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Dense nitrogen exhibits fascinating molecular and extended polymorphs as well as an anomalous
melt maximum at high temperatures. However, the exact solid-liquid phase boundary is still the
subject of debate, as both creating and probing hot dense nitrogen, solid and fluid alike, poses unique
experimental challenges. Raman studies of nitrogen were performed to investigate the melting curve
and solid-solid phase transitions in the pressure-temperature range of 25 to 103 GPa and 300 to
2000 K. The solid-liquid phase boundary has been probed with time-resolved Raman spectroscopy
on ramp heated nitrogen in diamond anvil cell (DAC), showing a melting maximum at 73 GPa and
1690 K. The solid-solid phase boundaries have been measured with spatially resolved micro-confocal
Raman spectroscopy on resistively heated DAC, probing the δ-ε phase line to 47 GPa and 914 K. At
higher pressures the θ -phase was produced upon a repeated thermal heating of the ζ -phase, yet no
evidence was found for the ι-phase. Hence, the present results signify the path dependence of dense
nitrogen phases and provide new constraints for the phase diagram. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4885724]

I. INTRODUCTION

Simple molecular crystals at high pressure are character-
ized by strong intramolecular covalent bonds and weak inter-
molecular van der Waals interactions. The evolution of these
systems under high pressures and temperatures is of funda-
mental scientific and technological importance1 contributing
to the field condensed matter physics and material sciences.
Under sufficient compression, the nature of inter- and intra-
molecular interactions alters significantly and can give rise
to new states of matter and interesting phenomena such as a
melting maximum (the point on the solid liquid phase bound-
ary at which ∂T / ∂P = 0 on a phase diagram). Often observed
are the transformations of dense molecular species into ionic,
metallic, and/or extended non-molecular phases.2–4 However,
the progression towards eventual electron delocalization and
new chemical bonding is not always straight forward. As the
molecular solids are compressed, they may undergo struc-
tural phase transitions with various types of orientational or-
der such as those seen in CO2 and H2O.5, 6 Understanding
the phase transitions and behavior of simple molecular sys-
tems over a wide P-T range and mapping the solid/solid and
solid/liquid transitions is vital as they affect the energetic
and kinetic barriers associated with transitions to extended
structures.7

Nitrogen represents a classical diatomic system with a
strong triple bond (N≡N) which is extremely stable at am-
bient conditions as well as under high pressures. For this
reason nitrogen is considered to be a model system for un-
derstanding condensed matter theory of physical and chem-
ical transformations.8 Under modest compression nitrogen
exhibits fascinating polymorphism with five solid molecular
phases (α, β, γ , δ, ε) at pressures as high as 10 GPa and below

300 K. The low temperature phases of nitrogen are the orien-
tationally disordered cubic α-phase9 and ordered tetragonal
γ -phase10 which are controlled by quadrapole-quadrapole in-
teractions. Upon isothermal compression at 300 K, fluid N2

solidifies into the disordered hexagonal β-phase at 2.4 GPa,11

and into the cubic δ-phase at 4.9 GPa,12 which exhibits both
spherical and disk-like orientational disorder. Further com-
pression reveals a distortion of the cubic lattice at 10.5 GPa
to that of the tetragonal δ∗-phase13 followed by the orienta-
tionally ordered rhombohedral ε-phase14 at 16.3 GPa, and the
ζ -phase15, 16 at 60 GPa with proposed orthorhombic structure.
These solid nitrogen phases have been studied extensively
over a wide P-T range,9–18 however the δ-ε phase boundary
is not well known at high pressures and temperatures. Re-
cent experimental work has lead to the discovery of two new
phases of molecular nitrogen, ι and θ -phases.19 The phase
boundaries and formation of the latter two phases are, how-
ever, not well understood as they are only accessible at high
pressures and temperatures.

The melt line of nitrogen is well defined in the low pres-
sure region from 0–18 GPa up to 897 K.20 Above this range
the melt curve is the subject of some debate. The nitrogen
melt curve has gained significant attention as first-principles
theoretical calculations21 predict a melting curve maximum
and a first-order liquid-liquid phase transition, similar to those
found in its periodic analog phosphorous.22, 23 Recent calcu-
lations suggested that nitrogen may also transform from a
molecular liquid to a polymeric fluid.24 Two experimental
studies have probed the melt curve to higher pressures and
temperatures (up to 120 GPa and 2500 K),25, 26 however the
results of these studies largely disagree, likely stemming from
differences in the methods to probe the onset of melting and
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the determination of temperature. Hence, the purpose of this
report is threefold: (i) to resolve the longstanding dispute of
the high P-T melting curve and the possibility of a melting
curve maximum and existence of a first order liquid-liquid
phase transition, (ii) to probe the solid-solid transitions of the
δ-ε-ζ -phases at high temperatures and investigate the exis-
tence and phase range of the ι and θ -phases, and (iii) to un-
derstand the path-dependent transformations of dense nitro-
gen phases.

II. EXPERIMENTAL METHODS

Investigating nitrogen at high pressures and temperatures
creates unique experimental challenges from the high mass

FIG. 1. (a) The sample chamber of the DAC at 49 GPa before laser heat-
ing. The metal absorber used to heat the sample is approximately 60 μm
wide and 5 μm thick with an inner diameter of approximately 8 μm. (b) The
glowing metal absorber during the heating process. Liquid nitrogen can be
seen extending out from the outer edge of the absorber. Light just outside
the center sample cavity was used to determine temperature through spectral
radiometry.

and thermal diffusivities. In order to probe the region of inter-
est, greater than 20 GPa with temperatures exceeding 2000 K,
two experimental methods were employed. First, the melt
curve was determined using laser heated diamond anvil cell
(DAC) techniques27 and Raman spectroscopy. In the pressure
range of interest nitrogen is optically transparent and will not
readily absorb radiation from the heating laser. Thus an indi-
rect heating method was employed using a tantalum toroid as
a thermal absorber which is easily heated by available laser
radiation sources.28 The average dimensions of the metal ab-
sorber were ≈60 μm in diameter and 5 μm thick with the
central aperture ≈8 μm in diameter as seen in Figure 1(a).
Heating was performed using a single sided 1070 nm 100 W
ytterbium fiber laser operating in a controlled trapezoidal
pulse mode with pulse lengths averaging 75 s allowing for
a slow continuous temperature increase and decrease (Fig. 2
inset). The near-IR laser was defocused to approximately
50 μm in diameter produce a uniform heating of the toroid.
Figure 1(b) shows the uniform heating of metal absorber.
The hot nitrogen contained within the central aperture was
probed with a confocal time-resolved Raman spectroscopy in
a backscattering geometry29 using a high powered 532 nm
laser and a gated and intensified CCD detector. The Raman
probe laser spot size was focused to ≈5 μm in diameter to fit
inside the toroid aperture. In general 50 spectra were taken
with 1 s exposure per spectrum during the heating/cooling
cycle. Pressure was determined through ruby luminescence30

and confirmed with the high frequency edge of the diamond
phonon31 and the calibrated nitrogen vibrational frequency.
Pressure measurements were made before and after the heat-
ing cycle and did not vary more than ±1 GPa. The thermal
pressure of the sample during heating is unknown and is esti-
mated to be less than 10%.32

Temperature measurements were made by collecting the
thermal radiation from the absorber in the area just a few mi-
crons around the central aperture and fitting it to the Planck

FIG. 2. Fitting of the spectral irradiance taken at 49 GPa with the Planck’s
gray body radiation equation to determine temperature of the laser heated
sample. Inset shows the trapezoidal laser pulse profile used to heat the sam-
ple, the synchronized time-resolved temperature measurements that follow
the pulse profile.
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radiation function using emissivity and temperature as free
fitting parameters.33 A gray body approximation was invoked
whereby the emissivity of the absorber was held constant as
a function of both wavelength and temperature. It has been
shown that the error associated with this approximation is
quite low when fitting irradiance in the spectral regions be-
low 1000 nm.34 However at the highest temperatures, greater
than 1500 K, error may be on the order of 100 K due to the
unknown emissivity wavelength dependence.35 The thermal
spectrum was collected in a time resolved manner and syn-
chronized to collect light in the middle of the Raman col-
lection period with an average exposure of 10 ms. Shown in
Fig. 2 is a typical example of the fitting of the collected ther-
mal radiation under ramp heating just below the melt line of
nitrogen with statistical error of ±3 K. Spectrum collected
at higher temperatures above the melt line often had slightly
nosier spectrum with a less accurate fitting with a fitting error
on the order of ±10 K. The cause of this is the thermal ex-
pansion of the sample chamber and the DAC at extreme tem-
peratures (usually greater than 1500 K). The focal distance of
the sample is slightly perturbed causing the slightly noisier
spectrum. The fitting of the time-resolved thermal radiation
spectra was treated consistently across the entire temperature
range to determine the most accurate data. As evident in the
Fig. 2 inset, the continuity of the fitting process determined
temperatures that closely follow the ramp laser power profile.

Additional sources of error in the determination of tem-
perature of the hot dense nitrogen may come from radial or
axial temperature gradients in which the sample is colder than
the metal absorber. In theory, a material with low thermal
conductivity would suffer from radial temperature gradients
the farther the sample is from the heat source, and the high
thermal conductivity of the diamonds would produce an axial
temperature gradient as well. This of course is largely depen-
dent on the particular setup of the sample chamber. Current
experimental techniques do not allow for the authors to deter-
mine the temperature gradients (both radial and axial) within
the small central aperture of the metal toroid cavity as the in-
ner sample cavity is far too small, and the sample chamber
much too thin (not more than 10 μm thick). Fluid nitrogen
phase is mobile, which will reduce the possible temperature
gradients. As can be seen in Fig. 1(b) fluid nitrogen can be
seen extending considerably beyond the outer diameter of the
metal absorber. There may be a temperature gradient within
the sample cavity, but we propose that it will be small given
circular uniform heating from the particular size and shape
of the metal absorber (which was never more than 10 μm
in diameter), and the light convecting nature of the nitrogen
sample. Thus, by probing exclusively the nitrogen contained
within the small center cavity of the metal toroid the tempera-
ture error is expected to be well within the error of the Raman
determination of the phase transition.

Maintaining and measuring temperatures below 800 K
with laser heating and optical pyrometry are quite challeng-
ing due to the high thermal conductivity of diamonds and
relatively low thermal emission of metal absorbers. There-
fore, to investigate the lower temperature solid phases (300–
1000 K), a second method was used to externally (or ohmi-
cally) heat the DAC. He-gas driven membrane DAC was

adapted to maintain long-term thermal and mechanical sta-
bilities and small pressure/temperature gradients at high tem-
peratures. This was accomplished by performing the heating
experiments in a vacuum chamber to prevent oxidation of the
cell and graphitization of the diamond. Dual internal micro
heaters were built to heat the sample while minimizing possi-
ble temperature gradients with temperature measured by ther-
mocouples in contact with both diamonds.36 The mechani-
cal stability of the sample chamber was improved by the use
of W-Re gaskets which held constant pressures at temper-
atures in excess of 900 K. Pressure was measured through
ruby luminescence,30 and corrected for temperature at high T
to determine the most accurate pressure possible.37 At tem-
peratures higher than 500 K we measured the shift of the
7D-5F fluorescence line of the SrB4O7:Sm2+ compound for
in situ pressure determination. The shift in the fluorescence
line with pressure has been calibrated by Datchi et al.,38 and
unlike ruby does not require temperature correction. It is dif-
ficult to maintain constant pressure in isobaric experiments
during heating due to slight thermal pressure. To counter
this temperature increase was slow thus maintaining constant
pressure was achieved through the manipulation of the gas
pressure of the membrane DAC. The vacuum vessel was out-
fitted with glass windows to allow for visual and spectro-
scopic analysis of the sample during heating.

III. RESULTS AND DISCUSSION

A. Laser heating and the melting curve

The melting curve was probed from 20 to 89 GPa utiliz-
ing the laser heating method described above. In this pressure
range melting was determined in situ (Fig. 3) through changes

FIG. 3. (a) The heating and (b) cooling cycle of ε-phase nitrogen at 49 GPa
as it is driven from 300 K into the fluid phase and back to 300 K. The solid
nitrogen remains as ε-phase as it is heated and cooled.
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in the vibrational spectrum. Raman scattering was collected
in both the heating (Fig. 3(a)) and cooling (Fig. 3(b)) cycle
as shown. At 49 GPa and 300 K the solid nitrogen is in the
ε-phase with four clearly resolvable characteristic Raman fre-
quencies at 2399.6 cm−1 ν2c(2c), 2405.1 cm−1 ν2c(2a), 2410.6
cm−1 ν2b, and 2444.2 cm−1 ν1.39 The peak splitting seen in
nitrogen is caused by nitrogen molecules occupying different
site symmetries in the rhombohedra lattice. As the sample is
heated the ν2 vibrons slightly blue shift and broaden while
the ν1 vibron slightly red shifts and becomes broader as well.
These peaks (deconvoluted) are visible to high temperatures
just below melt as seen in the strong asymmetry of the ν2 vi-
bron at 1451 K in the heating cycle (Fig. 3(a)). A transforma-
tion to the partially orientationally disordered δ-phase would
be indicated by the loss of the splitting of the ν2 as only a
single ν1 and ν2 are present in this phase which correspond
to the molecule occupation of sites with sphere and disk like
disorder. Our results indicate that nitrogen entered the fluid
state from the solid ε-phase as ν2 splitting can be seen before
entering the melt. In the fluid state the distinction of site sym-
metry is lost, as nitrogen is completely disordered. Thus, this
was taken as the evidence of melting. The melting point was
then chosen to be in between the lowest temperature where a
solid is still visible just before melting and the highest tem-
perature where the liquid is visible from both the heating and
cooling cycles (Fig. 4) as seen in the vertical error bars. Upon
cooling from the melt, nitrogen regains the ν1-ν2 vibrational
splitting in the Raman spectra as the molecules lock into lat-
tice positions. As seen in Fig. 3(b), the cooling at 49 GPa
demonstrates the return of the ε-phase nitrogen with peak po-
sitions at 300 K recorded at 2399.6 cm−1 ν2c(2c), 2405.8 cm−1

ν2c(2a), 2410.6 cm−1 ν2b, and 2444.2 cm−1 ν1. Thus, indicat-
ing ε-δ solid structural transition was not observed as the solid
nitrogen is heated into, or cooled from the liquid phase. The

FIG. 4. The phase diagram of N2 in the region of melting. Solid black circles
are from the present study, and the black solid line fit to the Kechin equation.
Solid black squares from Ref. 19, open red squares from Ref. 24, and open
blue triangles from Ref. 25 also fit to the Kechin equation (the dashed blue
line). The inset shows sample with a metal toroid absorber used in laser-
heated studies at 49 GPa.

peak shifts, disappearance and return of the ν1 vibron seen
in Fig. 3 at 49 GPa is typical of the changes seen throughout
the pressure region studied with laser heating. The δ-ε tran-
sition occurs at 16.3 GPa at room temperature, however the
changes in both the low and high frequency Raman modes
from the slow rhombohedral distortion are subtle, especially
with increased thermal broadening. Detecting the ε-δ at pres-
sures at pressures lower than 45 GPa is difficult due to the
small differences in the Raman spectra where changes in the
vibrational spectrum are not easily resolvable. Therefore, no
solid-solid transitions were observed with laser heated sam-
ples, however, the disappearance of site symmetry was clearly
visible through the pressure range studied to unambiguously
determine melting. The error bars in Fig. 4 are a product of
the error in determining the solid-liquid phase change from
the melting and solidification indentified in the Raman spec-
tra, not from error in the temperature determination which is
presumably smaller.

The melt curve from this study represented in the high
temperature phase diagram of Fig. 4 has been fit to the Kechin
equation,40 Tm = T0(1 + �P/a)bexp ( − c�P), (a thermo-
dynamic equation of state that allows for a maximum in
the melt curve) with ambient pressure melting temperature
T0 = 63.2 K from Ref. 20. The proposed melt curve is
in strong agreement with the existing low temperature melt
line20 and at higher pressures exhibits a broad melting max-
imum at 73 GPa and 1690 K. This melting maximum thus
implies that the liquid has become denser than the underlying
solid giving rise to a volume reduction as nitrogen enters the
liquid state. The origin of the downturn in the melting max-
imum can be interpreted in several ways. A structural phase
transition in the solid, such as the δ-ε transition, may be the
source of the broad downturn. This is unlikely however as no
change in the crystal structure of solid nitrogen was observed
above 49 GPa at any temperature and the density differences
between the two phases at high pressure are small, likely hav-
ing little impact on the slope of the melt curve. This downturn
may also be interpreted as a transition in the liquid from a
molecular liquid to a polymeric fluid as predicted by Donadio
et al.41 to take place at ≈88 GPa and 2000 K and whose theo-
retically proposed high pressure melt curve slope agrees very
well with the current study. However, at the maximum tem-
perature probed in this study, 2178 K at 75 GPa, nitrogen still
exhibits a strong molecular vibration in the fluid state without
an evidence of N = N and/or N–N vibrational peaks associ-
ated with the polymeric fluid. Even at 89 GPa and 1733 K
the nitrogen Raman spectra are distinctively in the frequency
range of N≡N triple bond vibrations. Thus, the present study
found no evidence of a first-order liquid-liquid transition in
the vicinity of the melting maximum. Nevertheless, it is en-
tirely possible that the high pressure liquid is a two or more
component system that includes molecular and polymeric flu-
ids of nitrogen allotropes with smoothly varying composition
across the melting maximum. As such, the changes in the
fluid nitrogen beyond the maximum and just above the melt
line may be too subtle to resolve with current experimental
techniques.

In comparison to the previously reported melt
curves,20, 25, 26 the present melting data are different in
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both temperature and pressure for most of the melt range.
Reference 25 reported a linear extension of Ref. 20 and
a sharp melting maximum at 50 GPa and 1920 K, and
subsequent linear decrease in the melt line as seen in Fig. 4.
Our data are in good agreement with Ref. 20, extrapolated
below 20 GPa, and Ref. 25 to approximately 30 GPa. Beyond
this range the melt line and that of Ref. 25 diverge with
our data being lower in temperature and exhibiting a slight
curvature and slow turnover in the melt curve giving a broad
melting maximum. The differences between our data and
that of Ref. 25 are likely due to the different methods used
to determine the onset of melting. Whereas the current study
employed Raman spectroscopy, Ref. 25 utilized visual obser-
vations from laser speckle motion exclusively to determine
the melting transition, with temperature determined from
optical pyrometry in both studies. It has been noted that
strong recrystallization effects from temperature cycling
and a large increase in the viscosity of the liquid at high
pressures decrease the certainty in movement of the laser
interference pattern, thereby, creating substantial difficulties
in determining the onset of melt.25 Raman spectroscopy, by
comparison, directly probes the vibrational signature of a
system, which is extremely sensitive to its environment and
the nature of bonding. Observing changes in the vibrational
spectrum allows for a more accurate determination of the
solid-liquid phase transition.

In contrast, the melt data reported from Ref. 26 (which
we also fit to the Kechin equation38) were determined by Ra-
man spectroscopy and follow a similar curvature to our data
with a maximum at 73 GPa and 1585 K. The obvious dif-
ference is the reported temperature of melting being ≈120 K
below our data throughout the pressure range studied. Extrap-
olating the melt line of Ref. 26 to pressures below 20 GPa
reveals a phase line significantly below that of Refs. 20, 25,
and the current work. The similarity in the melt line curva-
ture suggests that it is the method of determining temperature
that accounts for the discrepancy. Temperature from Ref. 26
was determined through Stokes/anti-Stokes intensity ratio of
the peaks of the molecular vibron and sidebands from ther-
mally excited states. In principle, this should yield accurate
temperatures by probing an intrinsic property of the material.
However, extrapolating the low pressure region of the melt
curve below 20 GPa shows that Ref. 26 is substantially lower
than the well defined phase line from Ref. 20. There are mul-
tiple challenges associated with using Stokes/anti-Stokes in-
tensity ratios for the determination of temperature. The fun-
damental vibrational frequency of nitrogen is ≈2400 cm−1

under high pressures. The Boltzmann distribution of the first
excited state of these higher energy vibrations is quite low,
thus only at higher temperatures can one make an accurate
determination of the temperature. Moreover, it is necessary
to integrate over all vibrational and lattice modes to deter-
mine temperature accurately which can become very difficult
at high temperatures, caused by the inevitable contribution of
thermal radiation to the spectra at high T and the extremely
weak and broad librons. Also inherent is the non-linear re-
sponse of modern spectrograph diffraction gratings and CCD
detectors. Large spectral regions (in the case of nitrogen
≈4800 cm−1) will have a much larger discrepancy in the

quantum efficiency of the diffraction grating and CCD in
comparison to lower frequency vibrations. Temperature mea-
surements made using this method from vibrational frequen-
cies greater than 1000 cm−1 are inherently less accurate42

than those determined from low frequency vibrations, pos-
sibly giving lower values. For this reason the method of fit-
ting thermal emission to a Plank blackbody curve may be
more accurate, especially with a small central toroid aperture
and thin sample chamber to reduce possible temperature gra-
dients, which should be small for dense convecting liquids.
Comparing the current proposed melt line, which is similar
to that of Ref. 26, to previous experimental studies20, 25, 26 the
longstanding dispute of the high pressure melt curve has been
resolved. The current data provide the most accurate P-T con-
straints on the melt line with the melt line exhibiting a broad
maximum at 73 GPa and 1690 K.

B. External heating and solid transformations

Solid nitrogen was probed from 20 to 102 GPa at temper-
atures ranging from 300 to 925 K using the external heating
method described above. Raman scattering experiments were
performed both in isothermal compression (Fig. 5(a)) and iso-
baric heating (Fig. 5(b)) to probe the solid phase boundaries at
high pressures and temperatures. The δ-ε phase transition can
be seen in Fig. 5(a). At 32 GPa and 690 K the δ-N2 is iden-
tified by two peaks seen at ≈2400 cm−1, which correspond
to the sphere and disk-like orientation of the molecules oc-
cupying different symmetries.12 This disordered phase does
not exhibit defined lattice modes as seen at the low frequency
range. As pressure is increased to 42 GPa δ-N2 converts into
orientationally ordered rhombohedral ε-phase. The ε-phase
can be identified by the appearance of the low frequency

FIG. 5. (a) The isothermal compression of nitrogen at 690 K from 32 to
102 GPa showing the δ to ε-phase transition. (b) The isobaric heating at
95 GPa from 373 to 923 K showing the ζ to ε-phase transition.
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lattice modes and further splitting of the vibrons as the sym-
metry of the cell is reduced. The high frequency changes at
the onset of the transition are subtle as the volume changes
are small18 but can be seen as pressure is further increased
and the ν1 and ν2 vibron branches split as a result of further
distortion of the unit cell. As seen in Fig. 5(a), the ε-phase was
compressed to 102 GPa at 690 K without any further observed
structural transitions.

The isobaric heating of nitrogen at high pressures was
utilized to reveal the transition from ζ to ε-phase, Fig. 5(b).
Upon compression at room temperature the ε-phase trans-
forms into ζ -phase at ≈60 GPa. The proposed orthorhombic
structure of ζ -N2

15, 16, 18, 19 is a structural transition with a low-
ering of the site symmetry. In the Raman spectra this can be
observed as an increase in the number of lattice bands, and
further splitting of the ν2 vibron as molecules move onto dif-
ferent sites. The characteristic low frequency Raman features
of ζ -N2 are very broad and the internal vibrations are diffi-
cult to resolve at ambient and high temperatures. At 95 GPa
and 373 K (Fig. 5(b)) ζ -N2 shows six lattice modes at 400.6,
469.0, 505.9, 566.6, 612.9, and 654.8 cm−1 and four vibrons
at 2406.1, 2428.6, 2448.8, and 2486.7 cm−1. As the sample
is heated at 95 GPa, changes in both the low and high fre-
quency Raman bands can be observed as ζ -phase transforms
to ε-phase. By 923 K only four lattice modes can be observed
at 397.7, 498.8, 555.3, and 679.8 cm−1 and three vibrons at
2417.4, 2452.1, and 4499.0 cm−1 (Fig. 5(b)) are observed, in-
dicating the sample is clearly in the ε phase.

It has been reported that two additional polymorphs of
molecular nitrogen exist, ι- and θ -phases, at high pressures
and elevated temperatures.19 The higher pressure phase, θ ,
was first discovered by pressurizing N2 isothermally at 300 K
above 95 GPa and then heating to temperatures greater than
600 K. In our study θ -N2 was not accessible through this ther-
modynamic pathway (Fig. 5(b)). Instead, it was observed that
upon quenching the sample from high temperatures at high
pressures the Raman spectra changed slightly, showing signs
of possible lattice strain or subtle structural distortions. This
can be seen at the bottom of Fig. 6(a) in which the “fresh”
nitrogen, and nitrogen that has been “quenched” from high
temperatures at 75 GPa are compared at room temperature.
In the low frequency range the Raman modes have the same
number of peaks, but exhibit changes in intensity and fre-
quency. This quenched sample is heated along the 75 GPa
isobar to 920 K, then subsequently isothermally compressed
to 102 GPa at 920 K. At 97 GPa the sample is completely
transformed to θ -phase evidenced by the dramatic change in
the vibron frequency and complete orientational ordering seen
in the sharp low frequency lattice modes, both of which differ
from all other known molecular phases.19 The path depen-
dence is made evident by comparing spectra at the same high
P-T conditions as seen in Fig. 6(b), “fresh” and previously
temperature “quenched” nitrogen which results in two very
different structures.

A summary of our findings is presented on the high P-T
solid phase diagram (Fig. 7) plotted alongside previous exper-
imental work. Our current data are not in complete agreement
with the existing phase diagram, especially with regards to
the position of the δ-ε phase boundary. The established phase

FIG. 6. (a) The path dependence of the θ -phase is displayed showing the dif-
ferences of “fresh” and previously temperature “quenched” ζ -phase. Sample
was subsequently isobarically heated at 75 GPa to 920 K then isothermally
compressed to 102 GPa. (b) Displaying the different phases of “fresh” and
“quenched” nitrogen at the same P-T conditions.

boundary from Refs. 15, 18, and 19 matches well with our
data to 27 GPa and 480 K. Above this range our data take on
a slight curvature and are pushed upwards. Extrapolating this
phase line to the melt curve connects the δ-ε phase boundary
near the melting curve maximum. The δ-ε transition reported
by Ref. 26 was probed using laser heating, with the transition
seemingly determined by the appearance of new vibrons in
the vicinity of the ε-phase ν1 and ν2 peaks, assigned as be-
longing to the δ-phase, or perhaps the disappearance of the
sharp low frequency ε-phase lattice modes. This may be the
result of probing both hot and cold ε-phase, caused by large
temperature gradients across the sample. For this reason the
externally heated sample provides a more reliable method for
probing phase transitions at temperatures substantially below
the melt. This transition may also be confused for the appear-
ance of ι-phase which was also reported in Ref. 26. Our re-
ported phase boundary between ζ and ε did not dramatically
deviate from that of Ref. 19. Our transition is slightly higher
which may be explained by the difficulty in observing the sub-
tle changes between ζ and ε-phases.

Interestingly, not observed in the present study is the
formation of the ι-phase despite a rather extensive search
over a wide range of pressures, temperatures, and thermal
paths. This includes the entire P-T range studied as well as
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FIG. 7. The phase diagram of N2 in the solid phase. Solid black circles are
from current study. Solid black squares from Ref. 19, open green squares and
open red diamonds from Refs. 17 and 18, open blue triangles from Ref. 25,
open purple stars with ι and θ symbols from Ref. 18. Black arrows show
the path P/T pathway used to produce path-dependant θ -phase in the current
study.

where it was reported to be produced at pressures as low as
48 GPa26 from laser heating, and 65 GPa19 using external
heating methods. As seen in Fig. 3, ι-phase was not formed
by laser heating ε-phase nitrogen at 49 GPa into the melt
and cooling to room temperature. Laser heating the same
“quenched’ sample at the same and elevated pressures did
not convert the ε-phase to ι-phase. We conjecture that for-
mation of ι-N2 may be strongly influenced by the rate of
heating/cooling which was on average ±50 K/s in our ex-
periments, or perhaps thermal path dependence, especially
when quenching from the melt phase. We were also unable
to produce the ι-phase through the isothermal compression
as exemplified in Fig. 5(a) at 690 K. This illustrates that the
ι-phase may have strong path dependence much like the θ -
phase, which is only assessable from a previously tempera-
ture quenched sample of a distorted ζ -phase. This underscores
the importance of further study on solid nitrogen as its acces-
sible molecular phases exhibit strong kinetic and thermody-
namic dependence. The open question remains as to what is
the stability field of the stable (or perhaps metastable) high
pressure and temperature molecular phases, and what is the
kinetic/thermodynamic pathway to capture ι-phase and other
yet to be discovered phases.

IV. SUMMARY

Based on the present and previous studies,15, 18, 19, 25, 26 we
propose a conceptual phase diagram (Fig. 8), providing new
constraints for the melting curve and the solid-solid phase
boundaries at high pressures and temperatures. Figure 8(a)
highlights the current δ-ε phase line (blue line) and thermody-
namic pathway used to determine it in a blue arrow. The blue
line represents the combination of our data and that of Ref. 18
which was simply fit to a least squares refinement. Following
that fitting up to the melt curve gives the lower pressure edge

FIG. 8. (a) A conceptual phase diagram highlighting the discrepancy of the
δ-ε phase transition (gray area) between our data and pathway to formation
(blue line and arrow) and that of Ref. 25 (red line and arrow). (b) A conceptual
phase diagram showing a corrected δ-ε phase transition region and the region
of complex structural transitions (gray area) with strong path dependence.

of δ-ε transition in Fig. 8(a). The high pressure edge (red line)
of Fig. 8(a) is from the linear extrapolation of the ε-δ phase
transition reported in Ref. 26 with a red arrow indicating the
corresponding P-T pathway. The gray region in between thus
represents the region of dispute up to the melting line. This
representation, however, seems to violate what has been un-
derstood, and at present observed, about the kinetics and ther-
mal path dependence of the transitions between dense solid
phases. That is, an enhanced stability region observed for
the parent phase resulting from strong interactions of dense
molecules and thereby a large pressure (or temperature) hys-
teresis in the transition. As such, in the case of nitrogen the
isothermal compression (blue) would push the δ-ε transition
to a higher pressure than the isobaric heating (red), whereas
the isobaric heating would drive the transition to be seen at a
higher temperature and lower pressures than the isothermal
compression. This is exactly opposite to what is shown in
Fig. 8(a). Nevertheless, this chemical concept of the phase
transition may explain why the δ-ε transition was not ob-
served in our ramp laser-heating experiments at 49 GPa.
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Figure 8(b) illustrates the phase diagram which repre-
sents a more accurate depiction of the phase transitions un-
der the melt curve. The gray region of uncertainty has been
shifted to lower pressures in accordance to our observations
seeing only the ε-phase under the laser heating at 49 GPa.
In the gray area below the red dashed line extrapolated to
the melt curve signifies the complex region wherein strong
kinetic and thermodynamic path dependence determine the
structural distortion and transformation and thereby a specific
“phase” to be observed. This is exemplified by the forma-
tion of θ -phase, only observed from previously temperature-
quenched samples, and the lack of evidence for the formation
of ι-nitrogen. In turn, the gray area signifies the P-T domain
where the transition of nitrogen is strongly governed by kinet-
ics and structural distortions.

In conclusion, the present study resolves the location of
the high P-T melt curve and confirms the existence of a melt-
ing maximum at 73 GPa and 1690 K. The existence of a first-
order liquid-liquid phase transition in the vicinity of the melt
maximum was not observed, however the transition may con-
sist of a two component system leading to a broad turnover
in the melting curve. The phase diagram at temperatures be-
low the melt curve was explored and an extension of the δ-
ε transition was proposed which lies at considerably higher
temperatures than previously reported.26 We were unable to
obtain the new molecular ι-phase in the phase space in which
it was reported19 possibly due to strong path dependence.
The θ phase was produced at pressures near 100 GPa and
exhibited strong path dependence as it was only assessable
through the heating of a previously temperature quenched
ζ -phase. An important general conclusion of this study is
that a definitive determination of the equilibrium phase rela-
tions of strongly interacting nitrogen molecules is quite com-
plex due to the transformational barriers of different structures
within the same phase space. The reported results highlight
the need for continued study to better understand the behav-
ior of simple molecules under high compression and elevated
temperatures, the stability and metastability of phases, and
the thermodynamic and kinetic barriers associated with their
formation.
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