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We report the results of Raman and synchrotron infrared absorption measurements of several

molecular phases of solid nitrogen to pressures above 100 GPa (300 K). Low-temperature vibrational

spectra to 45 GPa are also presented. The changes in Raman and infrared spectra at 60 GPa and 300 K

are interpreted as arising from the € - C transition reported at low temperature. The character of
splitting of the Raman vibron v, observed at 25 GPa and low temperatures differs from that previously
reported, a difference that we ascribe to different experimental procedures employed and metastability

of the low-temperature phase.

PACS: 62.50.+p, 78.30.—j

1. Introduction

With the recent progress in diamond-anvil cell
techniques (see Ref. 1), a growing number of exam-
ples of orientational ordering and subsequent trans-
formations to framework structures in pressurized
molecular solids have been documented [2—-6]. For
transformation to framework structure, information
about the type and character of the ordering is
important, since it affects the energy barriers asso-
ciated with the transition. Solid nitrogen is an
important system for such studies because of stabil-
ity and simple electronic structure of the isolated
molecule. Moreover, solid nitrogen has been well
studied theoretically, and accurate experimental
data provide an important test of condensed matter
theory [7-12].

Solid nitrogen has a complex phase diagram with
a wealth of molecular phases that differ in the types
of orientational ordering and crystal structures
formed [5,13-33]. The ordering of the low pressure-
temperature o and y phases is controlled by quad-
rupole—quadrupole interactions, whereas at higher
pressures a class of molecular structures (9, o » &
0) stabilized by additional anisotropic intermolecu-
lar interactions is found [34]. The & phase is pro-
posed to have a disordered cubic structure (space
group P n8n) [20] with two different types of mole-
cules exhibiting sphere- and disk-like disorder and
giving rise to two classes of vibron bands v, and

V, . With increasing pressure and/or decreasing
temperature, nitrogen molecules exhibit orientatio-
nal order through a sequence of the phase transfor-
mations (to &, . and then €) as determined by
vibrational spectroscopy and x-ray diffraction [27-31].
The structure of the € phase is rhombohedral (space
group R3c¢) which can be viewed as a distortion of
cubic [23].

Theoretical calculations have been contradictory
in their predictions of stable molecular ordered
phases [10—12]. In particular, Monte Carlo
(MC) [10] and molecular dynamics (MD) [11]
simulations based on proposed intermolecular po-
tential favor tetragonal structures, while ab initio
calculations [12] predicted the stability of R3c
phase in agreement with experiment. Recent MC
calculations [35,36] pointed out the importance of
using accurate atom-atom potentials (especially an-
isotropic terms) to obtain adequate results.

At 20-25 GPa and 10 K a transformation has
been found by Raman spectroscopy [21] and con-
firmed by later Raman and IR measurements [33].
No x-ray data are currently available for this phase
(called Q). According to vibrational spectroscopy
data, its structure has a strong similarity to phases
€ and 0. It has been inferred to have R3¢ symmet-
ry [21], but more recent observations do not sup-
port this interpretation [33]. The €-{ phase boun-
dary has been extended recently to 180 K and
40 GPa [33]. At low temperatures, a significant
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region of metastability is reported [33], making
difficult to clarify the mechanism of the transfor-
mation.

At room temperature, the vibrational spectro-
scopy data are still contradictory concerning a num-
ber and nature of the transformations above
20 GPa. A sequence of new phases has been re-
ported on the basis of several branchings of the
Raman vibron modes [22], including one just above
20 GPa [27]. In contrast, x-ray studies indicate the
stability of € phase to 50 GPa [26,30]. A change of
x-ray diffraction pattern was observed above
60 GPa [25], but interpretation requires additional
measurements. Most recent Raman and IR measure-
ments to 42 GPa show clear correspondence bet-
ween the number of observed lattice and vibron
modes and group-theoretical predictions for the €
phase [33]. Here we report the results of a com-
bined Raman and synchrotron IR high-pressure
study of N, to 40 GPa at low temperatures and
beyond 100 GPa at room temperature.

2. Experimental

Samples of nitrogen were loaded in diamond
anvil cells at 0.2 GPa using a standard gas-loading
technique. The low-temperature experiment was
performed at the NSLS (beamline U2A). The de-
scription of our experimental setup has been pub-
lished elsewhere [37]. Typical spectral resolution
was about 4 cm™! in both IR and Raman measure-
ments. A diamond cell with the sample at 8 GPa
was cooled to 15 K in a continuous-flow He
cryostat. The cryostat is equipped with windows
that are changeable at low temperature, which
allows in situ IR and Raman,ruby fluorescence
measurements without changing P-T conditions on
the sample [38]. Pressure can be controlled from
the outside by a mechanical change in load on
the diamond cell lever-arm through vacuum
feedthroughs. In the room-temperature experiments
we used diamond-anvil cells with external heating
capabilities. This allows us to release internal
stresses that build up during a loading of the cell by
heating the sample to 200—400 °C.

3. Results

The sequence of Raman spectra measured as a
function of pressure at low temperatures is shown in
Fig. 1. At 17.5 GPa we observe two Raman peaks
in the vibron region — slightly broadened v, (lower
frequency) and v, . This is in excellent accord with
the experiments for the € phase (see also Refs. 21
and 33). Low-frequency lattice modes (not shown)

Fizika Nizkikh Temperatur, 2001, v. 27, Nos. 9/10

Raman intensity, arb. units

2360 2380 2400 2420 2440
Raman shift, em™!

Fig. 1. Raman spectra of nitrogen through the low-temperature
transition to the { phase. The spectra are shifted in vertically
for clarity. The spectrum at 24.8 GPa (points) is shown along
with the fitting to multiple components (Voigt profiles).

are also in agreement with previous studies for
&N, [21,33]. Increasing pressure splits the v, peak,
so three components can be seen. This splitting
becomes obvious at the highest pressure (44 GPa),
while at 24-38 GPa peak fitting is required to
reveal the two components (e.g., the spectrum at
24.8 GPa in Fig. 1). Only a slight broadening of
the v, peak is observed as the pressure is increased.
Lattice modes also change dramatically at 18—
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Fig. 2. Infrared absorption spectra of nitrogen at 15 K as a

function of pressure. The spectra are shifted in vertically for
clarity.
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25 GPa, which is beyond the scope of the present
paper.

Infrared spectra at 17.5 GPa (Fig. 2) show a
very weak absorption in a spectral range of the v,
vibron. The absorbance increases substantially at
18-25 GPa, so a doublet of IR vibrons is clearly
visible at higher pressure. As for the Raman bands,
a moderate broadening of the IR peaks is observed
as the pressure is increased.

The pressure dependence of the observed Raman
frequencies is shown in Fig. 3. Corresponding data
from Ref. 33 are also shown for comparison. Earlier
results [21] for the v, multiplet are very close to
those reported in Ref. 33 and are not shown for
clarity. For the v, band, our low-temperature data
are very close to those measured at the room tem-
perature (see also Ref. 32). The substantial differ-
ence in the pressure dependence of the frequency of
the Raman v, multiplet will be discussed later. The
pressure dependences of the Raman and infrared
frequencies are compared in the inset of Fig. 3. We
find that Raman and infrared frequencies do not
coincide (cf. Ref. 33). Unlike the Raman data, our
infrared frequencies are in good agreement with
those reported in Ref. 33 in the pressure range
overlapped by the two studies (to 25.2 GPa).

Raman spectra measured close to room tempera-
ture are presented in Fig. 4. At 60 GPa Raman
spectra already contain more vibron bands (four)
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Fig. 3. Raman vibrational frequencies as a function of pressure
at 15 K. Filled circles are the Raman data from this work. The
solid thick solid lines are the guides to the eye. The dashed
lines are the Raman data from Ref. 33. The inset shows the
comparison between Raman and infrared frequencies. Filled
squares are the infrared data from this work. The solid thick
solid lines are the guides to the eye. Thin solid lines are the

Raman data from this work. The dashed lines are the infrared
data from Ref. 33.
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that is allowed by group theory for the R3¢ symme-
try of &N, (three) [21]. Surprisingly, at this pres-
sure we did not observe the low-frequency shoulder
of the most intense v,, Raman band, as reported in
Ref. 32. Increasing of pressure through the 60 GPa
range gives rise to a new Raman peak (v,,), desig-
nated by arrow in Fig. 4 (see also Ref. 32). A
similar observation was made when cooling down
from approximately the same starting point (inset
in Fig. 4). At this pressure (and room temperature)
we also observed an increase in intensity of the
infrared vibron [3]. Raman spectra in the lattice
mode range show splittings of the characteristic
bands of the low-pressure phase and appearance of
new low-frequency bands. The splitting of the lat-
tice modes increases with pressure with multiplets
evolving into distinct bands. Representative Raman
spectra in the lattice mode region are presented in
Fig. 5. The complexity of the spectra suggests a
large number of molecules and low symmetry of the
unit cell. The spectra at 95 GPa agree well with
those presented in Ref. 32 in terms of the number
and positions of bands, with the exception of a very
weak additional vibron band near 2473 cm™!. With
further pressure increase, the intensity of the lower
frequency vibron increases and all other vibron
peaks gradually vanish [3,22]. Similarly, in the
lattice-mode region the intensity of the 500 cm™!
band increases prior to the transition to the non-
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Fig. 4. Raman spectra of the nitrogen vibrons through the tran-
sition to the { phase at room temperature. The inset shows the
variation of spectra with temperature. The arrow designates a
new peak, that appears at the transition. The spectra are shifted
in vertically for clarity.
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Fig. 5. Raman spectra of nitrogen at 95 and 117 GPa. The inset
shows a weak vibron peaks (designated by arrow) that develops
under high pressure. The spectra are shifted in vertically for
clarity.

molecular phase. This behavior is will be examined
in detail elsewhere.

4. Discussion

The splitting of the vibron bands and change in
the lattice mode spectrum observed at low tempera-
ture indicate a phase transformation related to ori-
entational ordering of the nitrogen molecules. The
phase diagram of Ref. 33 suggests that these
changes correspond to the € —  transition. Quali-
tatively, our data and those presented in Refs. 21
and 33 show similar trends, but detailed compari-
son shows different Raman spectra for the high-
pressure phase (Fig. 3). We believe that the dis-
agreement arises from the use of different
experimental procedures and the nature of the high-
pressure phase (or phases). In contrast to experi-
ments reported in Refs. 21 and 33, we changed
pressure at low temperature. It is useful to note that
when infrared spectra were measured in a manner
similar to ours [33], the results from both studies
agree very well (inset to Fig. 3). The evidence that
the properties of the high-pressure phase depend on
the thermodynamic path, suggests that this phase is
not thermodynamically stable (i.e., metastable at
the indicated P-T conditions). This is supported by
observations of a large hysteresis of the transition at
low temperatures [33]. An alternative (but related)
explanation is that different properties of the high-
pressure phase arise from relatively large pressure
inhomogeneities in our experiment (since we
changed pressure at low temperature). This is indi-
cated by broadening of Raman and infrared bands
at higher pressures (Figs. 1 and 2).
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Changes in Raman and infrared spectra above
60 GPa at room temperature are very similar to
those observed at low temperatures. Moreover, the
reported transition boundary [33] extrapolated to
high pressure and temperature matches this room-
temperature point. According to the observed Ra-
man and infrared spectra, the vibrational properties
of the high-pressure phase are very similar at room
and low temperature. Thus, we will consider it to
be the same phase ().

In view of the absence of sufficient x-ray data for
the ¢ phase, we can only speculate on its crystal
structure. The number of the vibron modes (in
either our experiment or those reported in Ref. 32)
exceeds that predicted for R3c structure based on
the space group theory proposed in Ref. 21. Accor-
ding to Ref. 32, the increase of number of vibron
modes is due to the increase in the number of
different site symmetries occupied by N, molecules.
Following this idea, up to 5 different site symmetry
positions should be invoked to explain the observed
number of Raman vibron peaks above 60 GPa,
which does not seems plausible. A critical examina-
tion of the spectra of Ref. 32 shows that this num-
ber can probably be reduced to 3 according to the
number of observed distinct peaks in the Raman
exitations of the guest molecules. Thus, it seems
natural to propose that the branching of vibron
modes is related to sequential lifting of degeneracy
of the v, term of the cubic 0 phase. In the first stage
(3 to € transition), the v, band splits into A1g and
E  components by the crystal field. In the second
one (€ to ( transition), the symmetry is further
reduced (to orthorhombic or monoclinic), with dou-
bly degenerate level splitting into two singlets.
Additional splitting (vibrational or Davydov-type)
of these major components could be caused by
intermolecular interactions. This is related to a
possible increase in the number of molecules in the
unit cell as well as associated symmetry lowering.
High-quality diffraction data are required to exa-
mine these hypotheses.

5. Conclusions

We find that the properties of the high-pressure,
low-temperature phase of nitrogen obtained by
«cold» compression are different from those for the
phase quenched from high temperature. This sug-
gests that the { phase is metastable and /or transi-
tions to it are sensitive to nonhydrostatic effects.
Raman and infrared spectra of &N, above 40 GPa
and (-N, are not compatible with R3c and R3c
symmetries proposed in Ref. 21 because the number
of vibron bands is larger than predicted for the
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standard structures based on these space groups.
This increase in the number of bands is probably
related to the additional lowering of the symmetry
and multiplication of the size of the unit cell.

The present vibrational spectroscopy data pro-
vide additional constraints on the structure and
properties of the high-pressure phases. They also
suggest that known phases are not necessarily ther-
modynamically stable in the P-T region in which
they can be observed. As for other molecular crys-
tals, sluggish kinetics can complicate the determina-
tion of the true thermodynamic phase diagram (see,
e.g., Ref. 39). Further theoretical and experimental
effort is necessary to obtain a better understanding
of the phase diagram of nitrogen at these high-pres-
sure conditions.
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