RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 12

RSC Advances

Exploring Metallic Phase of N,O under High Pressure

Chunye Zhu,' Haixin Bi,' Shoutao Zhang,1 Shubo Wei,' and Quan Li*"*
! State Key Laboratory of Superhard Materials, Jilin University, Changchun 130012, China

? College of Materials Science and Engineering, Jilin University, Changchun 130012, China

Table of contents entry

c 4 |

Lt \A
on | o¥

YL,

L By, By, \

N

V)
g g U WP

@ ®) 4

o, o. L

0

Energy (eV)

Fa Y

1\

<
7
>
</

NN

AN 1

r

"
>
=
=)
t
(@]

Using CALYPSO method, we proposed a new metallic structure of N,O under high
pressure.

ABSTRACT

Simple molecular solids are expected to undergo structural phase transitions to form
framework or polymeric solids under high pressure. The high-pressure structures of
N,O have long attracted considerable attention. We combine the CALYPSO searching
method with density functional theory to investigate the phase stabilities and
structural changes of N,O at high pressures. We find two metallic structures of N,O
which may be observed in high-pressure experiments. The current calculations reveal
that the C2/m is the most stable structure over a pressure range of 177-194 GPa, and
the other C2/c is metastable and only 10 meV/atom higher in energy than the C2/m
structure at 180 GPa. At higher pressure, the metallic C2/m phase transforms into an

insulating phase with space group of P2;/m.
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1. Introduction

Pressure is a thermodynamic parameter of paramount importance for chemical
equilibria and chemical kinetics. Under high pressure, the interatomic distance
become shorter and the bonding patterns of materials can be altered, causing profound
effects on numerous physical and chemical properties.! High pressure plays an
important role in the synthesis of new materials. Synthetic diamond is one of classic
examples of high-pressure application.” Moreover, the pressure can also effectively
lower the barrier of chemical reaction and can be used to synthesize compounds with
distinct species, such as NaClg.3

Simple molecular solids are characterized by strong covalent intramolecular
interaction and weak van der Waals intermolecular interaction. At high pressure, the
distance between atoms becomes shorter, and the intermolecular interactions of
molecular crystals become highly repulsive which increases the instability of
electrons localized within intramolecular bonds. This leads to unexpected
transformations which molecular solids get through a full reorganization of the
chemical bond connectivity to reduce free energy such as ionization,*®

Ol e 12,13
polymerization,” metallization =

and the like. The new classes of materials may
exhibit entirely new electronic, optical, and physical properties.“’ > For example,
pressure-induced polymerization of molecular crystals with super hardness,'
superconductivity,'’ and high energy density” '® have been found.

N;O is one of the most extensively studied molecular crystals for its applications in
medicine, refrigeration, and combustion reaction. The physical properties of N,O and
CO; are very similar, such as isoelectronic, linear molecules, and the nearly melting
point. Although N,O has no inversion symmetric since the O atom is located at one
end, it has been shown that N,O molecules solidify into a random head-to-tail
orientation disorder at low pressures.'”** N,O is therefore expected to form similar
structures with CO, at low pressures. In the solid state, the N,O molecules crystallize

into the same configurations as C02,21 such as Pa-3** structure at ambient condition

and Crmca structure above ~5 GPa.'» 2" Early experiments have found the solid N,O
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decomposes into an ionic crystal NO'NO;™ and compressed N, molecules at high
pressure and temprature.6’ 7 Recently, theoretical study of N,O has predicted that N,O
forms a one-dimensional polymer with an all-nitrogen backbone analogous to
cis-polyacetylene in which alternate N atoms are bonded to O atoms above 60 GPa.**
Later on, the studied pressure range is up to 500 GPa,” a new N,O nanotube structure
is found to be the most stable form above 180 GPa. Generally, molecular solids will
go through insulator-metal transition at sufficiently high pressures due to the

broadening of electronic bands,'”

e.g., solid O, transforms to metallic phase near 95
GPa" and iodine undergoes a pressure-induced insulator-metal transition near 16
GPa.”’ However, the metallic N,O have not been found so far. With the evolution of
computer simulation technology, useful theoretical research can be as an aid in the
interpretation of experimental data and guide experiment.”® Here, we perform our

29-31
d

swarm structural searching metho combined with first-principles calculations to

explore structures and physical properties of N,O under high pressure.

2. Calculation methods

The structure searching was performed based on the particle swarm optimization
algorithm as implemented in CALYPSO (Crystal structure AnaLYsis by Particle
Swarm Optimization).””>*' The method unbiased by any known structural information
has been demonstrated by recent successes in predicting structures of various
systems.””> The underlying ab-initio structural relaxations and the electronic band
structure calculations were performed within the framework of density functional
theory (DFT) as implemented by the VASP (Vienna A4b initio Simulation Package)
code.*® The calculations were carried out at the generalized gradient approximation
(GGA)” level using the Perdew-Burke-Emzerh (PBE) of exchange correlation
functional. The electronic wave functions were expanded in a plane-wave basis set
with a cutoff energy of 1000 eV for all cases. The electron-ion interaction was
described by means of projector augmented wave (PAW)™ pseudopotential with
25%2p° and 2s™2p* electrons as valence for N and O atoms, respectively. The

Heyd-Scuseria-Ermzerhof (HSE)”’ hybrid functional is used to achieve an accurate
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electronic band dispersion of stable phases. We employed the Bader charge analysis
approach® for evaluating the charge transfer. Monkhorst-Pack k-point*' meshes with
a grid of 0.03 A™ for Brillouin zone sampling were chosen to achieve the total energy
convergence of less than 1 meV/atom. The phonon dispersion curves were computed

by the direct supercell calculation method as implemented in the Phonopy program.*

3. Results and discussion

We have performed structure prediction simulations for N,O with variable-cell
simulation cell sizes of 1-4 and 6 formula units (f.u.) at 40-300 GPa. The
enthalpy-pressure relations of various interesting structures are shown in Fig. 1.
Analysis of our simulation results has confirmed the experimental Cmca structure and
the earlier predicted 2-d polymer(Pnma-1),” cis-polymer (Pnma-2),** and nanotube
structure (P21/m).25 In addition, two exotic metallic structures: C2/c (8 f.u./cell) and
C2/m (4 fu./cell) were uncovered here. The Cmca structure transforms to the
cis-polymer structure at about 57 GPa, in good agreement with previous
calculations.”* However, our results clarify and correct previous structural
assignments at high pressures: the C2/m structure of N,O becomes energetically
preferable to cis-polymer structure above 177 GPa. Above 194 GPa, N,O forms a
nanotube P2i/m structure. We found that a C2/c structure is favored over the
cis-polymer structure above 186 GPa. It should be note that C2/c structure is
metastable phase and the enthalpy of C2/c structure is only 10 meV/atom higher in
energy than that of C2/m structure at 180 GPa. Below we focus on these two new

phases which may be synthesized at high pressure.
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Fig. 1. The enthalpies per formula unit of various structures as a function of pressure

with respect to cis-polymer structure of N,O.

The crystal structures of C2/c and C2/m are shown in Fig.2, which are both layered
structures. Layered structures also appear in the polymerized solids of other molecules,
such as N,, CO,* and CO,.* There are two types of N atom present in both C2/c
and C2/m structure: one is N1 connected with both N atom and O atom, and the other
is N2 only connected with N atom. At 180 GPa, from Fig. 2a, the layer of C2/c can be
viewed as bulbs stacking. Every N atom is bonded with three neighbouring atoms,
while each O atom is bonded with one N atom. The unit cell of the C2/c structure has
8 fu. per cell with parameters of a = 4.954 A, b = 3.668 A, c = 7.819 A and 8 =
125.333°, with O atoms at Wyckoff 8f position (-0.2084, -0.0016, 0.0766) and N
atoms occupying two in equivalent 8f positions: (0.3384, -0.0036, 0.2172) and
(0.3082, -0.1692, 0.8443). The C2/m structure possesses similar bonding states with
that of the C2/c structure. The N atoms in the same layer form wrinkled N rings. (Fig.

Ic.). It is interesting that the C2/m structure of N,O is related to the theoretically
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Fig. 2. The C2/c (up) and C2/m (down) structures at 200 GPa. (a) Top view of C2/c
structure along the layered stacking direction. (b) Top view of C2/c¢ structure along
b-axis. (¢) Top view of C2/m structure along the layered stacking direction. (d) Top

view of C2/m structure along b-axis.

predicted Cmem structure of solid CO,* which also contains six-membered Cgrings.
At 180 GPa, the optimized lattice parameters of C2/m are a = 8.556 A, b=2.183 A, ¢
= 3.188A and S = 75.539° with O atoms at Wyckoff 4i position (0.1787, 0.5, 0.7631)
and N atoms occupying two inequivalent 47 positions: (0.0258, 0, 0.2908) and (0.8755,
0.5, 0.8459). The interlayer distance decreases significantly with pressure while the
intralayer structure is hardly affected.

To investigate the dynamical stabilities of our predicted N,O structures, the phonon
dispersions of C2/c and C2/m structures are shown in Fig. 3. No imaginary phonon
frequencies are found in these two structures, indicating the dynamical stability. The
cells of C2/c and C2/m contain 24 and 12 atoms, giving 72 and 36 phonon branches,
respectively. The phonon bands of C2/m have very little dispersion along Y-4 and E-C
directions (which is the interlayer directions), showing that the corresponding

interactions are weak.
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Fig. 3. Phonon dispersion relations of (a) C2/c at 200GPa, (b) C2/m at 180GPa.
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The electronic band structure of C2/c and C2/m at 180 GPa are shown in Fig. 4.

Due to the PBE calculations severely underestimate the band gaps, we also include

band calculations using the HSE hybrid functional for comparison. Both PBE and

HSE calculations reveal the metallic nature of C2/c and C2/m phases. For the C2/m

phases, the dispersions of the electron bands are strong in the intralayers (e.g. along

the 7-Y direction), but very weak between the layers along the Y-4 and E-C directions.

This observation indicates that in-layer interactions are much stronger than the

inter-layer direction.
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FIG. 4. Electronic band structures at 180 GPa for (a) C2/c and (b) C2/m
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Chemical bonding behavior is the key to get a full understanding of the metallic
nature of these structures. The nature of their bonding was probed by calculating the
electron localization functions (ELF)* of Fig. 5. The ELF is a measure of relative
electron localization, and large ELF values indicate there is a high tendency of
electron pairing, such as cores, bonds, and lone pairs. The high electron localization
can be seen in the region between adjacent N-N and N-O bonds in C2/c and C2/m,
indicative of covalent bonding. Fig. 6 shows the bond lengths of C2/c and C2/m as a
function of pressure. For the C2/m structure, the bond lengths of NI-N2 are

remarkably larger than N2-N2 bond lengths. At 180 GPa, the bond length between

two N2 atoms is 1.292 A, prominently shorter than the N1-N2 bond length of 1.383 A.

By comparison with the N=N double bond in the HN3; molecule (1.23 A)*, the
N2-N2 bond can be reasonably classified as the double bond and the N1-N2 bond as
the single bond. We employed the Bader charge analysis approach for evaluating the
actual charge transfer between N and O atoms. The calculated O Bader charges are
6.45 e. The Bader charges indicate a substantial charge transfer from N to O,
illustrating the mixture of ionic and covalent bonds appear between the N and O
atoms. Each O atom forms a single N-O bond and accepts one electron from N1 atom
to satisfy the octet rule. N1 atom loses one electron and forms three single bonds, and
N2 atom forms two single bonds and one double bond. In consequence, every N has
one remaining electron forming a set of m bonds spanning all N atoms in the same
layer. The delocalized m electrons can be free to move throughout the same layer, and
give rise to property of conductivity, which is similar to graphite. For the C2/c
structure, the bond lengths of N1-N2 are nearly close to N2-N2 bond lengths. From
Fig. 6a, the N1-N2 bond length dramatically decreases with the increasing pressure.
At 260 GPa, N1-N2 bond length become shorter than the N2-N2 bond lengths. That is
because the direction of N2-N2 bond is nearly parallel to the layers, while the
direction of N1-N2 bond is along the layers stacking direction (Fig. 2b). The weak
interaction of the inter-layer direction leads to the easier compression of N1-N2 bond.
For C2/c structure at 180 GPa, the N-O bonding behavior is similar to that in C2/m

structure. The calculated N2-N2 bond length is 1.309 A and there are two types of
8
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NI1-N2 bond with alternate distances of 1.321 A and 1.323 A. The valence bond
description suggests alternating single and double bonds. This bonding pattern also
forms the delocalized m electrons which is responsible of metallic nature of C2/c
structure. At 194 GPa, the C2/m structure transforms into the P2,/m structure.”> The
P2,/m structure is proposed by the earlier theoretical prediction. In this structure, O
atom bonded with two N atoms, and every N atom has a lone pair with two single
N-N bonds and one single N-O bond. The covalent bonds and lone-pair electrons are
together the driving force for the insulating character of P2,/m structure, since the

electrons are highly localized. The metal-insulator transition is previously exemplified

8 50, 51

in dense lithium,® sodium,” and oxygen. In contrast to oxygen, the

metal-insulator transition pressure (1.9 TPa) is considerably higher than 194 GPa in

the current N,O.

0.8

0.5

FIG. 5.Calculated electron localization functions (ELF) for (a) C2/c at 180 GPa, and
(b) C2/m at 180 GPa
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4. Conclusions

Using the CALYPSO method for crystal structure prediction combined with
first-principle calculations, two novel metallic structures of N,O with space group
C2/m and C2/c were discovered. The C2/m structure becomes the most stable phase
above 177 GPa and it transforms into an insulate P2;/m structure above 194 GPa. Two
metallic structures are both layered structures, and every N atom is
threefold-coordinated, while each O atom is only bonded with one N atom. The
metallic behavior of N>O is derived from delocalized & electrons. The N,O structures
can be tuned with increasing pressure from insulating behavior (Pnma phases), to
melallic (C2/m) and then back to insulating (P2,/m). The predicted formation of
metallic structure in N,O represents a significant step forward in understanding the

behavior of N,O and other molecular crystals at high pressures.
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