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Polymeric Nitrogen (LP-N) with Colossal Raman Intensity
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We present the discovery of a novel nitrogen phase synthesized using laser-heated diamond anvil cells at
pressures between 120-180 GPa well above the stability field of cubic gauche (cg)-N. This new phase
is characterized by its singly bonded, layered polymeric (LP) structure similar to the predicted Pba2 and
two colossal Raman bands (at ~1000 and 1300 cm™! at 150 GPa), arising from two groups of highly
polarized nitrogen atoms in the bulk and surface of the layer, respectively. The present result also provides a
new constraint for the nitrogen phase diagram, highlighting an unusual symmetry-lowering 3D cg-N to 2D
LP-N transition and thereby the enhanced electrostatic contribution to the stabilization of this densely

packed LP-N (p = 4.85 g/cm’® at 120 GPa).
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The ability to modify chemical bonding and crystal
structure of solids by means of high pressure and high
temperature opens new opportunities to the development
of novel materials with unique properties. Recent high-
pressure experiments and theoretical calculations have
shown that highly compressed molecular solids transform
into extended solids with more itinerant electrons in
covalent or metallic network structures [1-5]. These
molecular-to-nonmolecular transitions occur as a result
of electron delocalization arising from a rapid increase
in electron kinetic energy at high density. As such, they
often lead to densely packed, “fully saturated” or wide band
gap polymeric covalent solids in extended three-
dimensional (3D) networks of corner- (or edge-)sharing
polyhedral. The pressure-induced broadening of the elec-
tronic bands, on the other hand, may lead to an insulator-
metal transition, providing a competing mechanism.

Upon further compression, valence electrons of the
extended solids can even ionize to form amorphous or
ionic solids, as the electrostatic forces become dominant.
This pressure-induced ionization will ultimately lead to
chemical disassociation to elemental solids or atomistic
metals, which can be related to those entropy-driven
conducting fluids at high temperatures. Importantly, at a
given density a delicate balance between electron delocal-
ization (governing bonding) and ionization (governing
packing) can give rise to subtle structural symmetry-
breaking distortions, resulting in complex structures [1,2]
and novel properties such as superhardness, superconduc-
tivity, and nonlinear optical properties [3-5].

Nitrogen is the first molecular system predicted to
transform into a polymeric form prior to the metallization
[6], which was discovered later in laser-heated diamond
anvil cell (DAC) experiments above 110 GPa and 2000 K
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[7,8]. This successful prediction of cubic gauche (cg-N) [6]
has stimulated the search for other singly bonded polymeric
forms of nitrogen and other molecular solids. As result, a
large number (over a dozen) of extended nitrogen structures
have been predicted to be stable, both in the stability field
of cg-N, such as a-arsenic, chain, layered, ring structures,
and a metastable form of c¢g-N (C2/c¢) [9-13], and above
the stability field, such as the layered Pba2 or Iba2
structures (188-320 GPa), the helical tunnel P2;2,;2,
structure (>320 GPa), and the cluster form of nitrogen
diamondoid (>350 GPa) [14-17].

Despite extensive theoretical and experimental efforts,
the synthesis of the predicted phases has been challenging.
To date, the cg-N is still the only extended phase of nitrogen
discovered. Therefore, it is timely and also important to
demonstrate the existence of theoretically predicted struc-
tures in dense nitrogen. This is exactly what we report in this
Letter, that is, the discovery of a new extended nitrogen
phase in the proposed layer Pba2 structure, formed
above the stability field of cg-N. Interestingly, this new,
layered polymeric nitrogen (LP-N) exhibits novel properties
such as the colossal Raman cross section—probably the
largest of all solids—and provides new constraints on
the nitrogen phase diagram underscoring an unusual,
symmetry-lowering transition from 3D cg-N to 2D LP-N
transition in dense nitrogen.

All samples were prepared using a He-gas-driven mem-
brane DAC with 0.1 mm culet diamonds. Rhenium was
used as the gasket material precompressed to 0.025 mm
thickness with a sample chamber drilled using electric
discharge machining to produce a 50 yum diameter hole.
Nitrogen gas of 99% purity was loaded at around 2000 atm
using an in-house gas loading device. The nitrogen sample
pressure was monitored through the use of the calibrated v,
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vibrational frequency [18] and the high-frequency edge of
the diamond phonon [19]. Raman spectra of the nitrogen
samples were collected with a custom-built confocal micro-
Raman optical assembly with a 532 nm excitation laser and
an Andor iXon CCD detector. Samples were laser heated
using a 1070 nm IPG Photonics ytterbium fiber laser. X-ray
diffraction experiments were conducted at the HPCAT
beam line (16IDB) at the Advanced Photon Source of
Argonne National Laboratory. Highly focused (~0.01 mm
diameter) monochromatic x rays (4 = 0.406 A) were used
to produce angle dispersive x-ray diffraction images col-
lected with a high-resolution area detector (marCCD).
Special care was exercised to place the cleanup slit close
to the sample (within 2-3 cm) and obtain the gasket-free
diffraction pattern.

The nitrogen samples were compressed to pressure greater
than 100 GPa where they can absorb laser radiation and be
heated directly without the addition of a thermal absorber.
Samples were heated to temperatures as high as 3000 K as
evidenced by the bright glowing of the thermal radiation and
measurement through optical pyrometry [20]. Temperatures
were difficult to measure precisely as the laser-sample
coupling is unstable, creating temperature fluctuations,
and temperature gradients beyond the laser spot are quite
large. Thus, temperature measurements are unreliable in
terms of accuracy but provide valuable insight into the
approximate magnitude of the highest temperatures reached
during heating experiments. The sample is laser heated from
one side, and the axial thermal gradient is irrelevant
considering the larger radial thermal gradient and, above
all, the huge thermal fluctuations due to the instable laser-
sample coupling. This unstable coupling prevented in situ
high-pressure-high-temperature diffraction.

Laser heating samples at pressures greater than 125 GPa
typically resulted in a molecular-to-nonmolecular chemical
reaction as nitrogen is transformed into the black amorphous
phase or cg-N phase [7,8] if heated above 2000 K. This is
evident by the formation of clear spots in the otherwise dark
molecular nitrogen phase. The formation of cg-N has been
well documented; however, within some of the clear spots
the nitrogen showed immensely intense low-frequency
Raman features that are uncharacteristic to any known
nitrogen phase (depicted as LP-N in Fig. 1). This is seen
in the inset: Spot A is the black amorphous phase with no
sharp Raman feature, spot B is the newly formed, transparent
LP-N phase with two strong Raman peaks at ~1005 and
1300 cm™!, and spot C is the previously known cg-N phase
with the characteristic phonon at 875 cm™! 150 GPa. The
pressure-dependent spectral changes of LP-N phonons
(Fig. S1 in the Supplemental Material [21]) suggest a fairly
stiff lattice and shift nearly linearly with pressure at
approximately 1.6 and 1.2 cm~'/GPa, respectively, above
90 GPa. Below this pressure, the low-frequency phonon
shifts somewhat faster at ~2.5 cm~!'/GPa. Note that there
are several very weak Raman features observed at around
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FIG. 1 (color online). (Left) Raman spectra of laser-heated
nitrogen at 150 GPa and ambient temperature, obtained in three
distinctive regions in the inset: (A) black amorphous, (B) new
LP-N, and (C) cg-N. Note that LP-N shows two characteristic
peaks with exceptionally strong intensities. (Right) The pressure-
dependent shifts of two characteristic v,(N-N) of LP-N shown in
comparison with that of cg-N. The red circles are reproduced
from Refs. [7,8].

900 and 1100 cm™! at 150 GPa in Fig. 1, which might come
from LP-N, cg-N, or even other nitrogen phases (see Fig. S1
in the Supplemental Material [21]). The Raman cross section
of LP-N is estimated to be 1.2 x 10728 cm?/sr, approx-
imately 3 times that of diamond single crystal and possibly
the largest of all solids (Fig. S2 in the Supplemental
Material [21]).

The LP-N phase has been produced in four separate
experiments at 126, 150, 156, and 175 GPa, at ambient
temperature. In every case a mixture of amorphous, LP-N,
and cg-N phase was produced. Heating below 126 GPa
typically results in cg-N without the presence of new LP-N.
The substantially higher synthetic pressure than that of
cg-N at 110 GPa [7,8] is likely the reason why this new
extended phase of nitrogen was not observed previously.
Efforts to recover these extended phases to pressures below
50 GPa were unsuccessful due to catastrophic diamond
failure. No apparent evidence was found in the visual,
spectral, and diffraction data, indicating chemical reaction
of nitrogen with diamond and gasket.

X-ray diffraction patterns were obtained from the center
of the laser-heating spot after heating while unloading
pressure from 137 to 52 GPa (Fig. 2), showing highly
preferred orientations (Fig. S3 in the Supplemental
Material). Nevertheless, the majority of diffraction peaks
observed can be indexed in terms of the theoretically
suggested Pba2 structure (Fig. 3), with a few exceptions
of weak features at 26 ~ 8° and 10°. These minor features
can be interpreted in terms of the C2/c¢ structure, also
predicted to be a metastable form of cg-N [13]. A small
poorly resolved feature at 20 ~7° is likely from the
diffraction pattern from unreacted 6-N, [22]. On the other
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FIG. 2. Angle-resolved x-ray diffraction patterns obtained from
laser-heated nitrogen in the pressure range between 137 and
52 GPa as pressure decreases, plotted after subtracting the
background (see Fig. S3 in the Supplemental Material [21]).

hand, the presence of cg-N cannot be ruled out, as its
diffraction lines overlap with those of the cubiclike Pba?2.

A full-pattern Rietveld refinement of the present
diffraction pattern is, however, challenging because of
the highly preferred orientation. Therefore, we have used
a Le Bail method to determine the structural parameters,
such as the background, zero shift, peak profiles, and lattice
parameters, using the theoretically predicted atomic param-
eters [14]. While the fitted result (Fig. 3) is reasonably
good, note that the calculated intensity profile for the Pba2
has nearly no diffraction intensities along the [002]
direction including those of (002), (201), (021), and so
on. In fact, this is consistent with the systematic absence of
(00]) in the Pba2 space group [23]. Furthermore, in a
nonhydrostatic condition the basal plane of a layered
structure [i.e., (002) in the Pba2] often stacks up normal
to the primary stress direction along the incoming x rays,
causing a substantially reduced diffraction intensity of this
plane with respect to those perpendicular to, i.e., (200) and
(020) in the Pba2 [24].

Within the three-phase model, the best fit results
in the lattice parameters at 112 GPa: a = 4.1602 A,
b=42481 A, ¢=43689A, and density p=
4.820 g/cm?® for LP-N in the Pba2, a = 3.4694 A, p =
4.456 g/cm® for cg-N in the 12,3, and a = 4.9458 A,
b=3.5586 A, c =4.6738 A, and = 90.10° with p =
4.524 g/cm? for the C2/c. These structures result in a
similar single bond N-N distance of ~1.35(+0.01) A for
all three structures, and the pressure-volume compression
curves for both LP-N and cg-N (Fig. 4). Clearly, the present
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FIG. 3 (color online). (Top) The angle-resolved x-ray diffrac-
tion pattern of laser-heated nitrogen at 112 GPa, shown together
with the three-phase refined and difference patterns. The refined
results of individual phases are also plotted below for the major
LP-N phase in Pba2 in black and two minor phases, cg-N (12,3)
in red, and its metastable form in C2/c in orange. The hkl’s of
each phase are labeled, and their positions marked as the vertical
bars. (Bottom) Crystal structures of the proposed phases showing
the layered Pba2 structure made of seven-membered N-N (N-)
rings in comparison with the 72,3 and C2/c structures made of
even-numbered N, and N, rings in 3D networks, respectively.

results are in excellent agreement with the previously
measured and calculated values in Refs. [7,8,14], as well
as with the third-order Birch-Murnaghan equation of state
(EOS) fits (solid and dotted lines) (see also Fig. S4 in the
Supplemental Material [21]). Note that LP-N (p =
4.85 g/cm?®) is ~7.8% denser than cg-N (4.50 g/cm?) at
120 GPa and also ~22.5% stiffer: By(B') = 342 (6.0) GPa
versus 279 (4.8) GPa.

The present structural model explains the presence of two
major v4(N-N) vibrations in LP-N (Fig. 1). In the Pba2
structure, nitrogen atoms are distributed among four equally
weighted sites forming 2D layers of fused seven-membered
nitrogen rings along the [001] direction. Each layer is made
of two equivalent N1(0.293, 0.217, 0.661) and N2(0.785,
0.217, 0.340) sites in the bulk, where nitrogen atoms form a
nearly ideal (/N-N-N = 120°(+5)°, s p>-hybridized) three-
fold coordination, and two other N3(0.021, 0.336, 0.177)
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FIG. 4 (color online). The pressure-volume compression curves
and third-order Birch-Murnaghan EOS fits of LP-N (circles and
solid line) and cg-N (squares and dotted line), plotted in
comparison with the previous data (triangles in Ref. [7] and
diamonds in Ref. [8]) and the calculated Pba2 structure (cross in
Ref. [14]). Inset: The proposed phase diagram to emphasize the
presence of new extended LP-N above the stability field of cg-N.
The dotted lines are from the previous calculations [25,26] and
the dashed lines signify the kinetic lines.

and N4(0.838, 0.017, 0.822) sites on the surface, where
nitrogen atoms form a buckled (£N-N-N = 100°(£10)°,
s p3-hybridized) threefold coordination, analogous to that in
cg-N. The only difference in the latter is that the N-N bonds
are eclipsed in LP-N, but staggered in cg-N. A consequence
of this lattice polarization is the splitting of the lattice phonon
into two: the v *(sp?) at 1300 cm~! representing the
vibration of the bulk nitrogen atoms in N1 and N2 sites
and the v,~(sp?) at 1000 cm~" of the surface nitrogen at the
N3 and N4 sites, as observed at 150 GPa. Then, the
100 cm™! difference between the v,~ of LP-N and the v,
of c¢g-N can be understood in terms of the 7.8% density
difference with a typical mode Griineisen parameter y ~ 1.3
for covalent solids in y = —61Inv/8InV [27].

The present discovery of LP-N provides new constraints
for the phase diagram of nitrogen (Fig. 4, inset). At low
pressures, nitrogen represents a classical diatomic molecu-
lar system with a strong triple bond (N = N), exhibiting
fascinating polymorphism with four solid molecular phases
(a, p, 7, 6) below 10 GPa and 300 K [28,29]. Upon further
compression, 6-N, undergoes a series of structural tran-
sitions to e-, {-, and amorphous black #-N, at ambient
temperature and to e-, -, and amorphous “red”’-N, at high
temperatures [8,22,30]. These transitions are, however,
known to show strong path dependencies, underscoring
the intermediary nature of bonding in these phases between
molecular (below 60-80 GPa) and extended solids (above
100-120 GPa). Above 120 GPa, nitrogen becomes fully
extended to form cg-N and LP-N. The phase boundaries are
difficult to determine, as these transitions are often con-
trolled kinetically (signified by the dashed lines in Fig. 4

inset). Nevertheless, we suggest a positive slope for the
cg- and LP-phase boundary, based on (i) the higher density
of LP-N compared to cg-N, (ii) the strong presence of cg-N
in the stability field of LP-N (not the other way), and
(iii) the absence of LP-N in the stability field of cg-N
between 100 and 125 GPa. The melting line of cg-N and
the liquid-liquid transition line (dotted lines) are repro-
duced from those predicted theoretically [25,26].

The above-described phase diagram underscores the
pressure-induced 3D-to-2D structural transition, in contrast
to more commonly observed 2D-to-3D transitions at high
pressures as in, for example, the graphite-to-diamond
transition. However, several recent theoretical calculations
have predicted the stabilization of 2D layer structures at
very high presssures. Those predictions include 2D poly-
meric-CO in Cmcm [31], partially ionized extended layers
of H,O in P2; [32], and the graphenelike structure
suggested for recently discovered H,-IV [33,34]. In this
regard, the cg-N to LP-N transition is not surprising, but it
has significant implications to those transitions in other
molecular systems and, together, begins to provide new
fundamental insights into the pressure-induced ionization
overtaking the pressure-induced hybridization in densely
packed molecular systems.

Finally, the newly discovered LP-N exhibits novel proper-
ties including its colossal Raman cross section presumably
the largest of all solids, high density (p, = 4.0 g/cm?)
even compared to diamond, 3.5 g/cm?, high stiffness
(By = 345 GPa) rivaling superhard ¢-BN [35], and poten-
tially high energy density as predicted for cg-N. Therefore,
LP-N constitutes a class of novel materials joining diamond
and ¢-BN. Demonstrating the existence of LP-N and its
interesting layer structure and novel properties, the present
result will certainly stimulate new research efforts to develop
and/or search for similar densely packed layer structures—
not necessarily at high pressures but even at ambient
conditions through alternate synthetic routes.
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