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Vibrational Dynamics of Isotopically Dilute Nitrogen to 104 GPa
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Raman studies to 104 GPa of a14N2 host with dilute15N2 and 14N15N isotopic species indicate an
increase in vibrational coupling with pressure. The lowest frequency branch of the isotopic spe
15N2 reaches a plateau around 100 GPa suggesting the onset of bond weakening for molecules l
on particular sites. An unusual intensity increase is observed for the isotopicn1 guest modes. The
phase transitions above 20 GPa appear to involve an increase in the number of inequivalent sites
possibly subtle changes in the orientational behavior of particular molecules in the pressure range
50 GPa not readily revealed in recent x-ray diffraction studies.

PACS numbers: 62.50.+p, 63.20.–e, 78.30.Hv
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TheP 2 T -phase diagram of solid nitrogen appears
be well established up to pressures near�20 GPa [1–10].
At higher pressures the behavior of solid nitrogen is n
well understood: Above 25 GPa Raman spectra [8,11] a
not compatible with the rhombohedralR3̄c lattice as sug-
gested by x-ray diffraction studies [5–7]; the theoretical
predicted tetragonal lattice in this pressure range [12]
in disagreement with experiment; and calculated pressu
volume relations using gas-phase intermolecular potent
for nitrogen [13] significantly depart above 12 GPa from
accurate equations of state [6]. A further open questi
concerns the mechanism responsible for the decreas
frequency of the lower frequency Raman-active vibro
above 60 GPa in nitrogen [11,14], that has been discus
in terms of weakening of the N-N bonds under compre
sion as a precursor of molecular dissociation. Indeed th
ory predicts the molecular to nonmolecular transition we
below 100 GPa [15–17], but this is in apparent disagre
ment with the experimental observation of molecular n
trogen to 180 GPa [11,14] though this discrepancy mig
be due to the existence of a high-energy barrier associa
with molecular dissociation [16,17].

These results demonstrate that we lack a sufficient th
retical description of the interaction potentials and a qua
titative understanding of the vibrational dynamics at hig
pressures. Raman studies of nitrogen isotopic mixtu
have provided a measure of the intermolecular and int
molecular interactions, but have been limited to modera
pressures [8]. We report Raman measurements at ro
temperature up to 104 GPa for the internal modes of14N2
as host, and for the isotopic species15N2 and14N15N as di-
lute (guest) molecules. Shifts and splittings of the intern
modes in the solid state result from the local anisotro
of the crystalline field (site-group interactions) as we
as from the coupling of identical vibrations of adjacen
molecules in the unit cell (variously known as factor-grou
interactions, and dynamic, vibrational, or resonance co
pling). At low concentrations, the isotopically substitute
molecules are isolated in the host matrix and the coupli
effect is switched off for these guest isotopic species b
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cause of the frequency difference with the correspondi
vibrations of the host (14N2) [2]. The difference between
the frequency of the isotopically substituted molecule an
the frequency of the same mode in the host crystal,
corrected for the different masses, provides a measure
the intermolecular coupling constant. In addition, spli
tings due to nonequivalent sites can be distinguished fro
factor-group splittings and can give valuable insight int
changes in the crystal structure.

We diluted pure15N2 in 14N2 up to nominal concen-
trations of 3% and 0.7%15N2. After waiting several
days to allow for mixing, the samples were loaded int
a diamond-anvil cell at 0.2 GPa with a gas-loading tec
nique. The concentrations estimated from then2 intensity
ratios are 3% and 0.5% for15N2 in approximate agree-
ment with the nominal concentrations in the original mix
ture. For the naturally abundant14N15N molecule, this
method gave 1.4% and 0.7%, respectively. The sign
to-background ratio of the weak signals from the isotop
species was improved by selecting ultralow fluorescen
diamonds and excitation with the 647.1-nm line of a Kr1

laser to reduce diamond fluorescence. Scattered light w
collected through a spatial filtering aperture and analyz
at an angle of 135± with respect to the incoming laser
beam using a 0.6-m triple spectrograph and a liquid nitr
gen cooled charge-coupled device multichannel detect
Pressure was determined with the quasihydrostatic ru
fluorescence scale. In the probed central sample region
�15 mm in diameter, the pressure differences were abo
1 GPa at the maximum pressure of the study. Both ru
lines were clearly resolved up to the maximum pressur
the R1-R2 line splitting and theR1 half-width had val-
ues similar to those observed in solid N2 between 20 and
37 GPa by Le Saret al. [1] indicating that the pressure
inhomogeneities in the present study were low.

For theR3̄c lattice the stretching mode is divided into
two main branchesn1 and n2 as required by the two
different2b and6e sites. For then2 branch, two Raman-
active peaks due to factor-group splitting, A1g and Eg, are
to be expected [3]. Raman spectra of the internal mod
© 1999 The American Physical Society



VOLUME 83, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 12 JULY 1999
of the 14N2 host at different pressures are shown in Fig. 1,
and the pressure shift of the mode frequencies in Fig. 2.
Between 16 GPa and �30 GPa, the number of observed
internal modes is consistent with a R3̄c lattice. A third
branch in the n2 frequency region, n2a, is observed above
30 GPa (Fig. 2). In the n2c branch a second component
(n2c�2c�) appears on the low-frequency side around 40 GPa,
which corresponds to the peak assigned as n2c�3� in the
study of Schneider et al. [8]. A third component n2c�2b�
(not previously documented) appears at 65 GPa, and can
be related to the phase transition documented at this
pressure by clear changes in the x-ray diffraction pattern
[5], as well as the appearance of n2c�1b�. In contrast to
previous reports [11,14] we observe three modes instead
of one mode above 65 GPa in the n2c�2� branch in 14N2
which exhibit a broad maximum around 75 GPa in their
frequency-pressure curves. We note that Raman spectra
(unpublished) of the study of Reichlin et al. [11] clearly
show evidence from shoulders and asymmetries that their
n2c ! n2c�2� band is composed of more than one mode
above 40 GPa. Because all the other modes have much
smaller half-widths above 40 GPa than the n2c ! n2c�2�
band, pressure inhomogeneities can be ruled out as an
explanation for the effect; furthermore, the spectrum at
68 GPa shown in Fig. 1, which was taken after the sample
was melted by laser heating to reduce nonhydrostatic
stress, did not result in a decrease of the n2c half-width,
but clearly shows the triplet structure of the n2c�2� band
as judged by the presence of low- and high-frequency
shoulders. Mode n2c�1a�, which was taken as an indicator
FIG. 1. Upper panel: Raman spectra of the internal modes of 14N2 at various pressures. The spectrum at 17.5 GPa is from the
0.5% 15N2 enriched sample, the spectrum at 68 GPa from a nonenriched 14N2 sample, which was melted by heating with a Nd:YAG
laser using a ruby chip as an absorber to reduce nonhydrostatic stress. Remaining spectra are from the 3% 15N2 enriched sample.
Isotopic species are marked with �. Lower panel: Raman spectra of internal modes of 14N15N and 15N2 isotopic species at various
pressures. The spectrum at 17.5 GPa is from the 0.5% 15N2 enriched sample, whereas the remaining spectra are from the 3% 15N2
enriched sample. 14N15N modes are marked with a cross.
for a further phase transition at 100 GPa in the previous
study [11], is already observed around 85 GPa in the
present study. Modes n2a and n1, which were lost in the
background in the previous experiment [11] between 60
and 80 GPa, could be observed to the maximum pressure in
the present experiments, but with much reduced intensity.
The persistence of the lower-pressure modes at the highest
pressures indicates a close structural relationship among
the various high-pressure phases.

The isotopic modes of 15N2 were observed up to
104 GPa and overlap with 14N15N modes occurred above
80 GPa. The vibrons of the 14N15N molecule were
followed to 40–50 GPa, where they began to merge with
the 14N2 host vibrons. The inequivalence of the nitrogen
isotopes in the 14N15N molecule introduces a small perma-
nent electric dipole moment and head-to-tail disorder. The
associated changes in the interactions with the surround-
ings must be very small because there was no noticeable
difference in the behavior of the 15N2 and the 14N15N
modes. We did not observe any difference in the spectral
features and their pressure dependence between the two
different concentrations. Raman spectra of the guest iso-
topic species are shown in Fig. 1. Starting at 11 GPa, for
both isotopic species, two modes, n1 and n2, are observed
as expected. Above 25 GPa, n2 becomes asymmetric and
increasingly broader. Since n1 remains narrow, nonhydro-
static stress effects can also be ruled out as a reason for
this broadening—rather the result suggests a splitting into
two components. These observations therefore indicate
that in this pressure range the guest n2 modes arise from
333
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FIG. 2. Upper panel: Pressure shift of Raman-active 14N2
vibrons. Circles: sample with 3% 15N2; squares: sample with
0.5% 15N2; open symbols: pressure increase; solid symbols:
pressure decrease. The solid lines serve as a guide for the eye.
Lower panel: Pressure dependence of Raman-active internal
modes of 15N2 isotopic species. The circles and squares refer
to the 3% and 0.5% enriched 15N2 samples, respectively. The
thin solid lines are guides for the eye. Thick grey lines show
the expected pressure shift of the isotopic modes due to changes
in mass as calculated by niso � nhost

p
�mhost�miso�, where m is

the reduced mass.

molecules located on two inequivalent sites, in disagree-
ment with an ordered R3̄c lattice for which only one site
gives rise to the n2 modes. A triplet structure is observed
in n2 of the 14N2 host between 30 and 40 GPa (Fig. 1) and
implies one of the isotopic n2 modes is doubly degenerate
and one splitting in the 14N2 host, probably n2c (because
the two isotopic modes track the curves given by n2a and
n2b of the host, see Fig. 2), is due to factor-group inter-
actions. The fact that x-ray diffraction studies [5–7]
show no phase transition in this pressure range indicates
that subtle structural changes probably in the orientational
behavior of molecules located on the 6e site take place,
resulting in two sites with slightly different symmetry.
Additional modes appear in the isotopic n2 region above
47 GPa. The spectral features are not well resolved in this
pressure regime but at the highest pressures one can dis-
tinguish at least three branches in the n2 frequency region
of 15N2. Asymmetries may indicate that these branches
involve more than one component at the highest pressures.
The branchings observed for the isotopic modes are ob-
334
served at approximately the same pressures as in the 14N2
host and indicate that the associated structural changes are
accompanied by an increase in the number of inequiva-
lent sites.

The pressure shifts of the isotopic species mode frequen-
cies are also compared to the mass-scaled frequencies of
the 14N2 host in Fig. 2. With the exception of n2a and
probably n2b , the guest modes deviate from the curves ex-
pected from the mass-scaled host modes. The n2c2 modes
show a positive frequency shift relative to the 14N2 host.
The n1 guest modes also show a slight positive frequency
shift below 30 GPa, but at higher pressures the shift be-
comes increasingly negative, as plotted in Fig. 3 that shows
the n1 guest-host frequency ratio of both dilute isotopic
species. Theoretical estimates have shown that the mag-
nitude of vibrational coupling depends on the orientation of
the molecules as well as on the distance between them [10].
With regard to the softening of the guest n1, we note that
the n1 of the van der Waals compound He�14N2�11 shows a
similar negative frequency shift relative to pure 14N2 above
30 GPa [18] and can be interpreted in terms of interference
by He in the host intermolecular interaction [19]. For the
n1 mode, significant changes in the intensity with pres-
sure are involved and are also shown in Fig. 3 where the
n1 guest-host intensity ratio increases approximately expo-
nentially with pressure. The n1 intensity of the 3% 15N2
is comparable to that of the host n1 at the maximum pres-
sure, despite its low concentration. Extrapolation of the
trend to normal pressure, below the first data point of this
study at �10 GPa, agrees approximately with the effective
guest species concentrations and suggests that the perturba-
tion on the intensity is already under way at low pressures.

FIG. 3. Upper panel: Guest-host frequency ratio for the n1
modes as a function of pressure. The horizontal lines represent
the square root of the reduced mass ratio. Lower panel:
Pressure dependence of the guest-host n1 intensity ratios for the
various concentrations. The solid symbols at ambient pressure
are the estimated concentrations. The solid lines serve as
guides for the eye.
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The reasons for these intensity perturbations observed for
the n1 guest modes are unclear at present.

A clear result of this study is that the lowest frequency
mode of the n2 branch of the guest molecules, visible above
50 GPa, shows behavior similar to the corresponding host
mode, but with a delayed turnover in frequency to above
100 GPa. On the other hand, the n1 guest mode reaches
a plateau at 104 GPa (i.e., lower in pressure than expected
for the 14N2 host) even though diluted and not subject to
vibrational coupling. With vibrational coupling negligible
for the dilute isotopic species, a turnover in the vibron fre-
quency may be related to the onset of bond weakening (as
was suggested in the case of solid H2 from the turnover of
the infrared vibron [20], also not subject to vibrational cou-
pling), but for molecules located on particular sites only,
as not all branches show negative frequency shift with
pressure. A possible scenario emerging from the present
results might be that molecular dissociation in nitrogen
starts in molecules at particular sites lending some support
to the hypothesis of the formation of conducting chains
or clusters associated with the transition into the metallic
state, as discussed for nitrogen by Schiferl et al. [2] and
for hydrogen by Hohl et al. [21].

The dependence of vibrational coupling in molecular
solids on the density and, in particular, details of the crys-
tal structure could be far more complex than previously
thought. The results here support the presence of in-
creased vibrational coupling under pressure for the n2c�2�
host modes, but the early turnover of the n1 guest vibron
cannot be attributed to vibrational coupling because this in-
teraction should be switched off in the present experiment.
Reconciliation of these results may require a difference in
the sign of the vibrational coupling interaction at particu-
lar sites in the host. Furthermore, compression also results
in a significant (unexplained) intensity enhancement of the
n1 guest vibrons. The situation is made more complex
through the recent result that the turnover of the Raman and
infrared vibron in solid H2 need not require charge transfer
or the onset of bond weakening [22]. Finally, the isotopic
spectra are shown to be of great importance for the iden-
tification of different site symmetries not easily detected
in x-ray diffraction. This may have significant implica-
tions for future attempts at the resolution of structures
from powder x-ray diffraction, for example in the high-
pressure phases of the solid hydrogens [23], which also dis-
play complex rotational and vibrational effects [20]. The
present data provide important constraints on structures in
the 100-GPa regime and suggest new theoretical effort will
be essential for a quantitative interpretation of highly con-
densed solid nitrogen.
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