the smallest band gap [24].

The solid phase of nitrogen in the amorphous state
was first synthesized in 2001 by compressing molecu-
lar nitrogen in a diamond anvil cell [29]. By gradually
reducing the pressure and maintaining the tempera-
ture below 100 K, nitrogen in this amorphous state was
kept for a certain time up to atmospheric pressure.
This state exhibited semiconductor properties and, at
pressures of ~240 GPa, demonstrated a band gap of
~0.4 eV. Subsequently, at a pressure above 110 GPa
and a temperature above 2000 K, a polymeric phase of
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nitrogen with first-order bonds and the structure cor-
responding to the theoretically predicted gauche phase
of nitrogen was experimentally obtained [30, 31].
Other solid atomic phases of nitrogen such as the lay-
ered polymer phase LP-N [32], the phase with black
phosphorus structure [33], the nitrogen structure sim-
ilar to the previously theoretically predicted Pba2
phase [28], and the hexagonal layered polymer phase
HLP-N [34] were also synthesized at high pressures.
In all experiments, attempts to decompress the sam-
ples to normal pressure led to the destruction of the
nonmolecular phase.

Thus, despite active research, the experimental
synthesis of solid atomic nitrogen structures stable
under almost normal conditions is an unsolved prob-
lem. Therefore, one of the topical research directions
is the search for new solid phases of nitrogen with sin-
gle bonds between atoms, which are stable at low pres-
sures (<50 GPa). Since various global optimization
algorithms have already been actively used to predict
nitrogen structures (e.g., evolutionary algorithm),
which allowed the detection of a number of crystalline
phases of nitrogen (see, e.g., [21, 25, 28]), further the-
oretical search for new structures stable at low pres-
sures using such algorithms is significantly difficult,
and new approaches are required.

In this work, the adiabatic compression of various
crystals formed by nitrogen clusters at zero tempera-
ture was simulated to search for new solid phases of
nitrogen. This approach is more “physical” than using
global optimization algorithms and allows one to
establish the effect of the precursor on the possibility
of forming a stable solid phase under pressure. The use
of this technique made it possible to discover a new
crystalline phase of atomic nitrogen which is stable at
low pressures (<50 GPa). Its structural, electronic,
and mechanical properties are studied in detail and
compared with similar characteristics of the gauche
phase of nitrogen, which is the most thermodynami-
cally favorable among other solid atomic structures of
nitrogen at low pressures and is also experimentally
synthesized.

CALCULATION METHOD

The calculations were carried out within the den-
sity functional theory using the Quantum ESPRESSO
(QE) 6.7 package [35, 36]. The exchange-correlation
functional PBEsol was used and the optimized norm-
conserving Vanderbilt pseudopotential was obtained
using the ONCVPSP 3.3.1 code [37]. The cutoff
energy was 90 Ry, and the distance between k-points
did not exceed 0.025 A~!. Test calculations performed
with other cutoff energies and grids in k-space showed
that the use of the values chosen for these parameters
in calculations is sufficient to obtain results with a rel-
ative error of less than 1%. The thermo_pw code was
used to calculate the elastic constants [38]. The path
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between the points of high symmetry in the Brillouin
zone for the plots of the electronic band structure and
the phonon spectrum was obtained using the
SeeK-path [39]. The symmetry of the crystal lattice
was determined with an accuracy of 10~4 A.

The technique for modeling the process of adia-
batic compression of nitrogen structures at zero tem-
perature was as follows: at a given pressure, geometric
optimization of the crystal structure was carried out,
and then the resulting relaxed configuration was used
as the initial configuration for starting at a higher pres-
sure. The pressure step was 20 GPa.

The Gibbs energy was calculated by the formula
G= E + PV + F,(T), where F,,(T) is the phonon
free energy found in the quasi-harmonic approxima-
tion, P is the pressure, Vis the volume, and E, is the
total energy.

RESULTS

‘We simulated the process of adiabatic compression
at zero temperature for various crystal structures, the
unit cell of which contained two nitrogen clusters. An
example of such a crystal structure, consisting of
Ny(C,,)-A clusters, is demonstrated in Fig. la. As a
result of such simulation, the structure consisting of
N¢(C,,)-A clusters, at a pressure of 160 GPa, was
transformed into the three-dimensional solid atomic

phase with the crystal lattice symmetry P1 (see
Figs. 1b and 1c). Since we were interested in the pos-
sibility of maintaining the solid atomic state at low

pressures, the decompression of the P1 phase was
simulated down to zero pressure. Other cluster struc-
tures were transformed under pressure into quasi-one-
dimensional structures, consisting of chains of con-
nected clusters, and became dynamically unstable.
For this reason, they will not be considered in this
work.

Calculations of phonon spectra for the solid atomic

phase of nitrogen with P1 symmetry demonstrated
that this structure is unstable at pressures below
20 GPa, as evidenced by the presence of imaginary
frequencies in the phonon spectrum. At pressures

from 20 to 200 GPa, the P1 phase is dynamically sta-
ble, which, for a pressure of 20 GPa, is demonstrated
in Fig. 2, where the phonon spectrum and the phonon

density of states with 0)2(k) > ( are shown.
The structural parameters of the unit cell for the

P1 phase at a pressure of 20 GPa are presented in
Table 1. Figure 3 demonstrates the pressure depen-

dence of the bond length in the P1 structure (when
calculating these dependences, only three nearest
neighbors are taken into account, which corresponds
to the case of a single bond between atoms). The low
symmetry of this phase leads to a large spread in bond
lengths and bond angles. As the pressure increases, the



Fig. 1. (Color online) (a) Unit cell of the structure consist-
ing of two Ng(C,,)-A nitrogen clusters, (b) unit cell of the
solid atomic phase of nitrogen with the crystal lattice sym-
metryP1, and (c) supercell 2 x 2 x 2 of the solid phase P1
(unit cell atoms are marked in red).

P1 phase becomes much more uniform in terms of the
bond length between the atoms. The dependences
shown in Fig. 3 indicate that the structure contains
atoms with one of the three bond lengths ranging from
1.75 A at a pressure of 200 GPa to 2.1 A at a pressure of
20 GPa (these atoms are marked / and 2 in Fig. 1b);
i.e., such a bond is in fact very weak or completely
absent. For comparison, the gauche phase of cg-N
nitrogen has the same bond length for all atoms:

Liona = 1.382, 1.362, 1.338, and 1.306 A for pressures
of 20, 50, 100, and 200 GPa, respectively.

The mechanical properties of the P1 and cg-N
phases at various pressures are summarized in Table 2.
With the exception of the Poisson ratio, the elastic

moduli for the P1 phase are smaller than those for the
gauche phase of the cg-N nitrogen. Thus, the “rigid-
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Fig. 2. Phonon spectrum and phonon density of states for
the solid atomic phase P1 of nitrogen.

ity” of bonds between atoms in the P1 phase should
be less than that for the cg-N structure, and, conse-
quently, pressure-induced deformation in the former
phase should be larger. For example, when the pres-
sure changes from 20 to 200 GPa, the volume per atom

in the P1 and cg-N phases decreases by 2.0 and
1.6 A3/atom, respectively.

The Gibbs energy per atom G in the P1 crystalline
phase was determined in the pressure range of 20—
200 GPa. Figure 4 demonstrates the pressure depen-
dences for various atomic solid phases of nitrogen that
are dynamically stable at low pressures. For each pres-
sure value in Fig. 4, the corresponding Gibbs energy of
the cg-N gauche phase of nitrogen is chosen as the ref-
erence point. Among the solid atomic phases of nitro-
gen, the cg-N structure has the lowest Gibbs energy G
in the entire considered pressure range. The Gibbs

energy in the P1 phase is slightly below the value for
the R3 structure. Since the Gibbs energy for the semi-
metallic phase with the crystal lattice symmetry P1 is

Table 1. Structural parameters of the unit cell of the P1 phase, consisting of 12 nitrogen atoms, at a pressure of 20 GPa

Lattice parameters

Atomic coordinates
(arbitrary units)

a=b=4.1527A,
c=4.6485A,
o=p=289.0°
Y= 89.9°

(0.1719, 0.8796, 0.7194); (0.1204, 0.8281, 0.2806);
(0.1488, 0.1403, 0.1765); (0.8645, 0.2776, 0.1192);
(0.7224, 0.1355, 0.8808); (0.8597, 0.8512, 0.8235);
(0.3512, 0.3597, 0.3235); (0.6355, 0.2224, 0.3808);
(0.7776, 0.3645, 0.6192); (0.6403, 0.6488, 0.6765);
(0.3281, 0.6204, 0.7806); (0.3796, 0.6719, 0.2194)
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Fig. 3. (Color online) Bond lengths Ly,,4 in a solid atomic

structure P1 at pressures of (/) 20, (2) 50, (3) 100, and (4)
200 GPa.

higher than that for the gauche phase of nitrogen, the
P1 phase is potentially capable of storing more energy.

It is known that the PBE functional can underesti-
mate the band gap; for this reason, the HSE06 hybrid
functional was used to calculate the electronic spectra

for the P1 structure. At a pressure of 20 GPa, the

nitrogen phase P1 exhibits semiconductor properties,
and the band gap is 0.22 eV (see Fig. 5a). However, as

the pressure increases to 50 GPa, the P1 phase transits
to the semimetallic state because one of the energy
bands crosses the Fermi level on the segment between
high-symmetry points I" and V in the k-space, which
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Fig. 4. (Color online) Pressure dependence of the differ-
ence in the Gibbs energy Gy — Gn per atom at T =
300 K between the solid atomic phases of nitrogen X =

(1) P1, (2) P62¢c, (3) Pccn, and (4) R3, and the gauche
phase cg-N. The presented curves are shown for the region
of dynamic stability of the corresponding nitrogen struc-

tures.

can be seen from the electronic band structure
demonstrated in Fig. 5b.

As the pressure increases, the semimetallic state of

the P1 structure is maintained, and with a further
increase in the pressure to 100 GPa, it is characterized
by the presence of the band structure features similar
to Dirac cones. These features are observed at high
symmetry points X and Y in the k-space (see Fig. 6).
For comparison, in the pressure range of 0—200 GPa,

15

14+

13

Energy (eV)

10

Fig. 5. (Color online) Electronic band structure for the solid atomic phase of nitrogen with the crystal lattice symmetry P1 at
pressures of (a) 20 and (b) 50 GPa. The position of the Fermi level is marked by the red dashed line.
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Fig. 6. (Color online) Electronic band structure and elec-

tron density of states for the P1phase at a pressure of
100 GPa. The position of the Fermi level is indicated by
the red dashed line.

the cg-N phase is an insulator with a band gap of >4 eV,
and the band gap in the nitrogen phases cg-N, Pccn,

and R3 increases with the pressure up to 100 GPa, and
at higher pressures, the band gap begins to gradually
decrease. However, because of the high rigidity of the
bonds in nitrogen structures (these structures have
large values of the bulk modulus ~200—280 GPa),
their structural and electronic properties change
slowly with increasing pressure. This makes it possi-

ble, e.g., in the case of the R3 phase, to reach the
metallic state only at ultrahigh pressures, exceeding
400 GPa.

Table 2. Bulk modulus of elasticity B, Young’s modulus £,
shear modulus G, and Poisson ratio # of solid atomic phases

P1 and cg-N of nitrogen at indicated pressures P

Elastic P = P = P = P =

moduli 20 GPa | 50 GPa | 100 GPa | 200 GPa
Bp1, GPa 231 372 558 896
Ep1, GPa 405 552 702 908
Gp1, GPa 167 220 272 342
np7, GPa 0.21 0.25 0.29 0.33
B, N, GPa 284 451 610 910
E. N, GPa 585 780 920 1086
G N, GPa 253 322 368 418
neen, GPa 0.16 0.21 0.25 0.30

GRISHAKOV, DEGTYARENKO

CONCLUSIONS

A new solid phase of nitrogen, which is dynami-
cally stable at pressures above 20 GPa, has been dis-
covered by modeling the process of adiabatic com-
pression at zero temperature for a crystal structure
formed by two N¢(C,,)-A clusters. This structure has

the crystal lattice symmetry P1 and exhibits electronic
properties unique for such systems, which characterize
it as a semimetal at sufficiently low pressures, starting
from 50 GPa and higher. At pressures of ~100 GPa, a
semimetallic state is formed by two features on the
electronic band structure characteristic of Dirac
cones. The study of these features requires separate
consideration. Owing to the rigidity of covalent bonds,
this semimetallic state is maintained even when the
pressure is increased to 200 GPa. This phase should be
opaque to optical radiation of the corresponding
wavelength, in contrast to the gauche phase of nitro-
gen. The results of the work also show that nitrogen
clusters are of interest not only as independent objects
of research but also as precursors for obtaining solid
atomic phases of nitrogen.
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