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Raman, infrared, and x-ray evidence for new phases of nitrogen
at high pressures and temperatures
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We report the existence and characterization of a distinct class of molecular phases of solid nitrogen at high
pressures and temperatures by Raman scattering, infrared absorption, and powder synchrotron x-ray diffrac-
tion. The most remarkable is a phas#) (which is characterized by strong intermolecular interactions and
infrared vibron absorption. A second lower-pressure phageis( diatomic with orientationally equivalent
molecules. Both phases can be quenched to room temperature and are observed oved?-a vadge from
20 to 100 GPa and 30 to 1000 K. The results suggest a major revision of the phase relations of nitrogen at high
pressures and temperatures.
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[. INTRODUCTION to pressure-induced dissociation above 100 GPa.
The P-T region of the phases derived frofaN, (5,c, €,

The evolution of molecular solids under pressure consti<) is observed to be quite wid€ig. 1), apparently extending
tutes an important problem in condensed-matter physicsto the transition to nonmolecular phase"® For comparison,
Under compression, delocalization of electronic shells and-O,,° a structural analog of-N, (Ref. 12 [see alsgs-F,
eventual molecular dissociation is expected, leading to thénd CO Refs. 8 and 13is stable in a relatively narroR-T
formation of a framework or close-packed structures. HowJange, beyond which structures with collinear molecules be-
ever, this process may not necessarily be simple and direcgome energetically favorabl®,, F,) (Ref. 8 or chemical
because of large barriers of transformation between states . .
with different types of bonding and molecular structures with 4400 '
various types of orientational order, including possible asso-
ciated and charge-transfer intermediate states. Nitrogen is ar
archetypal homonuclear diatomic molecule with a very 800
strong triple bond. The phase diagram of nitrogen is complex
at moderate pressures and temperafusesl until recently o 600
has been little studied over a wider range. For example, ag
theoretically proposed dissociation of nitrogen molecules un-
der pressurewas recently confirmed experimentafly?

The phase diagram of nitrogen is shown in Fig. 1. On
room-temperature compression, the supercritical fluid at 2 2¢g
GPa solidifies to form the disorderéplastio 3 phas€. The
low P-T a and y phases represent two ways of packing
quadrupole§.At higher pressures, another class of structures
with nonquadrupolar-type ordering exis®, 0., €, ¢).5 1
The § phase is disordered with sphere- and disklike mol- ] ) ) )
ecules orientationally distributed between corners and faces F'G- 1- Phase and reaction diagram of nitrogen at high pressures
of a fcc unit cell’2 With decreasing temperature and/or in- "d temperatures. Solid thick lines are thermodynamical bound-
creasing pressure, the molecules partially order #,aN, ?r'es't.SOIt'd dcurgles tshhow the Ean's;'.tl'logs bemse?and‘;.{ phasées
phase and then completely &N,. Theoretical calculations gfssq:?;:); shlgw thlz Pyyl'orp;)intsl ; W‘?I/é?] %Sv;_(;hgsrgznwsére
confirm the stability of thee phase as the ordered phase in

he 2 Ith h imulatiofs f reached or back transformed to the known phases. The arrows show
the 2-40-GPa randé,at ough some simulatiorsfavor thermodynamic path&chematit used to react# (solid, thin lineg

tetragonal structuregbut this disagrees with available ex- anq, (dashed, thin linesphases and paths taken to investigate their
perimental data at these pressiréairther increase in pres-  gapility. The transformations to nonmoleculay-nitrogen are
sure leads to a transformation JeN,. The transformation is  shown by the open circleRefs. 4—6 and thick dotted line which
quite pronounced at 2125 GPa at low temperattfrbst at s only a guide to the eye. This region should be treated as a kinetic
room temperature the changéss measured by vibrational boundary. Phase boundaries at I6WT (open squarésare from
spectroscopy are relatively subtlé®!” The available data Ref. 2 and the melting curve is from Ref. 7. The phase boundaries
suggest that thé phase is the only high-pressure phase prioffor the @, vy, and §,, phases are not shown.
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dissociation takes plac&ase of CQ. Although the above
molecular crystals are different from the point of view of
anisotropic intermolecular forces, one would expect that at

high density the most effective packing of dumbbell mol-
ecules remains the dominant term in determining phase sta- € 6 x5
. . . . 3 r
bility prior to dissociation. ! 95 GPa
High P-T phases of such materials only recently became & _J A
accessible byn situ optical investigation due to the advances 2
made in internal heating techniqdé8 combined with the 2
- . [0}
ability to generate pressures in excess of 100 GPa. Here we g
report the existence of two molecular phases, calledd 6, c X9
. . . o © 70 GPa
which have exceptionally large regions of stability and meta- E 1
stability extending through th®-T region wheree and ¢ i ,.»-w—-"'\"\ﬁ\....._- ,
have been thought to be the only stable phases of nitrogen. x10 69 GPa
This observation establishes a distinct class of dense molecu- M
lar nitrogen phases. et , :
200 400 600 2350 2400 2450

II. EXPERIMENTAL METHODS . -
Raman Shift (cm™)

This work is part of a broad effort to understand the high
P-T transformations of nitrogen. We performed more than FIG. 2. Representative Raman spectragodnd « phases mea--
20 experiments ranging from 15 to 1050 K and up to 150sured at 95 and 70 GPa and 297 K after quenchlpg from hlgh
GPa usingin situ Raman spectroscopy and synchrotron in-temperature. The spec_tra of thigphase used as a starting material
frared (IR) spectroscopV and x-ray synchrotron diffraction are shown for comparison at the same temperature and at 69 GPa.
on temperature-quenched samples. For Raman spectroscopy
we used 514.5 and 487.9 nm and tunable red lines of a Tiseconds as determined by Raman spectroscopg:N§ is
:sapphire laser as excitation sources. The pressures were gejgated at even lower pressur@sg., 65—-70 GPait trans-
erated by Mao-Bell high-temperature diamond-anvil cellsiorms above 750 K ta-N,. It is also possible to access the
equipped with two heaters and thermocoupfe3he tem- phase fromd: we observed the transformation from the

perature was measured to withinl K below 600 K and to . phase on pressure release-a850 K at 69 GPasee
+5 K above 600 K. To determine the pressure, we uged W

situ fluorescence measurements of ruby and Sm:yttrium alu-

. . : Figure 2 shows the Raman spectra of theand @
minum garmet chips loaded in the sample chamber. Energ uenched to room temperature. In order to have spectra of all
dispersive x-ray diffraction was carried out at the beam line b ‘ P

X17C of the National Synchrotron Light SourcaiSLS) phases discussed here at similar conditions we present them
using a focused white beaf.To reduce possible texture at room temperature. The high-temperature spectraafd

problems, the sample was rockeddrand y over an angular ¢ @ré Vvery similar to ones measured upon quenching the
range allowed by the diamond backing plates. The majoritysample to 300 K. Also, at the present it is technically not
of the diffraction data, however, were collected at the 13-IDPOssible to collect IR spectra at elevated temperatures and as
beam line of GeoSoilEnviroCAREGSECARS at the Ad-  result all IR measurements were performed at 300 K. The
vanced Photon Sourc@PS).?* A focused, monochromatic Raman and IR spectra of tifephase(obtained by compres-
beam ath =0.4246 A (29.2 ke\} was used, and the data Sion at 300 K from which these phases were formed are
were recorded on a MAR charge coupled devicalibrated shown for comparison at 69 GRRig. 2) and 97 GPdFig.
with a CeQ standargl The sample was rocked im by  3).
+10° to average over as many crystallites as possible. Raman spectra of both and . exhibit vibron excitations
(Fig. 2, right panel although their number and frequencies
differ from those of all other known molecular phases. The
changes in the low-energy region of the specka. 2, left
When compressed at 300 K nitrogen transforms from thgane) for 6 phase are very pronounced. The lattice modes of
€ to ¢ phase around 60 GRaee Fig. 1. When heated at @ nitrogen are very sharp and high in intensity compared to
pressures higher than 60 GPa the material first back trangither. or { (alsoe). This is a clear indication that molecular
forms from{ to e along a boundary that we find to be on the ordering iné is essentially complete, whereas other molecu-
extension of the line established in Ref. 2 at lower temperalar phases may still possess some degree of static or dynamic
tures. At 95 GPa when the temperature reach€60 K, the  orientational disorder. The lattice modes oN, are also
transition to # nitrogen takes place. The transition can bedifferent from those il ande: they are extremely weak and
observed visually since(¢)-N, normally shows substantial broad, suggesting that this phase is not completely orienta-
grain boundaries, while after the transition to thphase, the tionally ordered.
sample looks uniform and translucent. In most cases the tran- Figure 3 shows infrared-absorption spectra of new phases
sition happens instantaneously and goes to completion withitogether with thel phase used as initial material. Again, the

IIl. RESULTS AND DISCUSSION
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T J tion of lattice-induced dipole moments or association of
molecules®~%
The pressure dependence of the Raman-active vibron
0.2 modegFigs. 4a) and 4b)] was studied on unloading at 300
K in new phases:-N, exhibits typical behavior for such
molecular crystals: branching of vibrational modes and in-
0 creasing of separation between them with pressure due to
increasing intermolecular interactions. All of the vibrational
modes originate from the same center, which is close to the
1 frequency of thev, disklike molecules ine-N,. Thus, the
= structure of thee phase is characterized by the presence of
just one type of site symmetry for the molecules and the
W_é//\_./\\M__’ large number of vibrational modes arises from a unit cell
. . having a minimum of eight molecules. For thghase, two
different site symmetries are present. The higher frequency
» v1¢ gives rise to three Raman bands and one in the IR, while
Wavenumber (cm ') the lower frequency of,, correlates with only one Raman
band. Figures @) and 4b) also show that the spectra have
FIG. 3. Infrared modes of and. phases measured at 95 and 70 several cases of frequency coincidence of Raman and IR

GPa and 297 K after quenching from high temperature. The spectr‘étibron modes, which excludes an inversion center for both
of the { phase used as a starting material were measured at 97 GIS{UCIUres. _
and are shown for comparison at the same temperature. Surprisingly, we find that thé and. phases have a very
large domain of pressure and temperature metastability. The
number, frequencies, and intensities of vibron excitationressure dependence of the Raman sp¢Eiga 4) was stud-
(Fig. 3, right panel are different from other known phases. i€d in @ wide pressure range at 300 K in both phases. Be-
In the case of-N, the spectrum differs mainly in positions cause of technical reasons, most data were taken on pressure
of the absorption bands while the IR vibron mode of the release, although experiments carried out on different condi-
phase has a much larger oscillator strength compared to othliPns did not reveal that any measurable differences in fre-
N, phasegcf. H, in phase llI(Ref. 22 ande-O, (Ref. 23]. quencies of thed and . phases depended on the sample
There is a more pronounced Raman and IR softening of thBistory. o
vibron bands of¢ nitrogen compared to the other modifica- __P€rforming x-ray analyses on lodmaterials in the 100
tions (¢, £, ande). This observation together with the pres- GPa pressure range and high temperatures is difficult due to

ence of a strong IR vibron is consistent with the existence of’€ low scattering efficiency and small openings in the dia-
charge transfefe.g., see Refs. 22—24elated to the forma- mond backing plates, leading to low signal/noise ratios. Nev-
' ertheless, we performed preliminary synchrotron x-ray dif-

fraction to confirm the existence of two new structu(em.

5). First, we found good agreement with previously reported
results for the low-pressure phagé$® Only a few reflec-
tions could be observed above 50 GPa because of strong
sample texture. The highly textured nature of the sample
could result in substantial changes in intensities of diffraction

Absorbance

A%

600 700 2400 2450

1 - Nitrogen 6 - Nitrogen

2450 | 842450

§ v 1 peaks from an ideal powder and even prevent observation of
& * o = some of them. For thé-phase results presented here, we

§ 2400 Jea00 | / oo oo combined the energy- and angle-dispersive measurements for
& o ¢ W three samples with presumably different preferred orienta-
og’Z 2 /D{“% tions of crystalltes. No major changes in the x-ray-

o :Haman diffraction patterns were observed at 60 GPa and room tem-

2350 °-R 12350 - 1 perature, corresponding to the{ transition (see also Ref.

29). This observation is consistent with vibrational spectros-

20 40 80 5 46 & 88 copy, which shows only moderate changes identified as a

Pressure (GPa) Pressure (GPa) further distortion of the cubic unit cell of thé phaset®?®In

contrast, the x-ray-diffraction patterns of the samples after

FIG. 4. Left: Ramar(open circles and infrared(open squargs €~ ¢ and e— transformations differ substantially from
frequencies of vibron modes as a function of pressure fohase.  th0Se Of thee and £ phases, and from each othfig. 5).
Right: Ramar(open circles and infraredopen squarefrequencies Tentative indexing of the peaks df nitrogen gives an
of ¢ phase. All measurements were done on the pressure release@thorhombic unit cell[e.g., with lattice parameters
300 K. Filled circles correspond to the vibron frequencies after the=6.7914), b=7.755), andc=3.761(1) at 95 GP& The
transformation to the: phase fromd and . phases. Gray lines are Systematic absences, lack of inversion center and presence of
data for thee and ¢ phases from Ref. 17. high-symmetry sitegsee aboveare consistent with space

224108-3



GREGORYANZet al. PHYSICAL REVIEW B 66, 224108 (2002

form to e-N, on unloading..-N, was found to be stable at
low temperaturegdown to 10 K at pressures as low as 30
GPa. We note that nitrogen so far has been accessed only
from -N, (see Fig. 1L The apparent kinetic boundafgpen
circles in Fig. 1 that separates these phases can be treated as
a line of instability of-N,. Likewise, the: and 6 phases
have been reached only from teephase, though they prob-
ably can be formed from$ as well. We observed that on
further increase of pressure and temperature, dhghase
does not transform to the nonmoleculamphase(to at least

135 GPa and 1050 KWe suggest that it might instead trans-
form to a(perhaps differentnonmolecular crystalline phase
on compression. This nonmolecular phase may not be easily
reached by compression at 300 K because of a kinetic barrier
separating it fromz-N,.

6, 95 GPa

[ L T Y I A AT N TN TN

1, 52 GPa

Intensity (arb. units)

Sjoc» 16 GPa
I L e e

IV. CONCLUSIONS

6 8 10 12 14

The above results provide important insights into the be-
) ) ) havior of solid nitrogen at high pressures and temperatures.
FIG. 5. X-ray diffraction patterns of nitrogen phases measured]—he .-phase appears to represent a different kind of lattice
at different pressures and 297 K. Asterisks denote diffraction fro"bonsisting of disklike molecules, presumably packed more

the Re gasket. AD and ED refer to angle- and energy-dispersivecsicianty compared to the mixed disk- and spherelike

techniques. For the ED pattern, thé %vas calculated using g . . o
=0.4246 A. Ticks show the calculated positions of the x-ray reflec-.5 family structures. The phase is more complex. Its strik

tions proposed structure of these phae text. Despite the use ing vibr_ational properti_es indic_ate that it is chgracterized by
of sample rocking, intensities of some diffraction lines are affecteoStrong mtermolecuzlfr mtezrglcuons’ p%%haps Wlth SO”.‘e anal-
by sample texturée.g., § phase. ogy to H-phase 115" €-0,,“% or CO,-I1.°" If the interactions

are strong enough, the phase may be related to theoretically
groupsPma2, Pmr2,, Pme2,, Pnc2, andP2,2,2. The predicted polyatomic specié$but this requires further in-
a/c is close toy3, which suggests that the lattice is derived vestlga_tlolr;. Our dlatahshr?w that the nﬁw phases arehthermo—
from a hexagonal structure. Extrapolation of the equation oflyna@mically stable high-pressure phases since they are
state ofe-N, measured to 40 GP@ef. 27 shows that vol- formed irrespective of thermodynamic path. Indeed, our data
ume for this phase is about 14 /fnolecule at 95 GPa, which indicate thatg—_Nz may be metastgble n muc.h of MGT.
gives an upper bound assuming a pressure-ind(teusity- range over which it is obser\_/ed, since it is typically obtained
driven) transition. Comparison with the experimentally de- only as a result of compression &t 500 K of thee-_Nz (see_
termined unit-cell volume (198 A suggests 16 molecules also Refs. 6 and 2)6A.n_ Important gengral conclusmn_c_)f t.hls
in the unit cell, giving 12.4 A/molecule in thed phase and work is that the definitive determination of the equilibrium
an 11% volume collapse at thed transition. The number of phase relations of nitrogen is more complex than previously

molecules is in agreement with vibrational spectroscop);hought due the presence of substantial transformation barri-

data, although it is possible to describe the vibrational specs's between different classes of structures. These structures

tra with a smaller numbefup to 8 include the well-known phases based on weakly interacting
In order to better understand tiReT provenance of new N>, molecule€ the recently observed nonmolecular ph‘élge,

phases and their relation with other polymorphs of nitrogelﬁnd the strongly interacting molecular phases documented

(Fig. 1), we pursued extensive observations in different parts'€"®:

of the phase diagram. The new phases are found to persist

over a wideP-T range. As noted above, both phases could be

quenched to room temperature. On subsequent heating, the ACKNOWLEDGMENTS
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