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Bonding and strength of solid nitrogen in the cubic gauche (cg-N) structure
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Recently, the unusual high-pressure cubic gauche structure of solid nitrogen (cg-N) was experimentally
synthesized. Our first-principles calculations reveal that cg-N represents a new class of covalent solids in which
the atoms are threefold coordinated, yet the structure is stabilized by the presence of near-tetrahedral
sp>-hybridized electronic states. This bonding scheme results in a strong covalency, exceptional mechanical
properties, and the stabilization of cg-N as a high-energy-capacity material. The cg-N is an insulator with a
wide gap that is nearly constant over a wide pressure range. The mechanical failure mode in cg-N is dominated
by the shear type, and the calculated (110) (110) shear strength of 41.3 GPa (at which the lattice becomes
unstable) sets an upper bound for its ideal strength. This shear-induced structural instability is associated with
the structural transformation from the cg-N structure to the monoclinic structure.
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I. INTRODUCTION

In recent years, the nature of solid nitrogen under pressure
has attracted great interest due to its fundamental and tech-
nological importance.!"'? Specifically, considerable effort'¢
has been devoted to synthesizing polymeric network forms
of nitrogen, particularly the single-bonded threefold-
coordinated polymeric nitrogen, due to their promising po-
tential as high-energy-density materials.>!3 It was proposed
theoretically that nitrogen should transform from its ambient
diatomic form to a single-bonded crystalline structure at high
pressures.’~® This single-bonded polymeric nitrogen structure
was identified to have the cubic gauche structure by Mailhiot
et al.® Recently, at high pressures (above 110 GPa) and high
temperatures (2000 K), Eremets et al.? synthesized the long-
sought single-bonded cubic gauche structure of nitrogen (cg-
N). This new form was found to be stable down to at least
40 GPa.

The cubic gauche structure has never been observed pre-
viously for any other element, rendering cg-N a very special
material. In this paper, through first-principles electronic
structure calculations, we demonstrate that cg-N is a wide-
band-gap insulator with a nearly constant gap over a wide
pressure range. Furthermore, cg-N is found to have high ten-
sile and shear strength at zero pressure. These intriguing
properties of cg-N can be attributed to its unconventional
bonding scheme. Although the nitrogen atoms in cg-N are
threefold coordinated, we find that the electronic states in
cg-N are actually characterized by the tetrahedral-like sp3
hybrids (i.e., a hybridization scheme similar to that of
tetrahedral-bonded diamond'#). Since a nitrogen atom has
five valence electrons, the three single-bonded covalent
bonds that connect each nitrogen atom to its three nearest
neighbors in cg-N are, in fact, stabilized by the presence of a
lone-pair nonbonding orbital which accommodates a pair of
electrons. This bonding scheme has an analogy to the strong
covalency of the sp? state in graphite (as manifested in the
short bond length of cg-N) but with the bond angle similar to
that of the sp? orbitals in diamond.

In Sec. II, the theoretical model and computational
method are briefly described. The calculated results for struc-
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tural parameters, electronic structure, band gaps, elastic con-
stants, and ideal strength (both tensile and shear) are pre-
sented in Sec. III. In the discussion of electronic structure,
emphasis is placed on its unique bonding scheme based on
the tetrahedral-like sp® hybrids. The band gaps and their
pressure dependence are compared among cg-N, diamond,
and Si. The elastic constants and ideal strength are compared
among cg-N, diamond, and c-BN. A summary is given in the
last section.

II. COMPUTATIONAL METHOD

Our first-principles calculations were performed using the
Vienna ab initio simulation package'®> (VASP) with the ion-
electron interaction described by the projector augmented-
wave potential. We used both the generalized gradient ap-
proximation [GGA (Ref. 16)] and local density
approximation [LDA (Ref. 17)] for the exchange-correlation
functional. Brillouin-zone integrations were performed using
k-mesh 21X21X21 for special k points according to the
Monkhorst-Pack technique. The energy cutoff for the plane-
wave expansion of eigenfunctions was set to 400 eV. Opti-
mization of structural parameters was achieved by the mini-
mization of forces and stress tensors.

The three independent elastic constants of cg-N were de-
rived from the total energies as a function of lattice strains.
These strain energies were fitted to third-order polynomials
from which the elastic constants at the equilibrium structures
were calculated.!” In order to calculate the tensile and shear
strength of cg-N, we employed the method described in Refs.
20-22. The lattice vectors were incrementally deformed in
the direction of the applied stress. At each step of incremen-
tal strain, we allowed the full relaxation of the lattice basis
vectors and the strain components orthogonal to the direction
of the applied stress.

III. RESULTS AND DISCUSSION

A. Structural properties

Experiments? demonstrated that solid cg-N at 115.4 GPa
(i.e., the pressure at which the cg-N was synthesized) adopts
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TABLE 1. The lattice constant a (A), volume V (A3/atom), bulk modulus B (GPa), and the internal
parameter x at the 8a (x,x,x) sites calculated for cg-N at zero and experimental pressures.

Calc. Expt.? Calc. Calc.
Pressure (GPa) 0 0 115.4 115.4 115.4
a GGA 3.793 3.752¢ 3.454 3.484 3.494
LDA 3.747 3.457
Vv GGA 6.825 6.60° 5.15 5.288
LDA 6.566 5.163
B GGA 297 30109 281
LDA 325
X GGA 0.083 0.067 0.072 0.073
LDA 0.087 0.073

“References 2 and 5.
PReference 12.

“The experimental values are obtained by extrapolation of the experimental pressure-volume equation of state

to zero pressure (Ref. 5).

the space group 12,3 with N atoms at the 8a (x,x,x) sites
(where x=0.067). The cg-N unit cell contains eight nitrogen
atoms (four atoms in the primitive cell). In cg-N each nitro-
gen atom is connected to three neighbors with three single
covalent bonds. The calculated structural parameters listed in
Table I are consistent with those of recent calculations.'? At
zero pressure, the parameters obtained by the LDA (GGA)
are a=3.747 (3.793) A, agreeing very well with the lattice
constant of 3.752 A extrapolated from the experimental
pressure-volume states of equations.” The bulk modulus B
and pressure derivative B are 325 (297) GPa and 4.1 (3.9) by
the LDA (GGA), respectively, also in good agreement with
the experimental results (B=301*=0.9 GPa and B’'=4.02).
For the bulk modulus, the LDA value is larger than the GGA
value due to the known characteristic that the LDA (GGA)
tends to underestimate (overestimate) the equilibrium vol-
ume. The positional parameter x decreases slightly with in-
creasing pressure. At 115.4 GPa, x is about 0.070, which is
in excellent agreement with the experimental value (0.0672).
For pressures above 750 GPa, x is found to be zero, implying
that the cg-N structure is reduced to a simple cubic one (Po

type).

B. Electronic bonding properties

Figure 1 shows the band structure and density of states
(DOS) for cg-N. The occupied states consist of two major
groups, separated by an indirect gap of 3.5 eV. The lowest-
energy states (more than 9 eV below the top of the valence
band) consist of hybridized covalent bonding states, as illus-
trated by the charge density isosurface shown in Fig. 2(a).
Integration over these states shows that there are only three
bonds of this type per atom. Note that these trigonal covalent
bonds are fundamentally different from the sp*-bonding
scheme that would require a planar bonding with an angle of
120° between orbitals. Instead, as shown in Fig. 2(b), the
bond angle in cg-N under pressure is rather close to the value
of 109.3° for sp® bonds in diamond. The second lowest
group of occupied states, ranging from —6 eV to the top of

the valence band, consists of nonbonding states, which relate
to a lone-pair orbital. Its nonbonding nature is illustrated by
the isosurface shown in Fig. 2(c), which clearly is not local-
ized along neighboring atom bonds. Integration of these non-
bonding states yields two electrons per atom.

Although we have described the bonding in terms of the
characteristics of two groups of occupied states, the elec-
tronic states in cg-N are, in fact, sp3 hybrids. These hybrids
are intrinsically different from the sp? states in group-IV and
III-V materials (e.g., diamond structure), in which the four
covalent bonds connecting each atom to its four neighbors
are equivalent. For the sp? hybrids of cg-N, there are three
covalent bands connecting each nitrogen atom to its three
neighbors; the remaining two electrons form a lone-pair or-
bital, which does not participate in the direct bonding with
other atoms. In other words, in order to accommodate five
valence electrons of nitrogen in a stable tetrahedral-like
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FIG. 1. (Color online) (a) Electronic band structure of cg-N
along the high-symmetry direction from LDA calculations; (b) and
(c) density of states (DOS in states eV~! atom™') at zero pressure
for cg-N and dia-N (hypothetical diamond phase of nitrogen), re-
spectively. Zero energy (E,) denotes the Fermi energy of the dia-N
phase and the top of the valence band of the cg-N phase. In cg-N,
the states with energy lower than E, are fully occupied and the
antibonding states are unoccupied.
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FIG. 2. (Color online) Schematic illustration of sp> hybrids in
cg-N. (a) Isosurface of constant charge density (at a value of
2.2¢/A% for the bonding states in the energy range from
-30 eV to -9 eV. (b) Pressure dependence of the bond angle «
between threefold covalent orbitals. (c) Isosurface of constant
charge density (at a value of 1.3¢/A3) for the nonbonding states in
the energy range from —6 eV to the top of the valence band.

bonding geometry, the cg-N structure is the necessary and
only choice and should have the lowest electronic energy.
For comparison, the DOS of solid nitrogen in the diamond
structure (dia-N) is also shown in Fig. 1(c). In this bonding
geometry, dia-N is metallic and the antibonding states be-
come occupied. As a result, the dia-N phase is much less
favorable in energy by about 2.3 eV per atom in comparison
to the cg-N phase at zero pressure.

The importance of the sp® trigonal covalent bonds for
structural stability is further demonstrated in our finding that
the cg-N structure is energetically favorable over other solid
and molecular phases [a-N (Ref. 9), B-N (Ref. 9), simple
cubic (sc) (Ref. 11), and black phosphorus structure (BP)
(Ref. 11)] in the pressure range from 31 GPa to 212 GPa. At
low pressures, the cg-N transforms into highly stable mo-
lecular states with a large release of energy. For example, at
zero pressure, the energy difference between single-bonded
cg-N and triple-bonded N, is calculated to be 4.32 eV/atom.
Due to these unique properties, cg-N has been suggested as a
promising high-energy-capacity material.>!3

C. Band gap and its pressure dependence

The cg-N phase is insulating, as seen from the DOS pro-
file shown in Fig. 1. It is well known that in many cases the
gap sizes are not correctly given by density functional theory
(DFT) within the LDA or GGA approach. Therefore, addi-
tional calculations were made using a hybrid functional ap-
proach involving a screened Hartree-Fock exchange ansatz
(HSE) as implemented in VASP. This approach was proved to
correctly predict band gap of a number of insulators and
semiconductors.!® For instance, for diamond, the calculated
direct gap (I'’s—1T'|5) of 6.74 eV is in reasonable agreement
with the experimental value of 7.3 eV.?} For cg-N, the LDA
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FIG. 3. (Color online) Relative change of band gap, E,(P)
—E,(P=0), as a function of pressure for diamond, Si and cg-N. At
P=0, the gaps from DFT-LDA calculations are 4.3 eV for cg-N,
4.2 eV for diamond, and 0.6 eV for Si; the result from the HSE
calculation is 7.6 eV for cg-N.

(GGA) predicts a small band gap of 4.3 (4.2) eV (in agree-
ment with previous DFT calculations'""'?), while the HSE-
calculated gap of 7.6 eV agrees well with the value of 8.1 eV
derived from a quantum Monte Carlo calculation.'® All these
values refer to zero pressure. This wide band gap is sup-
ported by the experimental observation of a colorless trans-
parent cg-N phase.”

We have studied the pressure dependence of gap size up
to a pressure of 250 GPa. As shown in Fig. 3, the gap of
cg-N has a very unusual pressure dependence behavior: the
gap increases with increasing pressure up to 40 GPa and re-
mains rather constant between 40 GPa and 130 GPa before
decreasing rapidly at higher pressures. The gap calculated
from both the LDA (or GGA) and HSE shows a similar
pressure dependence, in terms of the range of constant gap
and the reduction of the gap size. Analysis of the electronic
structure shows that the pressure dependence of gap size is
closely related to the band width of nonbonding states (cf.
Fig. 4). The bandwidth of nonbonding states is relatively
insensitive to pressure below 40 GPa. In this pressure range
the broadening of the whole DOS thus results in an increase
of the band gap. However, for pressure from 40 to 120 GPa,
the broadening of the nonbonding states cancels with the
effect of the antibonding interaction in lifting up the conduc-
tion band edge, resulting in a constant gap. However, for
pressures above 120 GPa, the rate of the broadening of non-
bonding states increases more rapidly with increasing pres-
sure, since the lattice is so compressed that even the non-
bonding states are strongly affected, leading to a decrease of
band gap as pressure increases. For comparison, LDA calcu-
lations for the gap of diamond are also shown in Fig. 3,
revealing a linear increase of the gap size as a function of
pressure, in accordance with experimental and theoretical
results.???* Also shown in Fig. 3 is the LDA-predicted gap
for Si, which decreases with increasing pressure, becoming
metallic at 40 GPa.

D. Elastic constants and ideal strength

The calculated elastic constants of cg-N, listed in Table II,
clearly show that cg-N is elastically stable at zero pressure.
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FIG. 4. (Color online) Pressure-dependent electronic densities
of states of cg-N from LDA calculations. Zero energy (E;) denotes
the top of the valence band of the cg-N phase. In cg-N, the states
with energy lower than E|, are fully occupied and the antibonding
states are unoccupied.

The LDA-calculated elastic constants are slightly higher than
those calculated by the GGA mainly due to the difference in
the calculated equilibrium volume between the LDA and
GGA. The calculated bulk modulus (B=300 GPa) agrees
well with the experimental value (extrapolated to zero
pressure).> Our calculated elastic constants (Cy;, C;,, and
C,,) by the GGA are in reasonable agreement with a previ-
ous calculation by Yu et al'> Based on the Hill-
approximation scheme, cg-N is found to have considerably
high shear modulus (G =250 GPa) and Young’s modulus
(E=600 GPa). Nevertheless, despite the strong covalence in
cg-N, the bulk and shear moduli of cg-N are still signifi-
cantly lower than those of diamond (cf. Table II), since there
are only three covalent bonds for each atom in cg-N instead
of four for each atom in diamond.
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FIG. 5. (Color online) The calculated ideal tensile strength along
(100), (111), and {110) directions for (a) diamond and c-BN and (b)
cg-N. In (b) the calculated stress-strain curve for the (110) (110)
shear is also shown for cg-N.

For many of the high-strength covalent solids, it is known
that the strength and elastic modulus are not necessarily lin-
early correlated.?>?6 In the absence of defects, the strength is
limited by the stress at which the lattice becomes unstable.
Thus, we next discuss the ideal strength (both tensile and
shear) of cg-N.

The calculations for the ideal strength were carried out
using the LDA scheme. As discussed above, cg-N exhibits
threefold covalent bonds together with a localized lone-pair
nonbonding orbital in the sp3-bonding scheme. Thus, it is
interesting to compare the ideal strength of cg-N with that of
the fourfold covalent diamond and ¢-BN (diamondlike zinc-
blend structure). In Fig. 5(a) we present the stress-strain re-
lation in the (100), (110), and (111) directions for diamond
and c-BN. Our calculated results for the tensile strength of
diamond are 227.3, 124.5, and 94.5 GPa in (100), (110), and
(111) directions, respectively. The corresponding values for
c-BN are 199.3, 90.4, and 64.8 GPa. These results are in
excellent agreement with those of previous calculations.?’>
Since it has been shown that the (111) (112) shear strength is
higher than the (111) tensile strength for both diamond and
¢-BN,2729 the failure mode in diamond and c-BN is domi-
nated by the tensile type and the (111) direction is the weak-
est.

TABLE II. The calculated elastic constants (C;;), bulk modulus (B), Young’s modulus (E), and shear
modulus (G) of cg-N and diamond at zero pressure from both LDA and GGA calculations (in units of GPa).
For comparison, the experimental data (Refs. 2 and 30) are also listed.

Ci Cp Cyy B E G
Cg-N (GGA) 558 160 280 297 573 244
Cg-N (LDA) 579 174 318 309 618 265
Cg-N (expt)? 301+0.9
Diamond (GGA) 1067 132 571 444 1132 527
Diamond (LDA) 1112 147 601 469 1186 550
Diamond (expt)® 1079 124 578 443 1144 538

4Reference 2.
bReference 30.
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The stress-strain curves for cg-N are presented in Fig.
5(b). The magnitudes for the tensile strength in the (100),
(110), and (111) directions are predicted to be 105.4, 51.6,
and 65.2 GPa, respectively. In all directions, the ideal tensile
strength is significantly lower than that of diamond. The
weakest tensile strength direction for cg-N is found to be
(110), which is consistent with the fact that the most close-
packed plane in the cg-N structure is the (110) plane.

For cg-N, we have also calculated the ideal shear strength
for the (110) shear on the (110) plane. The shear strength in
cg-N is found to be much lower than the tensile strength by
as much as 20% [cf. Fig. 5(b)]. In other words, the failure
mode in cg-N is dominated by the shear type, which is ob-
viously different from that in diamond and c-BN. For cg-N,

the calculated (110) (110) shear strength, 41.3 GPa, basically
sets the upper bound on its ideal strength at zero pressure.

As mentioned already, the ideal strength is determined by
the stress at which the crystal becomes unstable (and typi-
cally at a strain beyond the elastic limit). For the case of
cg-N, this structural instability is driven by the structural
transformation from the orthorhombic to the monoclinic
structure as the strain increases.

As shown in Fig. 5(b), for the (110) (110) shear, the peak
shear stress occurs at a strain of 0.28 and then the strain
energy decreases abruptly as the strain further increases [Fig.
6(a)]. The discontinuity in the strain energy suggests that a
structural phase transformation occurs at a strain of 0.3. The
transformed phase (at a strain of 0.3) has the monoclinic
structure with lattice parameters of a=7.868 A, b=3.747 A,
c=12.211 A, and B=162.87°. We have analyzed the N-N
bond length as a function of the strain. As shown in Fig. 6(b),
at zero strain, there is only one type of the N-N bond in the
cg-N structure; at finite strains, the N-N bond is split into
four different types (labeled as d1, d2, d3, and d4). Since the
occurrence of the structural instability is accompanied by the
discontinuity in the bond lengths as a function of strain (cf.
Fig. 6), the structural transformation is clearly driven by the
release of strain energy by rearranging nitrogen atoms in the
strained lattice. We note that, as the strain increases beyond
0.3, the longest N-N bond length is the d3 type. Thus, at
larger strains, the strained lattice can be viewed as a structure
consisting of zigzag chain blocks of nitrogen atoms intercon-
nected by the d3-type bonds [cf. Fig. 6(b)]. This type of
structural geometry seems to imply that, at even larger stains,
the deformed cg-N structure might become the chain-layer
solid phase, as found in experiment.’

IV. SUMMARY

Our first-principles calculations reveal that cg-N repre-
sents a new class of covalent solid in which the atoms are
threefold coordinated, yet the structure is stabilized by the

PHYSICAL REVIEW B 77, 064103 (2008)
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FIG. 6. (Color online) (a) Calculated strain energy as a function
of strain for cg-N under the (110) (110) shear. Inset: schematic
illustration of the strained lattice at a strain of 0.3; the unstrained
cell is outlined by the dashed lines. (b) Calculated N-N bond
lengths (denoted by d1, d2, d3, and d4) as a function of strain for
cg-N under the (110) (110) shear. Inset: the side view of the
strained lattice with the (001) direction normal to the plane.

presence of near-tetrahedral sp>-hybridized electronic states.
For the sp? hybrids of cg-N, there are three covalent bands
connecting each nitrogen atom to its three neighbors; the
remaining two electrons form a lone-pair orbital, which does
not participate in the direct bonding with other atoms. The
nonbonding state plays an important role in determining its
unique constant-gap behavior under pressure. The mechani-
cal failure mode in cg-N is found to be shear in nature. The

calculated (110) (110) shear strength of 41.3 GPa (at which
the lattice becomes unstable) basically sets an upper bound
for its ideal strength. The shear-induced mechanical instabil-
ity of cg-N is found to be associated with the phase transition
into the monoclinic structure.
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