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The crystal structures of 6 and 6™ nitrogen

G. W. Stinton,? 1. Loa, L. F. Lundegaard, and M. |. McMahon
SUPA, School of Physics and Astronomy and Centre for Science at Extreme Conditions,
The University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, United Kingdom

(Received 28 June 2009; accepted 21 July 2009; published online 14 September 2009)

The crystal structures of the high-pressure § and 6™ phases of nitrogen have been investigated using
single-crystal x-ray diffraction. The structure of the & phase is very similar to isostructural y-O, and
comprises spherically disordered molecules, with a preference for avoiding pointing along the cubic
(100) directions, and disklike molecules with a uniform distribution of orientations. The structure of
the & phase is tetragonal and the space group is identified unambiguously as P4,/ncm with unit
cell parameters of a=8.603(5) A and ¢=5.685(5) A at 14.5 GPa. The orientations of the partially
disordered molecules have been experimentally determined for the first time and are similar to those
predicted on the basis of molecular dynamics simulations. © 2009 American Institute of Physics.

[doi:10.1063/1.3204074]

I. INTRODUCTION

Nitrogen is one of seven elements that form dimers un-
der ambient conditions, and these simple systems allow the
changing nature of bonding with temperature and pressure to
be probed more directly than more complex molecules. Ni-
trogen is of particular interest since it possesses the strongest
intramolecular forces of this set with a dissociation energy of
9.8 eV.! Despite these strong bonds, both an amorphous
phase2 (7, see Fig. 1) and an ordered, extended solid phase3
(Cg in Fig. 1) have been found experimentally above 1 Mbar.

At lower pressures, ten molecular phases have been re-
ported, as shown in Fig. 1. On compression at room tempera-
ture, nitrogen crystallizes at 2.4 GPa (Ref. 4) into the hex-
agonal QB-phase. This phase is also observed at ambient
pressure at temperatures below 63 K. The structure of 5-N,
has space group P6s;/mmc and two molecules per unit cell
and  comprises  hexagonally  close-packed  three-
dimensionally (3D) disordered molecules with a c¢/a ratio
very close to the “ideal” value of 1.633. This suggests true
spherical disorder, although Press and Hiiller’ noted that dis-
tinguishing between a molecule precessing around the c-axis
at the “magic angle” of 54.7° and complete spherical disor-
der would be very difficult, even with ideal neutron diffrac-
tion data.

On further compression to 4.9 GPa,” the [B-phase trans-

forms to the cubic 8-phase which has space group Pm3n and
eight molecules per unit cell.*® The basic structure was de-
termined by Cromer ef al.® and is shown in Fig. 2(a). The
nitrogen molecules exhibit two types of orientational disor-
der. The first set of molecules are centered on the 2a Wyckoff
sites at (0,0,0) and (%%%) and have sphere-like disorder.
The second type of molecules are centered on the 64 Wyck-
off sites at (0,41-1,%) and its symmetry equivalents and have
disklike disorder. These two different sets of molecules will
henceforth be referred to as “spherelike” and “disklike,” re-
spectively. The best-fitting model of Cromer et al.’ suggested
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that the disklike molecules were not planar, but that the cen-
ter of the molecule moved along the axis of rotation in order
to maximize their distance from the spherelike molecules. As
a result, the atomic distribution around the disklike mol-
ecules is saddle shaped. &-nitrogen is isostructural with
y—oxygen,g_12 B—ﬂuorine,12 and S-carbon monoxide,” and it is
the only phase that oxygen and nitrogen share.

While conventional x-ray diffraction can provide only a
determination of the time- and space-averaged structures,
molecular dynamics studies of the S&-phase have provided
information on both the nature of the molecular disorder
(i.e., dynamic versus static) and the correlated motion of the
molecules. Westerhoff and Feile' reported spherical disorder
for the spherelike molecules and found that the most favored
alignment for the disklike molecules was at 45° to the unit
cell faces, but with low energy barriers to rotation and there-
fore dynamic disorder. Belak et al.* also found nearly com-
plete 3-dimensional (3D) disorder for the spherelike mol-
ecule and nearly complete 2D disorder for the disklike
molecule, but with a possible preference for aligning parallel
and perpendicular to the unit cell faces. Finally, the extensive
studies of Mulder er al.'* concluded that the spherelike mol-
ecules have almost complete 3D rotational disorder but with
a weak preference for aligning along the (111) directions,
while there was also a slight preference for the disklike mol-
ecules to align parallel and perpendicular to the unit cell
faces. The Raman study of Scheerboom and Schouten' also
concluded that the molecules were “more or less freely ro-
tating,” and the overall picture from these studies of the &
phase is one of nearly spherical disorder of the spherelike
molecules and of disklike molecules that show a preference
for some alignment, but with no agreement about the nature
of the orientation. This model is shown in Fig. 2(a).

On further compression the & phase transforms to the 6*
phase, also known as &y, at 10.5 GPa at ambient
temperature.15 The §* phase was first discovered by Scheer-
boom and Schouten' from the changing gradient of the
spherelike molecule’s vibron frequency with pressure. An

© 2009 American Institute of Physics
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FIG. 1. Phase diagram of nitrogen adapted from Refs. 20 and 26. Note the
logarithmic scales.

x-ray powder diffraction study by Hanfland et al.'® observed
numerous additional reflections appearing at the transition to
the 8" phase, indicating that the 6™ phase has an enlarged
tetragonal unit cell gith space group P4,/ncm and cell di-
mensions of as+=V2as and cs+=ags and therefore 16 mol-
ecules per unit cell. A good fit to the x-ray diffraction data
was obtained by using a combination of ordered and disor-
dered molecules. The basic molecular structure of the §*
phase is shown in Fig. 2(b).

Despite the excellent quality of the x-ray data of
Hanfland er al.,'® subsequent spectroscopic and theoretical
studies have proposed different symmetries for the 6 phase.
The tetragonal structure proposed by Hanfland ef al. for the
S phase was predicted by Bini et al."” to have eight vibronic
Raman modes and two infrared (IR) modes, whereas the ob-
served spectrum”_19 has only two Raman modes (one asso-
ciated with the spherelike and one with the disklike
molecules) and a single IR mode (associated with the disk-
like molecules). In order to explain their observations, Bini
et al."® favored a 32-molecule cubic structure, although this
would still give three Raman modes. Hellwig et al.” sug-
gested that the 8™ phase is a tetragonal distortion of the basic
eight-molecule &-structure with the additional modes gener-
ated being either degenerate or too weak to detect. Theoret-
ical work by Katzke and Tolédano™ favored the enlarged
16-molecule unit cell of Hanfland e al., but with C-centered
orthorhombic rather than tetragonal symmetry, while the
Monte Carlo calculations of Mulder ef al.'* favored a 64-
molecule structure.

It is surprising that in a system as basic as nitrogen there
are still fundamental disagreements over the structures of the
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lower-pressure phases and the nature of the disorder of the
molecules. Of particular surprise is the disagreement be-
tween x-ray, spectroscopic and computational studies of the
6" phase. To address these issues, we have employed mod-
ern single-crystal x-ray diffraction techniques utilizing syn-
chrotron radiation to make detailed structural studies of both
the § and 8™ phases, focusing in particular on the nature of
the molecular disorder and the structure of the §* phase.

Il. EXPERIMENTAL DETAILS

The nitrogen samples were loaded cryogenically into
two Merrill-Bassett-type diamond anvil cells equipped with
large-aperture (46=75°) Boehler-Almax seats®! and diamond
anvils with 400 um culets. A small piece of ruby was in-
cluded with the sample for pressure measurement via the
ruby fluorescence method? using the scale of Mao et al.” To
produce a single crystal of the J phase, the sample was pres-
surized to 5.0 GPa and annealed at 70 °C for 11 h before
cooling it slowly (12 h) back to room temperature. The final
sample pressure was 5.7 GPa, and the single crystal of the &
phase completely filled the gasket hole. To produce a single
crystal of the 8 phase, a second sample was first pressurized
to 15.0 GPa before annealing at 400 °C for 2 weeks fol-
lowed by slow cooling back to ambient temperature. The
final pressure was 14.5 GPa. This method produced a small
number (~8) of high quality crystals of the 8" phase, the
largest of which was ~60 wm in diameter.

Two data sets were collected from the & crystal. The first
was recorded on beamline 9.5HPT at the Synchrotron Radia-
tion Source (SRS), Daresbury Laboratory, utilizing a wave-
length of 0.44 A and a Mar345 image plate detector placed at
~350 mm from the sample. The second data set was ob-
tained on beamline ID27 at the European Synchrotron Ra-
diation Facility (ESRF), Grenoble using a wavelength of
0.37 A and a MarCCD detector placed at ~160 mm from
the sample. The incident x-ray beam diameters [full width at
half maximum (FWHM)]| were ~25 um at the SRS and
~5 wum at the ESRF. Data were collected out to minimum
d-spacings of 0.950 and 0.775 A, respectively. The SRS data
were collected in a sequence of contiguous 0.25° oscillations
over a total scan range of 70° around the vertical axis. The
exposure time of 4 s per frame was chosen to ensure that the
strongest reflections did not saturate the detector. For the
ESRF data collection, the diffraction data were collected in a
sequence of contiguous 0.25° oscillations over a total scan
range of 50° around the vertical axis. The exposure time of

FIG. 2. Schematic view of the basic crystal structures
of (a) the S-phase (Ref. 6) and (b) the 5*-phase of ni-
trogen (Ref. 16). Spheres (S) represent 3D disordered,
quasispherical molecules and oblate spheres represent
two-dimensionally disordered, disklike (D) molecules.
The rods mark the unit cells and the medium black lines
highlight the relation between the phases.

8-nitrogen

8*-nitrogen
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d*-nitrogen
P=14.5 GPa

(hkT)

FIG. 3. Single-crystal diffraction image of &*-nitrogen at 14.5 GPa. The
image shows part of a composite image comprising 24 superimposed dif-
fraction images covering an 8° angular scan range. A nonlinear intensity
scale was used to show the weaker reflections more clearly. As discussed in

the text, the (321) and (521) reflections marked by arrows are clearly
observable.

10 s per frame was chosen such that the weak, high-angle
reflections were measured with good counting statistics. This
meant that the strongest Bragg reflections were saturated.
Diffraction data from the 8" phase were collected on
beamline ID09a at the ESRF using a wavelength of 0.41 A
and a Mar345 image plate detector placed at ~200 mm
from the sample. Diffraction data were collected out to a
minimum d-spacing of 0.775 A. The incident x-ray beam
was ~10 um in diameter (FWHM), significantly smaller
than the crystal size of ~60 um, thereby ensuring that the
data were collected from only one of the crystals in the
sample. To ensure that the beam was centered on the chosen
crystal, a =30° oscillation diffraction pattern was taken at
each position in a 5 X 5 rastering pattern with a step size of
10 wm. Analysis of these raster scans enabled the location
of the different crystals to be determined and ensured that the
x-ray beam was centered on only one of these during the
final data collection. The diffraction data were collected in a
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sequence of contiguous 0.333° oscillations over a total scan
range of 70° around the vertical axis. To increase the com-
pleteness of the data, a second data set was collected with the
sample rotated 90° around the x-ray beam and otherwise
identical settings. An exposure time of 2 s per frame was
chosen to ensure that the strongest reflections were not satu-
rated. An example of the diffraction data is given in Fig. 3.

lll. UNIT CELL AND SPACE GROUP
DETERMINATION

The unit cell and orientation matrix of the &-phase crys-
tal were refined from the positions of 51 reflections from the
ESRF data and revealed the structure to be cubic with a
lattice parameter of a=6.112(4) A at 5.7 GPa and 293 K.
The intensities of all accessible reflections were integrated
using the SAINT+ program24 and were corrected for decay of
the intensity of the x-ray beam, changes in the illuminated
sample volume due to the sample rotation, and absorption by
the diamond anvils. No correction was made for the absorp-
tion of the sample. A total of 611 individual reflections were
accessible in the two data sets, and analysis of the systematic
absences showed them to be consistent with the centrosym-

metric space group Pm3n and the noncentrosymmetric
P43m. Dunstetter and Delapalmelo favored the space group

Pm3n over P43m due to the former having an inversion
center on the 2a position, generating a whole molecule pass-

ing through the origin. Cromer et al.® also favored Pm3n.
Merging of the data sets and averaging of symmetry-
equivalent reflections gave 66 independent reflections with
an internal intensity agreement R croc Of 5.2%.

The unit cell and orientation matrix of the &*-phase were
refined from the positions of 78 reflections and revealed it to
be tetragonal with lattice parameters of a=8.063(5) A and
c=5.685(5) A at 14.5 GPa and 293 K; giving a c/a ratio of
1.419(1). The intensities of all accessible reflections were
integrated and corrected as for the J-phase. A total of 1645
individual reflections were accessible and analysis of the sys-
tematic absences showed them to be consistent with only one
space group, P4,/ncm. The systematic absences are shown
in Table I. Of particular note is the clear observation of the
(321) and (521) reflections, together with eight of the sym-
metry equivalents of both reflections, as shown in Fig. 3.
These rule out both the Ccem structure proposed by Katzke
and Tolédano®® and the cubic unit cell proposed by Hellwig

TABLE I. Systematic reflection absences of & nitrogen. Only space group P4,/ncm satisfies the observed absences.

Observed Unobserved Complementary Observed Unobserved
Condition reflections reflections condition reflections reflections Total Condition is ...
hkl h+k+I=even 47 37 h+k+1=0dd 27 55 166 Violated
hkO h+k=even 19 10 h+k=o0dd 0 23 52 Met
h0l [=even 9 7 [=o0dd 0 11 27 Met
h0l h=even 6 8 h=odd 3 10 27 Violated
h0l h+l=even 6 7 h+1=o0dd 3 11 27 Violated
hhl [=even 7 5 [=o0dd 4 4 20 Violated
h00 h=even 4 1 h=odd 0 5 10 Met
hh0 h=even 3 0 h=odd 4 0 7 Violated
0017 [=even 0 0 [=o0dd 0 0 Unknown
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FIG. 4. Arrangement of equivalent Wyckoff sites for the (a) 24k, (b) 481, (c)
24, (d) 24j+24k, and (e) 24j+24k+48] models of the disklike molecule of
the d-phase. The top row shows the view looking perpendicular to the plane
of the molecules, i.e., down the b-axis for the molecule labeled D in Fig.
2(a), while the bottom row shows the view parallel to the plane of the
molecules, i.e., down the a-axis.

et al.”® Our data are, however, completely consistent with the
unit cell and space group proposed by Hanfland et al."® Fol-
lowing Hanfland er al., origin choice 2 was selected. Merg-
ing of symmetry-equivalent reflections from both data sets
gave 166 independent reflections and an Ryeree 0f 6.6%.

A. Structure of the &phase

The structure refinements of both the § and & phases
were performed using the TOPAS ACADEMIC software
packag.ge.25 The orientational disorder of the molecules in the
0 phase was modeled and analyzed in the style of the work
by Cromer et al.® For the spherelike molecules two different
models were used. These are (I) freely rotating molecules
using the spherical N, form factor of Cromer et al. and (IT) a
multisite disordered model with i occupied sites located on
the 167 (x,x,x) Wyckoff positions. In addition, five different
models were used for the disklike molecules, as shown in
Fig. 4. The first two models are those used by Cromer et al.
and are (a) %—occupied N sites located on the 24k position
and (b) i-occupied sites located on the 48/ positions. The
third model (c) is closely related to (a) but uses the 24; po-
sitions and involves a rotation of the N, molecules by 45°.
Model (d) combines models (a) and (c), and model (e) com-
bines (a), (b), and (c).

In the multisite models for the disklike molecules, cor-
relations between parameters prevented the free refinement
of all atomic coordinates. In each of the five models for the
disklike molecules, only two parameters were refined—the
distance between the atoms in the same molecule (labeled “I”

J. Chem. Phys. 131, 104511 (2009)

FIG. 5. Representation of the quality of fit obtained for different orientations
used in the multisite modeling of the spherelike molecules in the é-phase of
nitrogen. Each point on the sphere represents a refinement with the nitrogen
molecule aligned along that direction with the resulting R-factor represented
by a grey scale running from white (best fit) to black (worst fit). Contour
lines are shown at R-factors of 2.6, 3.0, and 3.4.

in Fig. 4(a)) and the distortion of the disk away from its
nearest neighbors (labeled “d” in Fig. 4(a)). All atomic posi-
tions where determined from these two parameters. In all
cases, a single isotropic atomic displacement parameter was
refined. The results are summarized in Table II. The best fit is
obtained with model I(d), i.e., the combination of a fully
spherical molecule and a disklike molecule taking four dif-
ferent orientations. It should be noted that the fits with mod-
els I(b) and I(e) are only marginally inferior.

Unlike Cromer et al., or the study of isostructural y-O,
by Cox et al.,’ the best fit to the O-phase data is achieved
using a freely rotating molecule for the spherelike
molecule—model I—rather than aligning molecules along
the (111) directions. Following the work of Dunstetter and
Delapalmelo we determined whether a still better fit might be
obtained by modeling the spherelike molecules with
partially-occupied sites in orientations other than the (111)
directions. The results are summarized in Fig. 5. During all
refinements, model (d) was used for the disklike molecules
with disorder over the 247 and 24k sites. The poorest fit with
an R-factor of 3.792% was obtained with the spherelike mol-
ecules aligned along (001). A second unfavorable direction is
(111). These are the directions of the nearest and second-

TABLE II. Summary of the different models used for describing the structure of the & phase of nitrogen.

Model Spherelike site Occupancy Disklike site Occupancy Parameters R-factor
1(a) 2a (0,0,0) Spherical N, 24k % N atom 5 4.334
1(b) 2a (0,0,0) Spherical N, 481 i N atom 5 2.199
1(c) 2a (0,0,0) Spherical N, 24 % N atom 4 6.882
1(d) 2a (0,0,0) Spherical N, 24k+24j i N atom 5 2.166
1(e) 2a (0,0,0) Spherical N, 481+24k+24j % N atom 5 2.180
1(a) 16i (x,x,x) 4 N atom 24k 1 N atom 6 5.067
1I(b) 16 (x,x,x) 4 N atom 481 1 N atom 6 2.647
1(c) 16i(x,x,%) 4 N atom 24j 1 N atom 5 7.195
11(d) 16i (x,x,x) 4 N atom 24k +24j 1 N atom 6 2.663
TI(e) 16i (x,x,x) 4 N atom 481+24k+24j + N atom 6 2.825
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nearest neighbors, respectively. Apart from these two direc-
tions and those immediately adjacent to them, the quality of
fit is similar. The best fit to the data is obtained with mol-
ecules pointing in the (304) and (314) directions with an
R-factor of 2.232%. We note, however, that this fit is still
poorer than that obtained with a freely rotating molecule.

There was very little difference to the quality of fit if the
disklike molecule models (b) and (e) are combined with
(314) orientations at the spherelike site, giving R=2.238%
and 2.233%, respectively. For the (304) model, R=2.292%
and 2.287% when combined with models (b) and (e), respec-
tively.

Additional refinements were carried out using a freely
rotating molecule, combined with molecules aligned along
(001). The total occupancy was fixed to two N atoms per
sphere but the relative occupancies of “rotating” and “disor-
dered” molecule were subject to refinement. The R-factor
improved significantly to 2.065% with the occupancy of the
disordered molecule becoming negative (—0.0919). This re-
sult supports the idea of near-free rotational disorder, but
with the molecules showing a preference for avoiding the
(001) direction. A similar refinement that combined a freely
rotating molecule with another aligned along the (111) direc-
tions did not improve the fit.

Our results therefore suggest that the best model for the
spherelike molecules of the & phase is a spherically rotating
molecule with a certain preference for avoiding pointing
along the (001) directions. This result is in agreement with
the study of isostructural vy-oxygen by Dunstetter and
Delapalme10 who also found the (001) directions unfavor-
able.

Refinements of the & phase using the five different mod-
els for the disklike molecules showed little difference in the
quality of fit between models (b), (d), and (e)—the three that
give the largest spread of atomic positions around the disk.
This agrees with the previous studies of Cromer et al.® and
Cox et al.” who both favored model (b) over model (a). We
conclude, therefore, that the disklike molecules are able to
rotate, as discussed by Westerhoff and Feile."

B. Structure of the 6*-phase

Due to the similarity of the diffraction patterns of the &
and & phases, the two structures are expected to be closely
related. The positions of the molecular centers are the same
for the & phase and the ordered & phase of Mills et al.” when
the latter is transformed into a rhombohedral setting, sug-
gesting that the molecules will be in the same positions in the
intermediate & phase. Therefore, our starting point for re-
finement of the 8™ structure was the conversion of the best-
fitting model I(d) for the & phase described above into
P4,/ncm symmetry and the larger unit cell of the §* phase.
This conversion results in the &* phase having three
symmetry-independent molecules, one derived from the
spherelike molecules with four symmetry equivalents
(henceforth labeled ex-sphere) and two derived from the
disklike molecules in a ratio of 8:4 (labeled ex-disk 1 and
ex-disk 2, respectively).

Directly transforming the best-fitting I(d) structure of the
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0 phase (Table II) into the §* unit cell gave a large R-factor
of 14.79%. While this model fitted the intense, low-angle
reflections well, it predicted zero intensity for the clearly
visible (321) and (521) reflections. The disklike molecules in
the 8™ structure are expected to be more ordered than in the
o phase;14 therefore models were needed which allowed
greater localization. Transforming the disksite model (e)
from the & phase into P4,/ncm gave eight symmetry-
independent sites for ex-disk 1 molecules and five sites for
ex-disk 2 molecules (with two sites on 8i positions rather
than general positions). The sites are shown in Figs. 6(b) and
6(c). Model (e) was chosen over model (d) due to the greater
number of sites allowing greater flexibility to model the §*
structure.

The positions of the atoms were controlled by two refin-
able parameters per ex-disk molecule, as in the & phase. The
first was the distance between atoms related by the inversion
center at the center of the disk, and the second modeled the
distortion of the disk away from its nearest neighbors. The
occupancies of various sites were allowed to refine but the
total occupancy of each ex-disk was fixed at 2. This gave
R=8.005%, an improved but still unconvincing fit. There-
fore, a similar type of modeling was introduced for the ex-
sphere molecules. Refinements were carried out using all of
the different orientations shown in Fig. 5 converted into
P4,/ncm symmetry. This generated either 3, 4, or 6
symmetry-independent sites for the (0,0,x), (x,x,x), and
(x,y,z) alignments of molecules, respectively. The occupan-
cies of these sites were refined with the total occupancy
again fixed at 2.

In the best-fitting model, the ex-sphere molecules are
aligned along what were the 24 symmetry equivalent (112)
directions in the & phase. Converting this into space group
P4,/ncm generates six symmetry-inequivalent directions.
These are the (01v2), (0142), (13v2), (31V2), (1312), and
(3142) directions, each with four symmetry equivalents.
This model results in an R-factor of 2.126% with the occu-
pancy of four sites (11, 15, 17, and 22—see Fig. 6) refining
to zero. These sites were then removed from the model.
Three other sites (5, 16, and 23) also had very low occu-
pancy (<0.04), and removing these resulted in a further
slight decrease in the R-factor to 2.115% and a decrease in
the number of refined parameters from 20 to 17. The final
structural model for the 8™ phase is shown in Fig. 7 with
details in Fig. 6 and atomic coordinates listed in Table III.

The unit cell, space group symmetry, and molecular cen-
ters determined for the 8™ phase are in complete agreement
with the previous study of Hanfland er al.'® The ex-sphere
molecules weakly favor aligning along the (51_\5) directions
and preferentially avoid the (01v2) direction, but still with a
large amount of disorder. This partial ordering can be seen as
an intermediate state of disklike disorder between the
almost-spherical distribution of the same molecules in the
S-phase and the alignment of the molecules along the (111)
directions in the ordered s-phase.zo

The ex-disk 1 molecules librate around a position at
+45° to the ab face of the cubic -phase unit cell (see Figs.
6 and 7), which can be compared to the angles of =35° and
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FIG. 6. Details of the §*-nitrogen molecules showing occupied sites in gray, with darker shades for more heavily occupied sites, and unoccupied sites in
white. Figures (al) and (a2) show the ex-sphere at (0,0,0) viewed along the [001] and [112] directions, respectively. Figures (b1) and (b2) show ex-disk 1 at

(%,é,O) viewed along the [110] and [110] directions, respectively. Figures (c1) and (c2) show ex-disk 2 at (

directions, respectively.

*50° calculated by Mulder et al."* About 11% of the occu-
pancy is at positions at 90° to this, suggesting a very hin-
dered rotation around the disk. The ex-disc 1 molecules can
be thought of as forming chains with their nearest neighbors
in either the [110] or [110] direction along the axis of libra-
tion. The orientations of the molecules are paired along the
chains (as illustrated in Fig. 7, most easily seen along the
[110] direction in the c=% plane). There are four next-
nearest neighbors. Two are in the (001) directions (all with

FIG. 7. Schematic view of the refined crystal structure of &*-nitrogen.
Spheres represent the more 3D disordered molecules (ex-spheres or ex-S)
and the oblate spheres represent the ex-disk molecules (ex-D1 and ex-D2).
The dark areas indicate the preferred orientations of the molecules.

%,%,%) viewed along the [110] and [001]

identical orientations) and two in the c-plane, 90° to the axis
of libration (with alternating orientations). The partial align-
ment of the molecules can be seen as a step toward the fully-
aligned chains in the e-phase.

The ex-disk 2 molecules librate around a position
aligned with face diagonals of the 8" unit cell (and hence
parallel with the edges of the & cell) with alternate molecules
along the chain perpendicular to one another, as required by

TABLE III. Final atomic positions for the 6* phase at 14.5 GPa.

Coordinates
Atom
number X y z Occupancy
Ex-sphere
1 0.0536(6) 0.0179(6) —0.0358(5) 0.15(3)
2 0 —0.0358(3) 0.071(1) 0.08(2)
3 0.0537(5) —0.0179(6) —0.0358(5) 0.11(2)
4 0.0179(5) 0.0537(6) 0.0358(5) 0.08(1)
6 —0.0179(5) 0.0537(6) 0.0358(5) 0.07(2)
Ex-disk 1
12 0.1484(4) 0.6128(4) 0.0860(5) 0.26(2)
13 0.1579(2) 0.5920(2) 0.0658(4) 0.33(3)
14 0.6624(4) 0.4236(4) 0.4643(6) 0.29(2)
18 0.8516(4) 0.3872(4) 0.0860(5) 0.114(7)
Ex-disk 2
21 0.2038(7) 0.2962(7) 0.207(1) 0.063(6)
24 0.7250(4) 0.8103(4) 0.2288(7) 0.32(1)
25 0.2039(7) 0.2961(7) 0.792(2) 0.30(3)
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the 4, screw axis of the space group. The molecules in neigh-
boring chains are also perpendicular to one another. Due to
the experimentally determined unit cell being at 45° to that
modeled by Mulder et al., this corresponds to their angle of
0° or 90° to the cell edge with the same pattern of alternating
orientations.

IV. CONCLUSION

Using high-pressure single crystal techniques and syn-
chrotron radiation, we have investigated the structures of the
S and 6" phases of nitrogen. In contrast to the previous x-ray
study of the & phase, our results suggest that the best model
for the spherelike molecules of the & phase is a spherically
rotating molecule, which has a certain preference for avoid-
ing pointing along the (001) directions. This result is in
agreement with the study of isostructural y-oxygen by Dun-
stetter and Delapalme,10 who also found the (001) directions
unfavorable, and the molecular dynamic studies of the &
phase all of which favored spherical disorder of these mol-
ecules. We find the best model for the “disklike” molecules
of the & phase to be that in which the molecules are disor-
dered over a large number of sites, in agreement with the
previous studies of 5—nitrogen6 and y—oxygen,9 and sugges-
tive of molecular rotation."

The structure of the 6 phase has been unambiguously
identified as being tetragonal with space group P4,/ncm, in
complete agreement with Hanfland et al.'® Other structures
and symmetries proposed in the literature can be
rejected.”fzo The best model for the spherelike molecules of
the 8™ phase is one in which they weakly favor aligning
along the (51_\5> directions and preferentially avoid the
(Olv"2> direction, but still with a large amount of disorder.
The two symmetry-independent sets of disklike molecules of
the 5™ phase are partially aligned, although still undergoing
substantial librations, and form chains in which the molecu-
lar orientations are either paired or are perpendicular to each
other. The molecular orientation is similar to those calculated
by Mulder et al."

The confirmation of the symmetry and space group of
the & phase still leaves the question as to why far fewer
Raman (R) and IR modes are observed (2R and 1 IR) com-
pared to those calculated from this structure (8R and 2
IR).""'® We note that no structure yet proposed for the &*
phase gives the correct number of modes: even the high-
symmetry cubic structures proposed by Bini et al."® have an
additional Raman mode. Further studies or understanding are
required.
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