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Triple Point on the Melting Curve and Polymorphism of Nitrogen at High Pressure
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Raman spectra of solid and fluid nitrogen to pressures up to 120 GPa and temperatures up to 2500 K
reveal that the melting line exhibits a maximum near 70 GPa, followed by a triple point near 87 GPa, after
which the melting temperature rises again. Fluid nitrogen remains molecular over the entire pressure range
studied, and there is no sign of a fluid-fluid transition. Solid phases obtained on quenching from the melt
above 48 GPa are identical to the recently discovered ¢ and ¢’ phases. We find that kinetics plays a major
role in the experimentally observed phase changes and account for the metastability of various crystalline
molecular phases and the existence of an amorphous single bonded 7 — N.
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As an archetypal diatomic system, nitrogen is an excel-
lent testbed for refining models of physical and chemical
processes that occur under extreme pressures (P) and
temperatures (7). However, static diamond anvil cell
(DAC) experiments on nitrogen [1-8] have not yet ex-
plored the P — T conditions near the melting line (>
20 GPa) and in the regime approaching polymerization
inferred from theoretical calculations [9] and shock-wave
experiments (see [10] and references therein). The P — T
conditions of synthesis of the polymeric cubic gauche
nitrogen, cg-N [6,9] are estimated to be P > 110 GPa
and 7 > 2000 K. Nevertheless, in situ phase identification
at high P and T has not been reported. It has been sug-
gested that at 120 GPa, the melting temperature of mo-
lecular nitrogen is around 2000 K based on visual
observations [6]. Recently, similar observations were
used to determine the melting line of nitrogen to 71 GPa;
a sharp maximum at 50 GPa was interpreted as due to a
fluid molecular to fluid polymeric phase transition [11].
Here we report in situ Raman measurements in the laser-
heated DAC that extend the melting line up to 120 GPa.
The results show that nitrogen remains in a diatomic
molecular form under these conditions. The melting line
flattens above 50 GPa and shows nonmonotonic behavior
due to a triple point at 87 GPa and 1550 K. These results
provide an explanation for the amorphization of nitrogen at
low and moderate temperatures above 120 GPa [2-4].

A variety of heating and Raman techniques were used in
this work. Raman (laser heating) with continuous wave
(CW) probe (heating) [12,13] was performed to 86 GPa. A
thin Ir plate with a central hole was used to absorb incident
laser light and thus heat the sample [12—14]. Thin alumina
plates, or alternatively alumina deposited directly on to the
anvils, ensured adequate thermal insulation. Pulsed laser
heating in combination with a pulsed Raman system [15]
was used for experiments in the 50-120 GPa pressure
range and at temperatures of up to 2500 K. The heating
pulses (from an electrically modulated fiber laser) were
approximately 2 ws long with a repetition rate of 10 kHz.
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The Raman probe laser (wavelength 532 nm and pulse
length 25 ns) and a gated intensified CCD detector (oper-
ating with a corresponding gate width) were synchronized
with the heating laser. The sample temperature was highest
10-20 us after the arrival of the heating laser pulse, so the
Raman measurements were performed in the correspond-
ing time window. For both CW and pulsed heating experi-
ments, the total accumulation time normally did not exceed
10 s; during this time the sample temperature was stable
based on the repetitive Raman and pyrometric measure-
ments of the coupler temperature before and after Raman
spectra collection. More than 30 experiments were
performed.

Temperature gradients in the laser heated DAC are
typically large (e.g., [16]), and radiometric measurements
of thermal emission emitted by the coupler are often ex-
pected to differ significantly from the temperature of the
actual sample (e.g., [17]). Temperature measurements
based on observations of physical properties of the sample
itself are potentially more reliable. In the pressure range
below approximately 50 GPa in CW laser heating experi-
ments, temperature was determined from the relative in-
tensity of the Raman sidebands corresponding to
vibrational transitions (vibrons) from thermally excited
levels [14] and from the ratio of anti-Stokes to Stokes
peaks (e.g., [18]). At higher pressures, the latter method
becomes more useful because of pressure-induced broad-
ening of the vibron bands (including the sidebands). All
pressures reported here refer to ruby fluorescence measure-
ments performed before and after heating (which did not
differ by more than 1 GPa).

We studied that pressure range where a number of
orientationally ordered molecular phases were found to
be stable (or metastable) at room temperature (17—
120 GPa), namely ¢, ¢, and « (e.g., [7]). Before performing
a heating cycle, we always preheated the sample (to ap-
proximately 1000 K when thermal radiation becomes vis-
ible) to relax the stresses that are built up during the
compression at room temperature. This normally results
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in narrowing of the Raman bands recorded at room tem-
perature. Below 48 GPa initial room temperature phases
were recovered after cooling from the highest tempera-
tures. Above 48 GPa, laser heating above the melting line
results in the transformation upon cooling to another mo-
lecular phase identified as ¢ nitrogen (N,) [5] based on the
Raman spectrum. Above approximately 70 GPa, yet an-
other molecular phase appears after quenching, but traces
of ¢+ — N, could be observed up to 114 GPa. The Raman
spectra of this high-pressure phase correspond to those
reported in Ref. [4] for {/ — N,—the product of the back
transformation at high temperature from the amorphous
polymeric phase, 1 [2,3].

In situ high-temperature measurements (Fig. 1) show a
phase transformation to 6 — N,, which is partially orienta-
tionally disordered. This transition was traced in resistive
heating Raman experiments to 34 GPa [5]. At the transition
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FIG. 1 (color). Raman spectra of laser-heated nitrogen at high
static pressures. Arrows indicate the Raman peaks which were
used for the phase and melting diagnostics (see text). (a) and
(b) vibron Stokes spectra. (c) low-frequency, and (d) the entire
spectra. The deconvolution of a Raman spectrum at 47 GPa and
1550 K is shown in (a) to illustrate the spectral components that
are involved in the melting and temperature determinations.
Combined uncertainties in determination of the band integrated
areas is approximately 30%, which propagates to 6% uncertainty
in temperature. Single peak fits to the vibron bands are shown in
(c) to illustrate the broadening at the melting (FWHM = 23 and
30 cm ™! for 1590 and 1840 K curves, respectively). Red lines—
fluid, blue lines—solid.

[Fig. 1(a)], the v, vibron splitting disappears and the v,
vibron (v, and v, correspond to molecules, which occupy
sites with different symmetries, e.g. [19]) becomes
strongly temperature dependent, both characteristic of 6 —
N, [19]. In some experiments we also observed a change in
the low-frequency phonon spectra at the transition: com-
plex multiline spectra of orientationally ordered phases
transform to a single broad band of 6 — N, [Fig. 1(c)].
Using these features, we traced the presence of 6 — N, to
83 GPa (Fig. 2). At higher pressure, heating of {/ — N,
causes a frequency increase and a broadening of the v,
vibron band [Fig. 1(b)] due to transformation to ¢ — Nj [5]
(v, vibron band becomes weak under these conditions [2]).
Heating of ¢« — N, results in the same transformation, so
there is no need to differentiate the melting behavior dis-
cussed below.

Below 83 GPa melting of nitrogen can be detected by
observing a red shift of the v, vibron [Fig. 1(a)] and a
disappearance of the v, vibron. Coexistence of the solid
6 — N, and a molecular fluid is clear from the Raman
spectra [Fig. 1(a)] and is due to temperature gradients in
the sample cavity. The temperatures of solid and fluid
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FIG. 2. Phase diagram of nitrogen. Solid symbols indicate data
obtained in the present work. Temperature error bars correspond
to the propagated errors in the Raman peak intensity determi-
nation (Fig. 1) and the temperature probe intervals. Pressure
error bars are the estimated largest uncertainties related to
pressure measurements at room temperature and pressure drift
during heating. Diamonds are the melting data reported in
Ref. [11], crosses are the melting data reported in Ref. [1].
The inset shows the relative abundance of solid and fluid phases
determined from the relative intensities of the corresponding
Raman vibron peaks in Fig. 1(a). Temperatures were determined
from the relative intensities of the sidebands. Arrows connect
points determined in the same measurement.
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components determined from the intensity of the Raman
sidebands were within 200 K when thermal insulation was
employed, implying measured melting temperatures of
corresponding uncertainties (we determined the melting
temperature by averaging the highest obtained in the solid
state and the lowest in the fluid state). Above 83 GPa
melting is indicated by a disappearance of lower frequency
phonon modes [Fig. 1(d)] and broadening of the v, vibron
[Fig. 1(b)].

The melting line determined here (Fig. 2) agrees well
with that obtained in lower-pressure resistive heating ex-
periments [1]. The results below 50 GPa presented here
include observations from Ref. [12]. Here we performed a
more rigorous analysis of the data, which included consid-
eration of the splitting of the vibron bands and sidebands
due to melting; this shifted the melting line to higher
temperatures. Our data below 50 GPa after correction are
lower than those reported in Ref. [11]. This inconsistency
is most likely due to the difference in temperature mea-
surement techniques (the method of Ref. [11] yields the
surface temperature of the coupler, which is higher than the
bulk of the sample [17]). Also, unlike Ref. [11], we did not
observe a sharp maximum at the melting line at 50 GPa.
Instead, we observe a slow turnover and a broad maximum
near 70 GPa. It should be noted that the beginning of the
decline of the melting line in the experiment of [11]
coincides with the observations of formation of ¢ — N, in
the quenched sample. We suggest that melting and forma-
tion of ¢ — N, could be confused in the experiment re-
ported in Ref. [11] since exclusively visual diagnostics
were performed (see also Ref. [20]), while the correspond-
ing temperatures may have been overestimated (see
above). In contrast our in situ Raman measurements pro-
vide fingerprints of the material’s state. Our Raman spectra
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FIG. 3. Pressure dependence of the frequencies of the Raman-
active vibrons of solid and fluid phases of nitrogen.

of the quenched sample show coexistence of ¢ and & (¢’ at
higher pressures) N, in the quenched sample and the visual
observations are quite similar to those reported in
Ref. [11]. Our melting line (Fig. 2) indicates a triple point
near 88 GPa. At higher pressures we could not observe
characteristic features of 6 — N,. The data thus support the
existence of a triple point between fluid, 6-, and € — N, at
88 GPa and 1550 K.

The frequency of the Raman-active vibron of fluid nitro-
gen shows a turnover and a shallow maximum near 80 GPa
(Fig. 3). We find this mode to be only weakly temperature
dependent to 2500 K. The solid €, {, « phases at room
temperature show a similar pressure dependence of the v,
and v, vibrons. Raman frequencies of 6 — N, near the
melting are between those of the v and v, vibrons at room
temperature (Fig. 3). Naturally, the difference in the »,
frequency for 8 and &(¢) — N, vanishes near the triple
point.

The presence of a maximum at the melting line indicates
that fluid nitrogen becomes denser than solid 6 — N, in the
pressure range between the maximum and the triple point.
This could suggest the existence of a fluid-fluid transfor-
mation [11,21]. However, the continuity of our Raman
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FIG. 4. Proposed high P — T phase diagram of nitrogen. Thin
black solid lines determined previously; thick black solid lines:
phase boundaries determined in this work. Dashed gray line—
kinetic boundary between &, {,x and ¢, 6, 5 phases, Refs. [3-5],
triangle—transitions to ¢, squares to 6, circles to 1 phases.
Dotted gray line—metastable extrapolation of the melting line.
Light gray area—proposed phase boundary of cg-N (see text)
and melting line of cg-N (no data are available). For determi-
nation of the slope of the cg-N phase line we used the equations
of state [6,7,22,23] and estimations of the vibrational entropy
from Refs. [2,6-8,24]. Dash-dotted gray line—the fluid-fluid
transition proposed in Ref. [10]. At high temperature it passes
through 7000 K at 90 GPa (not shown) according to shock-wave
experiments. Black open diamonds—the P — T points where
polymeric cg-N was synthesized [6—8].
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spectra in the fluid phase provides no evidence for such a
transition. Moreover, judging from the presence of the
high-frequency vibron band (Fig. 3) due to the N, triple
bond, fluid nitrogen remains essentially molecular in the
pressure range studied. However, if fluid nitrogen near the
maximum at the melting line is a two-component system
[21], the changes in the Raman spectra may be too subtle to
be observed.

A negative slope of the melting line in the pressure range
of 66-87 GPa suggests the possibility of pressure-induced
amorphization at higher pressures and low temperatures as
seen in numerous other materials (H,O, SiO,). Indeed, the
amorphous single bonded nitrogen, 1 [2-4] occurs at
pressures above the metastable extrapolation of the melting
line (Fig. 4) [7,8]. We find that this kinetic boundary is
within the stability range of cg-N which we determine by
estimating the slope of the equilibrium phase line between
molecular (¢ and ¢) and polymeric (cg-N) phases and
using the results of this work and the previously reported
synthesis conditions of cg-N [6-8] as constraints (Fig. 4).
The results clearly show that » — N is a metastable non-
equilibrium state; it transforms to thermodynamically
stable cg-N when heated above a corresponding devitrifi-
cation temperature (Fig. 4) [6-8].

A number of molecular phases has been observed here
and previously [5,6] in the pressure range of 50-120 GPa
and elevated temperatures. The data of this work show that
the {-phase (also « and 1 phases, which appear on further
compression) can only be accessed at T < 600 K from & —
N,. If cooling down after heating to higher temperature or
on decompression, these phases never appear; we therefore
suggest they are metastable (see also [5]). Using the same
criterion, € — N, is only thermodynamically stable near
the € — O phase line. It transforms to t— and § — N, along
a kinetic boundary that interestingly lies on the extrapola-
tion of the k — 7 kinetic line to lower pressure. The results
of this work show that ¢« — N, can be formed at pressure as
low as 48 GPa. It can also be obtained by unloading # — N,
at 840 K [5]. Thus, we suggest that the ¢- phase has a
domain of stability in the P — T phase diagram. Using the
same criterion, ¢’ — N, should also have a stability do-
main: it can be obtained by cooling from the fluid state at
70-120 GPa or by back transformation from 1 — N on
pressure decrease. This complex polymorphism shows that
several molecular phases have very similar enthalpies, so
kinetics plays a major role in the experimentally observed
phase changes. The kinetic line suggested here (see also
Ref. [20]) between the phases of the € class (g, ¢, k) and
other phases (¢, 6, 7) indicates the presence of kinetic
barriers related to substantial differences in their structures.

In conclusion, Raman measurements combined with
laser-heated DAC techniques provide a self-consistent pic-
ture of the phase diagram of nitrogen to 120 GPa and
2500 K. Measurements of the melting line and the vibra-

tional properties of fluid nitrogen to these conditions reveal
a triple point between two solid molecular and fluid phases
at 87 GPa and 1550 K. The melting line has a negative
slope prior to the triple point, and thereafter becomes
positive. The sharp maximum in the melting line reported
in Ref. [11] at 50 GPa is most likely related to the presence
of other stable or metastable molecular phases above this
pressure.
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