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Abstract
Due to the diversity of solid nitrogen structure, its phase transition has been a hot topic for many
scientists. Herein, we �rst studied the structural softening of rhombohedral solid nitrogen under pressure
using �rst-principles calculations. Then, a new criterion, Egret criterion, was proposed to predicting the
whole process from beginning to end of structural phase transition of solid nitrogen. Based on the
discussion of acoustic phonons, we concluded that the phase transition of rhombohedral solid nitrogen
starts from k-point F along the [-1, -1, 0] direction in a-axis, and the structural phase transition velocity is
slow. Also, we use the Egret criterion proposed by us to predict the emergence of ξ-N2 and the stability of
ξ-N2 at 17 GPa and 22 GPa, respectively, and this result is in good agreement with the phase diagram of
nitrogen.

Introduction
Nitrogen molecule undergoes many structural phase transitions at different temperatures and pressures.
At least �ve different phases have been found for the nitrogen molecule under pressure of less than 20
GPa: cubic α-N2 (Pa3) [1], tetragonal γ-N2 (P42/mnm) [1], rhombohedral ε-N2 (Rc) [2,3], hexagonal β-N2

(P63/mmc) [4,5] and cubic δ-N2 (Pm3n) [6–8]. In recent years, many polymeric phases for solid nitrogen
also have been obtained, such as cubic gauche nitrogen (cg-N) [9–12], layered-polymeric nitrogen (LP-N)
[13,14], hexagonal layered polymeric nitrogen (HLP-N) [14] and post-layered-polymeric nitrogen (PLP-N)
[15].

Different molecular and polymeric phases of nitrogen are different in their physical and chemical
properties and have a wide range of applications, especially the application demand of rich nitrogen in
high energy density materials [16]. This peculiarity of nitrogen has received extensive attention from
many researchers. Therefore, the crystal structure transition [17–25], structure transition path [26],
magnetic transition [27] and polarization symmetry [28] and other related contents of nitrogen have been
studied extensively in the experimental and theoretical aspects. With the development of computer
simulation, �rst-principles calculation plays an irreplaceable role in material research, and many key
properties of materials have been accurately predicted. Recently, Jiang et al. [29] �rst proposed the view
that phonon group velocity with negative value is the structural phase transition velocity. The negative
phonon group velocity refers to the plastic stretching or compression velocity in a certain direction, that is,
it represents the phase transition of the structure [29]. This study shows that the change of structural
phase transition velocity of rhombohedral solid nitrogen under pressure is regular. Therefore, we wonder
if the phonon group velocity can be used to predict the whole process from beginning to end of structural
phase transition.

In this paper, we �rst studied the softening of rhombohedral solid nitrogen before the phase transition
based on the �rst-principles calculation, and then veri�ed our question and proposed a new criterion for
predicting the whole process from beginning to end of structural phase transition named Egret criterion.
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Computational Methods
In this study, the �rst-principles calculations were performed using the norm-conserving pseudopotential
method based on the density functional theory as implemented in the CASTEP [30–33]. The generalized
gradient approximation (GGA) [30, 31] with PBESOL [34] functional was adopted. The cutoff energy of
770 eV and the Monkhorst Pack mesh of 3×3×3 were selected. Moreover, the geometrical structure in this
paper was allowed to relax until the total energy was less than 5.0×10− 6 eV/atom. The maximum force,
maximum stress, and maximum displacement were set to 0.01 eV/Å, 0.02 GPa and 5.0×10− 4 Å,
respectively.

Results And Discussion

3.1 Electronic properties
The computational model is rhombohedral solid nitrogen with space group R c, as shown in Fig.1. The
nitrogen atoms of the primitive cell structure have two different positions, namely N1 and N2 in the
Fig.1.The calculated structural parameters along with the experimental data [3] of solid nitrogen are
shown in Fig.2. Lattice parameters decrease with the increase of pressure, and the results we obtained
based on GGA calculations with PBESOL are in good agreement with the experimental data at 7.8 GPa
[3]. Figure3 and Fig.4 show the variation of the band gap under pressure. It is found that the band gap
gradually decreases under pressure. The reason for this phenomenon is that the pressure leads to the
increase of matrix concentration [29]. From Fig.3, we could easily see that the energy level at the bottom
of the conduction band decreases under pressure, which makes it easier for electrons in the valence band
to transit to the conduction band, making it easier to conduct electricity. The total and partial densities of
states are shown in Fig.5. From the �gure, the energy level of electronic state decreases under pressure
and the conduction band part of solid nitrogen is mainly composed of N-2p electronic states.

3.2 The softening of solid nitrogen before structural phase
transition
In this paper, we aim to clarify the structural softening of solid nitrogen before the phase transition.
Obviously, we cannot judge the stability of the structure by analysing the above electronic properties. So,
we must study from the aspect of phonons. The phonon dispersion curves along the high-symmetry
direction are calculated. The acoustic phonons are selected for discussion to investigate the structural
phase transition, as shown in Fig. 6. In order to understand the changes of acoustic phonons under
pressure more intuitively, the three acoustic phonons of solid nitrogen under pressure (shown in Fig. 6(a))
are divided into acoustic phonons in a-axis, b-axis and c-axis, as shown in Fig. 6(b), Fig. 6(c) and Fig.
6(d), respectively. From Fig. 6(a), the virtual frequency appears at the pressure of 16.5 GPa, that is, the
structure of solid nitrogen begins to undergo phase transition between 16 GPa and 16.5 GPa. Figure 6(b),
Fig. 6(c) and Fig. 6(d) show that the acoustic phonon energies at k-point F (0.5, 0.5, 0) in a-axis are
negative, while the acoustic phonon energies at k-point F in b-axis and c-axis are positive. The acoustic
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phonon energies at k-point Z (0.5, 0.5, 0.5) in a-axis, b-axis and c-axis are negative, meanwhile, the values
of acoustic phonon energies in these three axes are the same under the corresponding pressure.

As we all know, the presence of virtual frequencies in acoustic phonons indicates structural instability,
that is, negative acoustic phonons symbolize a structural phase transition. Jiang et al. [29] proposed for
the �rst time the idea that negative phonon group velocity is the structural phase transition velocity.
Based on this view, we used following formula [29,35,36] to calculate the phonon group velocity of
rhombohedral solid nitrogen under pressure:

 

where E is acoustic phonon energy, vp is the phonon group velocity, Qmax is the boundary length of

Brillouin region and  is the average energy of the elastic wave. Table 1 lists the calculated negative
group velocity and positive group velocity of solid nitrogen. We found that there are negative phonon
group velocities at k-point F from F to G in a-axis and at k-point Z from G to Z in a, b, c-axis. At 16.5 GPa,
the phonon group velocity at k-point F from F to G in a-axis is -360.0 m/s, while the phonon group
velocities at k-point in other directions at this pressure are all positive. Negative phonon group velocity is
the structural phase transition velocity [29]. Therefore, we concluded that the phase transition of
rhombohedral solid nitrogen starts from k-point F along the [-1, -1, 0] direction, and the structural phase
transition velocity is slow. At 18 GPa, the phonon group velocity at k-point Z from G to Z in a, b, c-axis
also becomes negative, which is -258.4 m/s. In other words, starting from 18 GPa, the k-point Z of
rhombohedral solid nitrogen also begins to undergo phase transition along the direction of [1, 1, 1], and
the structural phase transition speed is slow.
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Table 1
The negative and positive phonon group velocities of rhombohedral solid nitrogen

under pressure.
Pressure

(GPa)

Negative group velocity

(phase transition velocity)

Positive group velocity

F (F to G) Z (G to Z) F (F to G) Z (G to Z)

a-axis a, b, c-axis a-axis b-axis c-axis a, b. c-axis

5     412.6 940.6 1038.5 384.7

10     1323.6 1747.7 1862.7 1046.6

15     945.2 1677.6 2066.7 793.4

16     625.0 1584.5 2070.1 631.0

16.5 -360.0     1521.5 2067.2 519.0

17 -347.2     1483.9 2063.2 374.4

18 -732.0 -258.4   1379.1 2069.2  

19 -958.5 -786.0   1204.8 1830.6  

20 -982.4 -903.4   1260.4 1926.9  

21 -1090.2 -969.1   1243.2 1966.0  

22 -1311.1 -612.8   1070.7 1933.2  

25 -1405.8 -1139.9   1202.8 2130.1  

30 -1586.3 -1132.1   1140.6 2077.3  

35 -1644.3 -1158.1   1271.9 2094.6  

37 -1686.1 -1168.3   1306.3 2108.6  

38 -1712.1 -1194.9   1319.5 2111.7  

39 -1743.9 -1209.8   1326.6 2118.9  

40 -1777.8 -1225.6   1331.9 2113.2  

45 -1994.1 -1346.6   1283.2 2121.7  

3.3 Mechanical properties
It is well known that the response of a solid under pressure is related to the elastic constants, which can
be used to judge the mechanical stability of a solid structure. In order to further explore the structural
stability of rhombohedral solid nitrogen under pressure, the elastic constant with pressure is shown in
Fig. 7. Due to the positive correlation between stress and strain, the elastic constants increase under
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pressure. At 5 GPa, the elastic constants are the smallest. In other word, the deformation resistance of
rhombohedral solid nitrogen is the weakest at 5 GPa. There are turning points in the value of C11, C44, and
C66 at 30 GPa, indicating a softening of the structure. C44 suddenly decreases at 19 GPa, meaning that
the structure has softened. According to the mechanical stability criterion of rhombohedral crystal system
under pressure [37]:

In order to more intuitively observe the mechanical stability of rhombohedral solid nitrogen, Fig. 8 was
drawn. As can be seen from the �gure, 25.4 GPa, 26.9 GPa and 27.6 GPa are the mechanical unstable

pressures of rhombohedral solid nitrogen. It is not meet  at 27.6 GPa.

And c66  represents the resistance to deformation in the [110] direction. This also
proves that virtual frequency appears at k-point F along the direction of [-1, -1, 0] in a-axis obtained from
our analysis of phonon spectra above.

3.4 Egret criterion
By observing Table 1, a very interesting phenomenon is that the phase transition velocity of
rhombohedral solid nitrogen structure (the part of negative phonon group velocities) is slow at the
beginning of the phase transition, and then increases and then decreases under the action of pressure. In
order to observe this phenomenon more intuitively, we have drawn Fig. 9. After analysis, the changes of
structural phase transition velocity from one solid nitrogen structure to another is described as follows: At
the beginning of structural phase transition, the structural phase transition speed of solid nitrogen is
slow. Then, under the action of pressure, it �rst increases and then decreases, and �nally increases and
tends to be stable. This change is regular. And the structural phase transition velocity is de�ned by
negative phonon group velocity [29]. So we would use the phonon group velocity to show the whole
process in structural phase transition.

For the convenience of our understanding, the phonon group velocities of rhombohedral solid nitrogen
under pressure are shown in Fig. 10. First of all, before the structural phase transition (i.e. before the
phonon group velocity is greater than zero), the phonon group velocity increases �rst and then decreases
under pressure. The decrease of the phonon group velocity is the softening of the structure, which is
consistent with the experimental observation of structure softening before solid-liquid transition [38].
After the structural phase transition occurs, the negative phonon group velocity �rst increases and then
decreases under pressure. Combining the phase diagram of nitrogen [39], we considered that the ξ phase
of solid nitrogen appears at 17 GPa, and this phase becomes a stable phase at 22 GPa. Why did we think



Page 7/19

that a stable new phase appears at the turning point of the negative phonon group velocity? We made the
following explanations: The process of a new phase from appearance to stability is the process of atoms
moving to an equilibrium position. The original phase also exists when the new phase just appears, and
there are two equilibrium positions, one is the equilibrium position of the atomic vibration of the original
phase, another is the equilibrium position of the new phase vibration. The vibration of the original phase
atoms in the equilibrium position will affect the vibration of the atoms that are about to reach the stable
new phase (close to the equilibrium position), that is to say, the atoms have potential interaction between
original phase and new phase. When a certain pressure is exceeded, the equilibrium position of the new
phase will dominate. Therefore, the phonon group velocity under pressure appears a reversal point.

Based on the discussion above, we believed that it is reasonable to use the phonon group velocity to
predict the whole process of the structural phase transition of the solid nitrogen structure from the
beginning to the end. Therefore, we proposed a criterion for deciding the new solid nitrogen structure
becoming stable under pressure, the Egret criterion, which is expressed as follows:

The change of the phonon group velocity of a solid nitrogen structure under pressure is as follows: �rstly,
the positive phonon group velocity decreases under pressure before the structural phase transition occurs
(i.e. the softening of the solid nitrogen structure). Then the phonon group velocity of the solid nitrogen
becomes negative, and the structure begins to undergo a phase transition. The negative phonon group
velocity increases �rst and then decreases under pressure, and �nally becomes stable after a slight
increase under pressure. In this process, a new stable phase appears at the pressure corresponding to the
reversal point of the negative phonon group velocity.

Also, we predict that this criterion can be applied to many solid structures, and our follow-up work will
continue to verify it.

Conclusions
The softening process of rhombohedral solid nitrogen is investigate using First principles calculation.
The structural parameters of the model we used are basically consistent with the experimental values.
The calculated energy band structures and density of states change stably under pressure. The phonon
spectra of rhombohedral solid nitrogen show that virtual frequency occurs between 16 GPa and 16.5
GPa, that is, the structure of rhombohedral solid nitrogen begins to become unstable between 16 GPa and
16.5 GPa. We �nd that rhombohedral solid nitrogen phase transition starts from k point F along the [-1, -1,
0] direction (F to G) in a-axis, and it is veri�ed by mechanical properties. In this paper, the most important
is that we �rstly put forward a new criterion for predicting the structural phase transition process of
nitrogen by phonon group velocity, which provides a new perspective for experimental observation. And
we predict that this criterion applies to many phase transitions of solid structures.
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Figure 1

Computational model of solid nitrogen, N1 (0, 0, 0.0495), N2 (0.2731, 0.2127, 0.2828).



Page 13/19

Figure 2

The calculated lattice constants of solid nitrogen under pressure.

Figure 3

The band structures of solid nitrogen under pressure.
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Figure 4

The calculated bandgaps of solid nitrogen under pressure.



Page 15/19

Figure 5

The total and partial densities of states of solid nitrogen under pressure.

Figure 6
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The acoustic phonons of solid nitrogen under pressure in (a) a,b,c-axis, (b) a-axis, (c) b-axis and (d) c-axis,
F(0.5, 0.5, 0), G(0, 0, 0), Z(0.5, 0.5, 0.5)

Figure 7

Calculated elastic constants Cij of solid nitrogen under pressure
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Figure 8

The mechanical stability criteria of solid nitrogen under pressure.
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Figure 9

The structural phase transition velocities of solid nitrogen under pressure.
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Figure 10

The phonon group velocities of rhombohedral solid nitrogen under pressure.


