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Several candidate atomic phases for solid nitrogen at high pressures have been studied theoret-
ically. The semimetallic A7 (a-arsenic) phase is found to be the most energetically favored of the
atomic phases studied which agrees with previous calculations. At extremely high pressures, this
phase is found to deform continuously into the metallic simple cubic structure which is unstable
at lower pressures. The possibility that a metallic simple tetragonal phase is metastable at lower

pressures is discussed.

Elemental nitrogen exists in nature as a small, very
stable diatomic molecule.! At low pressures, the molec-
ular nature of nitrogen persists in the solid state which
forms at low temperatures via weak intermolecular in-
teractions. A variety of stable molecular phases of solid
nitrogen, all of which are insulators, are found to exist at
low? and moderate3 pressures. However, as nitrogen is
further compressed and the intermolecular distance be-
comes comparable to the molecular bond length, these
molecular phases are expected to become unstable with
respect to more highly coordinated atomic phases. While
this molecular-to-nonmolecular transition has not as yet
been observed in nitrogen up to 130 GPa,? it has been
predicted theoretically.%5

Martin and Needs® further predict that the stable
high-pressure atomic phase is the rhombohedral A7 (a-
arsenic) structure. All other elements in group V exist
in this semimetallic, threefold-coordinated structure,?®
which is a slight distortion of the simple cubic (sc)
structure.” It has been shown® 12 in P, As, and Sb that
pressure diminishes the distortion from sc, and ultimately
removes it through a weakly first-order structural phase
transition. Because of the odd number of electrons per
cell, the group-V elements in the sc structure are metals.

This paper reports on a first-principles investigation of
the structural and electronic properties of several candi-
date atomic phases of solid nitrogen at high pressures.
These candidate phases include the sc structure plus
three structures which are distortions of sc: the A7 struc-
ture and two simple tetragonal (st) structures. The re-
sults agree with previous work® in that the A7 phase is
found to be the lowest-energy nonmolecular phase of ni-
trogen within the manifold of structures considered in
the present and previous investigations. A recent theo-
retical study!3 predicts, however, that a candidate poly-
meric phase of nitrogen is of even lower energy than the
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AT phase and may be the first nonmolecular phase of
nitrogen. Since the present study does not investigate
the molecular-to-nonmolecular phase transition, the ab-
sence of the polymeric phase from consideration does not
significantly alter the present conclusions.

The present study also agrees with previous authors®
that the sc structure is unstable with respect to the A7
phase. However, we find that both st structures stud-
ied are stable with respect to sc, and therefore possibly
metastable with respect to the A7 structure. This is of
particular interest because a st form of nitrogen would
necessarily be metallic. At extremely high pressures, the
distortions from sc in the A7 and st structures are found
to diminish to zero, leaving sc as the stable structure.

The calculations for nitrogen were performed using
the ab initio pseudopotential total energy method.l4
The electron-ion interaction was treated using a non-
local, norm-conserving pseudopotential,!® the electronic
exchange and correlation energies were treated within the
local-density approximation'® (LDA) using a standard
form for the exchange-correlation potential,!” and zero
temperature was assumed.

Because nitrogen cores lack p states, p-like valence elec-
trons are not effectively excluded from the core region.
Hence the | = 1 component of the pseudopotential is
relatively deep in the core region, and plane-wave expan-
sions of the wave functions require a very high kinetic
energy cutoff for good convergence. In the present work,
plane waves of up to 60 Ry in energy are used in the
expansion. The relative total energies between different
structures calculated using this energy cutoff were con-
verged to within a few mRy. The irreducible part of
the Brillouin zone of the various structures studied was
sampled at 110-150 special points,'® depending on the
structure. Total energies calculated using this degree of
sampling were converged to within a mRy.
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The two families of structures studied here, A7 and
st, are both slight distortions of the sc structure. If sc
is viewed as two interpenetrating fcc sublattices (i.e.,
the rocksalt structure with one atomic species), then
the A7 structure is obtained from sc by a relative dis-
placement of the two sublattices along the [111] direc-
tion, accompanied by a rhombohedral shear strain of the
cubic cell. These distortions of the metallic sc struc-
ture double the unit cell, suggesting a Peierls-like ef-
fect. The resulting crystal structure” has lattice vec-
tors a; = (a/V3,0,¢/3), az = (—a/2V3,—a/2,¢/3),
and a3 = (—a/2v/3,a/2,¢/3), and basis vectors 74 =
+(0,0,uc) = *u(a; + az + az). Thus, at each volume
the A7 structure depends on two parameters — the frac-
tional displacement u of the fcc sublattices, and the c¢/a
ratio of the rhombohedral unit cell. For the sc structure,
v =0.25 and ¢/a = V6.

The st structure is obtained from sc by either shorten-
ing or extending the cubic cell along one of the cubic axes.
The lattice vectors of the st structure are a; = (a,0,0),
a; = (0,a,0), and a3 = (0,0, c), where ¢ = a for the sc
structure.

For both the A7 and st structures, the respective struc-
tural parameters were first relaxed by a coarse sampling
of parameter space followed by a finer sampling near the
minimum. This method resulted in a discrepancy with a
previous calculation® in the relaxed A7 structural param-
eters at the reference volume 5 A3. In the previous work,
the calculations were performed using a 50 Ry plane-wave
energy cutoff and an irreducible Brillouin zone sampling
of ten special points. The optimal parameters (v = 0.217
and c/a = 2.643) were found by relaxing each parameter
one at a time in an alternating fashion for two iterations.
In the present work, a broad, deep minimum in the total
energy was found at u = 0.205 and ¢/a = 3.453 using the
uniform parameter-relaxation technique described above.
No minimum was found at the previously predicted pa-
rameters until the k-point sampling and plane-wave en-
ergy cutoff were reduced to the previous work’s values,
whereupon a small minimum appeared. This spurious
minimum apparently resulted from an inadequate sam-
pling of the Brillouin zone and an insufficient number of
plane waves.

Because of nitrogen’s small mass, zero-point motion
of the ion cores becomes a significant effect. However,
the present computational method treats the ion cores
as fixed. Therefore, an estimate of the zero-point energy
is added to the total energy as a correction. A Debye
model is used for this correction:

Ezpm = $hwp = $hqpv, = §hqp+/B/p, (1)

where wp is the Debye frequency, v, is the speed of sound,
B is the bulk modulus, p is the mass density, and gp is
the Debye wave vector.

We first present calculations of the relative stability
of the various structures studied. Figure 1 shows the
relative energy of nitrogen in st as a function of ¢/a at
two volumes: uncompressed [Fig. 1(a)] and compressed
[Fig. 1(b)]. In general, three local minima were found
— one at c¢/a = 1, corresponding to sc; one at c¢/a < 1,
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FIG. 1. Relative energy vs c/a ratio for nitrogen in the
simple tetragonal structure at (a) an uncompressed volume
(44 a.u./atom, which is the calculated equilibrium volume of
nitrogen in sc) and (b) a compressed volume (26 a.u./atom).
At both volumes, three distinct minima are present, one for
c/a < 1, one for ¢/a = 1, and one for ¢/a > 1. The filled
squares are calculated data points, which are connected by a
solid curve to guide the eye.

referred to as oblate st; and one at ¢/a > 1, referred to
as prolate st.

At the uncompressed volume, the energetically favored
st structure is the oblate st structure. It has an activation
barrier of 47 mRy/atom to the other st structures. Both
the sc and prolate st minima are metastable with respect
to oblate st, and have activation barriers of 11 and 28
mRy/atom, respectively. The sc structure is the least fa-
vored minimum with a barrier to the prolate st structure
of 3 mRy/atom. At the compressed volume, the pro-
late st structure becomes energetically favored over the sc
and oblate st structures by 30 and 35 mRy/atom, respec-
tively. The other two minima are marginally metastable,
with the sc structure slightly more favored than the
oblate st structure.

Upon compression, the optimum c¢/a ratio of both the
oblate st and prolate st structures approaches the sc value
of 1. Therefore, even though sc is never favored over
prolate st when both minima exist distinctly, at very high
pressure the optimal st structure is sc.

In Ref. 5, the sc phase is found to be unstable with
respect to variations of the A7 parameters u and c/a.
This instability of sc with respect to A7 distortions is
also evident in the present work. However, the optimal
A7 parameters are found to approach the ideal sc pa-
rameters (see above) continuously upon compression. At
a volume of 15 a.u./atom, the optimal A7 structure is
indistinguishable from sc to within the accuracy of the
calculations. This corresponds to a pressure of about 15
Mbar. Therefore, at very high pressure the optimal A7
structure is sc.
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The equations of state for the four structures, A7, sc,
prolate st, and oblate st, are shown in Fig. 2. The com-
puted data points (dots) are fitted, for each structure,
to a Murnaghan equation of state!® (solid lines). The
parameters of the fit are shown in Table I.

The A7 structure is energetically favored within this
set of structures, in agreement with previous work.’ At
low pressure, sc is the least energetically favored. At
moderate pressure, oblate st becomes slightly higher in
energy. At very high pressure, all of the curves merge, be-
cause all of the structural parameters tend toward their
sc values. This tendency toward sc can be understood in
terms of a preference for more highly coordinated com-
pact structures at high pressures where the Madelung
energy begins to dominate. The sc structure is more
highly coordinated (sixfold) than the oblate st (twofold),
A7 (threefold), and prolate st (fourfold) structures.

Several other simple structures have been shown not to
be viable candidates for high-pressure phases of nitrogen.
We have studied nitrogen in a simple hexagonal structure
with an optimized c/a ratio. This phase is higher in
energy than the A7 phase at all pressures, and higher
than the sc phase at all but the lowest pressures. A
previous theoretical investigation? has shown (for atomic
volumes down to 20 a.u./atom) that diamond, bcc, hep,
and fcc phases of nitrogen would all be higher in energy
than the sc phase.

The nature of the filled electronic states of nitrogen will
depend on the crystal structure and pressure. Because
nitrogen has five valence electrons, it will necessarily be
metallic in any structure with one atom per cell, such as
the sc or st structures. Since the A7 structure has a two-
atom unit cell, nitrogen in A7 can be either insulating,
semiconducting, or semimetallic.

The density of states at the Fermi level [N(EFr)] of
nitrogen in the A7, sc, and prolate st structures is tab-
ulated in Table II for two volumes; one uncompressed
and one compressed. The values of N(EF) for the oblate
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FIG. 2. Total energy vs volume, fitted to the Murnaghan
equation of state (Ref. 19) (see Table I), for nitrogen in the
four phases studied. For the A7 and the two st phases, all
structural parameters have been relaxed at each volume. At
very high pressures, these parameters all approach their sc
structure limiting values. The zero-point energy correction
has been included using a Debye model.
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TABLE 1. Best-fit parameters to the Murnaghan equa-
tion of state (Ref. 19) for nitrogen in the four phases studied.
The parameters are the equilibrium volume Vp, and the bulk
modulus By and its pressure derivative Bg at this volume.

Structure Vo By Bg
(a.u./atom) (GPa)

AT 48.8 192 2.69

sc 444 206 2.83

Oblate st 1114 9 3.11

Prolate st 474 92 4.20

st structure have not been calculated because it is the
less likely of the two st structures to form. This will
be discussed below. As expected, the sc and prolate st
structures are metallic with fairly large N(EFr), even at
low pressures. Upon compression, the N(Er) of these
structures decreases. This behavior is consistent with a
free-electron-like picture, in which N(Ep) ~ V?/3.

Since the A7 structure is a Peierls-like distortion of sc,
a gap at the Fermi level is expected. This is seen in the
vanishing of N(EF) at the uncompressed volume. How-
ever, since the A7 structure approaches the sc limit upon
compression, the N(EFr) of the A7 phase is expected to
become nonzero and approach that of the sc phase. The
existence of a finite N(EF) is indeed found for the com-
pressed A7 phase, however the value is still quite small
(~ 50% of the sc and prolate st values at this volume).

As shown above, the A7 structure is the lowest-energy
atomic form of solid nitrogen of the structures studied.
This phase is nonmetallic or semimetallic at all but the
very highest pressures (~15 Mbar) where it becomes sc.
In contrast, the sc phase is a metal with a large N(EF)
at all pressures. However, the sc phase is unstable with
respect to the A7 phase at all pressures for which the two
are distinct. The ~15 Mbar of pressure required to sta-
bilize the metallic sc phase are, at present, unachievable
for static experimental conditions.

The question of the existence of a stable or metastable
metallic form of solid nitrogen is of particular interest
because of the possibility of superconductivity at a high
transition temperature (7,) in such a phase. This pos-
sibility is suggested both by the small mass and by the
large valence of nitrogen. The small mass of nitrogen
implies a large Debye temperature, and the large num-
ber of valence electrons of nitrogen implies a large carrier
density in a metallic phase. Both of these properties will
tend to enhance T¢.

TABLE II. Density of states at the Fermi level [N(EFr)]
for nitrogen in three of the phases studied. Values are given
for two volumes — uncompressed (44 a.u./atom) and com-
pressed (21 a.u./atom). The estimated numerical error is

~ 10%.
Structure N(EF) (states/Ry atom)
V=44 a.u./atom V=21 a.u./atom
A7 0.00 0.91
sc 4.06 1.82
Prolate st 3.61 2.06
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The two st structures studied here, both of which are
stable with respect to sc, are candidates for a metastable
metallic phase. It is important to point out, however,
that the metastability of a st phase of nitrogen with re-
spect to the A7 phase has not been proven here. Indeed,
the only path connecting the two structures that has been
considered is st — sc — A7. The st structure might be
unstable with respect to distortions analogous to the A7
distortions of sc. Such considerations are beyond the
scope of the present work.

Assuming the st structures are metastable, one pos-
sible mechanism for achieving such a phase would be to
compress a sample in the A7 phase to sc, and then quench
it into a st phase on releasing the pressure. Such a pro-
cedure would likely favor the prolate st structure, even
though the oblate st structure has a lower energy at low
pressures. This can be seen in Fig. 1(b). A sample pre-
pared in the sc structure is more apt to “find” the prolate
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st minimum than the oblate st minimum as the pressure
is released. The sample is then likely to remain in the
prolate st minimum due to the large activation barrier to
the oblate st minimum.
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