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Raman spectroscopy and synchrotron x-ray diffraction measurements of ammonia (NH3) in laser-
heated diamond anvil cells, at pressures up to 60 GPa and temperatures up to 2500 K, reveal that the
melting line exhibits a maximum near 37 GPa and intermolecular proton fluctuations substantially
increase in the fluid with pressure. We find that NHj3 is chemically unstable at high pressures, partially
dissociating into N, and H,. Ab initio calculations performed in this work show that this process is
thermodynamically driven. The chemical reactivity dramatically increases at high temperature (in the
fluid phase at 7 > 1700 K) almost independent of pressure. Quenched from these high temperature
conditions, NH3 exhibits structural differences from known solid phases. We argue that chemical
reactivity of NH3; competes with the theoretically predicted dynamic dissociation and ionization.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4742340]

. INTRODUCTION

The behavior of ammonia (NH3) at high temperature and
high pressure (HTHP) conditions is of fundamental scientific
interest since it is expected to be one of the major constituents
of the giant planets in our solar system.' Uranus and Neptune,
for example, are thought to have “hot ice” layers (predomi-
nantly made up of 56% H,0, 36% CH,4, and 8% NHj3 in so-
lar proportions?) located between a rocky core and a gaseous
atmosphere. Knowing the physical and chemical proper-
ties of NH3; at HTHP (temperature 7 > 2000 K, pressure
P > 20 GPa) is critical for understanding the observable prop-
erties (gravitational moments, atmospheric composition, and
magnetic field) of these planets.”™

It has been predicted that at HTHP, NH3 becomes a pro-
tonic conductor in which the hydrogen atoms undergo rapid
hops between neighboring molecules forming a superionic
solid or ionic fluid.> Cavazzoni et al.,” using ab initio molec-
ular dynamics (AIMD), predicted that above 60 GPa and
1200 K, NHj3 transforms from the P2;2,2; structure to a su-
perionic solid with an hcp lattice of nitrogen atoms and highly
mobile protons (Fig. 1, inset). At even more extreme condi-
tions of pressure and temperature, molecules are expected to
dissociate and react at very rapid rates.>> Ionic properties are
even predicted at low temperatures: Needs and Pickard,® us-
ing ab initio methods, suggested that above 90 GPa, the most
stable phase of NHj is a disproportionated ionic solid (or-
thorhombic Pma?2 structure) consisting of NH,~ and NH,*
radicals.

Experiments using shock-wave compression have mea-
sured enhanced electrical conductivity in NHj; at pres-
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sures near 40 GPa and 3000 K, consistent with ioniza-
tion at these conditions,’ yet direct chemical and struc-
tural data on this HTHP state have not been obtained. We
used laser-heated diamond-anvil cells (DACs) combined with
in situ Raman spectroscopy and x-ray diffraction (XRD)
measurements of structure, melting, chemical speciation, and
bonding to study the physical-chemical state of NH; to
~60 GPa, and ~2200 K (thereby extending HTHP stud-
ies of NH;3 in the DAC from ~10 GPa and ~1000 K
(Refs. 7-13)). We report on novel chemical reactivity of
NH; (Fig. 1) competing with previously outlined ioniza-
tion phenomena.’” In addition, the first-principles calcu-
lations performed in this work show that NH; chemically
dissociates to N, and H, above approximately 7 GPa and
900 K driven by the entropy of mixing term in the free en-
ergy formulation.

Il. EXPERIMENTAL METHODS

These studies were performed using symmetric DACs
utilizing 300 um anvil culets with tungsten or rhenium gas-
ket materials. We used a gasket with a recessed hole with
stepped diameters (inner diameter of 50-70 pm, outer diame-
ter 100—120 pm) to form a sample cavity. The heat transfer to
the sample was provided by an Ir (or compressed amorphous
boron in control experiments) coupler of dimensions 90 x 90
x 10 pm, with 1-5 holes of 4-20 um diameter, which rested
on the recess in the gasket to isolate it from the anvils. Cou-
pler holes formed sample chambers with minimized tem-
perature gradients for in situ Raman/XRD measurements.
The coupler was heated from both sides using a 1.075 um
Yb-based fiber laser. Temperature was measured using spec-
troradiometry, while pressure was determined by ruby fluores-
cence at room temperature. No thermal correction of pressure

© 2012 American Institute of Physics
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FIG. 1. Phase diagram of NH3. The Uranus and Neptune isentropes are from Ref. 4. Filled triangles and diamonds represent synchrotron XRD and Raman
measurements of the melting line in this study, respectively. The open triangles and diamonds indicate the observed solid-solid phase transitions in our syn-
chrotron XRD and Raman studies, respectively (fitted with a dotted blue line). The open circles indicate the temperature prior to the appearance of flash. The
chemical decomposition band, which is associated with flash, appearance of N, and H; in bulk quantities, and polymorphic modifications of NH3 on quench-
ing, is indicated by the gray region. The error bars in our measured T reflect the uncertainties (~200 K). The uncertainty in P is ~2 GPa. Our results for the
melting line (the dashed-dotted orange line) are a fit of the Kechin melt equation:35 T,n(P) = To(1 + P/a)Pe=P, where a = 3.051 GPa, b = 1.466, ¢ = 0.039
GPa~!, Ty = 200 K, and P is in units of GPa. The solid squares and the open-rectangles dashed line show the previously reported melting points and the
(IV,V)-III transition, respectively (Ref. 10). Inset: The phases proposed by Cavazzoni et al.? (solid, molecular, ionic, and superionic) are indicated by different

colors.

(estimated to be <4 GPa at the highest temperature) was taken
into consideration.

NH; was loaded into the DAC cryogenically as follows.
The DAC was first cooled by immersion in liquid N, in a
glove box purged with N, gas. When the cell achieved a
temperature in the liquid range of NHj3, vapor of NH; was
flushed into the DAC sample chamber using a hypodermic
needle. Once the entire cell was fully flushed with NH3, the
needle was removed and the DAC was tightened, trapping
the liquid NHj in the gasket. The DAC was then allowed to
warm to room temperature after which it was pressurized to
the desired pressure. For Raman studies, either the 457 nm
or 488 nm lines from a solid state laser were used for ex-
citation in the laser-heated DAC.'* Infrared (IR) absorption
measurements of the sample quenched to 300 K were per-
formed using a Fourier transform spectrometer equipped with
a custom made IR microscope and a liquid N; cooled mercury
cadmium telluride detector. Synchrotron XRD data at HTHP
were collected using a dedicated laser heating setup at the 13-
ID beamline of GeoSoilEnviroCARS at the Advanced Photon
Source.!> The seats for the symmetric DAC were made from
x-ray transparent cubic boron nitride (cBN) to ensure a large
x-ray aperture, and permit measurements at 26,,,, < 25°.

In our measurements (Figs. 2—4), XRD and Raman sig-
nals of solid and fluid phases coexist in a wide temperature
range (up to 500 K based on the results of previous measure-
ments and finite element calculations) due to axial tempera-
ture gradients, which is common for such measurements.'® !
The transition temperatures were determined using the 50%
intensity criterion. The results reported here are based on
more than 20 sample loadings, which showed reproducible
readings.

lll. THEORETICAL METHODS

The first-principles total-energy calculations have been
performed in the framework of density functional theory
(DFT) (Refs. 18 and 19) using the local density approxi-
mation (Ceperley-Alder type) (Ref. 20) as implemented in
the Vienna Ab initio Simulation Package (VASP) code.?!??
The valence electron-core interaction was treated by the all-
electron projector augmented wave method (PAW).?3?* The
k-point sampling was performed on a dense Monkhorst-Pack
grid.?> The electronic occupancies were determined from a
Gaussian smearing algorithm with 0.1 eV smearing width,
and the projection operators were evaluated in the reciprocal
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FIG. 2. Representative Raman spectral changes of NH3 at (a) 5 GPa, (b) 15 GPa, and (c) 50 GPa as a function of temperature. The arrows indicate the Nj
vibrons. (d) Raman spectra of fluid phase at different pressures (the temperature was measured just above the melting line, see Fig. 1). In (a), temperatures were
too low to measure with radiometry. The sample at 50 GPa is from a previous lower pressure heating run, which is why a weak Nj vibron signal appears prior
to the heating run shown in (c). In (e), we show the detailed vibron spectra through melting. The statistical data analysis shows that at 1600 K, the spectrum can
be best fit by a superposition of narrow bands corresponding to solid and a broad band of fluid, while the spectrum at 1720 K can be equally well fit by a single

broad band corresponding to fluid.

space. The energy cutoff for the plane wave expansion was set
to 500 eV throughout the calculations. The configurations N
25?2p® and H 1s' were treated as the valence electrons. The
convergence of total energy with respect to the k-point mesh
and energy cutoff was found to be less than 0.3 meV/atom.
The unit cells at each volume were fully optimized until the
Hellmann-Feynman forces were less than 0.001 eV/A2/atom.
To obtain phonons, the direct ab initio force-constant ap-
proach was used, as implemented by Parlinski.?®?’ In this
method, a specific atom is displaced to induce the forces to
act on the surrounding atoms, which are calculated via the
Hellmann-Feynman theorem. The magnitude of the displace-
ment of 0.03 A was used in our calculations. The forces were

collected to form the force-constant matrices and then dy-
namical matrices. Harmonic phonons were obtained from the
diagonalization of the dynamical matrices. Thermodynamic
functions, including internal energy and Gibbs free energy,
were evaluated from the integral of the phonon density of
states.?®

IV. RESULTS

Above 1.2 GPa, NHj3 crystallizes in an orientation-
ally disordered cubic (Fm3m) phase (NH3-III),”"® which
transforms at 3.5 GPa and 300 K to NH;3-IV (P2;2,2;
space group’). NH3-IV and isostructural NH3-V (stable above
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FIG. 3. Raman spectra of the products of laser-heated ammonia at differ-
ent pressures. The Raman spectrum of nitrogen exhibits two major vibron
bands characteristic of pure bulk Ny (v1, v2). The inset shows a fine splitting
of the vy nitrogen vibron. The NH3 sample at 30 GPa was heated until the
appearance of Ny (blue curve). When this sample was cold-compressed to
50 GPa (red curve), the lower-frequency (v2) peak, which is related to the
N, molecules centered on the 6¢(D2d) site, split into two peaks (inset). This
splitting is associated with the distortion of the Pm3n (or formation of a low-
symmetry) structure of pure Nj.3!

15 GPa (Refs. 10 and 11)) are ordered phases with pro-
nounced Raman-active lattice modes and are characterized
by three Raman peaks in the N-H stretching region (Fig.
2(a)) with a weak central peak.'? This spectral range contains
v; and vz symmetric and asymmetric stretching fundamen-
tals and also the overtones of the v4 bending mode coupled
to v;. The phase transformation to NH3-VI above 40 GPa
(Refs. 12 and 13) is characterized by changes in the lattice
mode region and also relative intensity change between the
different components of the N-H stretch band (Fig. 2).
Raman data at elevated temperatures collected for differ-
ent pressures (Fig. 2) show pronounced changes in the lattice
and N-H stretch spectral regions signifying phase and bond-

J. Chem. Phys. 137, 064507 (2012)

ing changes. As temperature increases, the lattice modes de-
crease in intensity concomitantly with the broadening of the
N-H stretch modes (Fig. 2); we relate these changes to trans-
formation to disordered NH;-III. At higher temperatures, all
N-H stretch bands merge into a single broad peak (Fig. 2),
indicative of melting. These transformations in the bulk of
NH; revealed by Raman spectroscopy are reversible (e.g.,
Fig. 2(c)) even in the presence of a moderate chemical re-
activity (see below). These results are further confirmed in
XRD (also see below). An N, vibron (~2350 cm~!) appears
at temperatures approaching that of the melt line implying that
NH; partly decomposes into N, and H; in the solid phase
(Fig. 2). A H, vibron was also observed in some experiments,
but was more difficult to detect because hydrogen tends to
diffuse from the probed area. The spectral positions and the
number of N, and H; vibron lines correspond to that for solid
phases of H, and N in the studied pressure range (e.g., Refs.
29 and 30), which along with the lack of H, detection in
the laser heated spot indicates that H, and N, phase separate
from ammonia following dissociation (Fig. 3). In a regime
of very intense chemical transformation attained at tempera-
tures above the melt line (Fig. 4), we observed the irreversible
formation of other polymorphic phases of NH;3 as will be dis-
cussed below.

Synchrotron XRD was used to verify the Raman spec-
troscopy observations concerning phase changes and melting
(Fig. 5). XRD pattern changes observed under initial heating
at 24 GPa (Fig. 5(a)) can be clearly identified with the IV(V)-
III transition. At higher temperatures, we can see a substantial
decrease in intensity of the Bragg peaks related to solid NH3
and a broad diffuse scattering becomes visible (Fig. 5(b));
these observations are consistent with the melting of a large
volume of sample.

Combining the results of Raman and XRD studies, the
experimental phase lines are plotted in Fig. 1. The melting
curve determined in our Raman and XRD experiments agrees
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FIG. 4. Raman spectra illustrating reversible and irreversible phenomena in laser-heated ammonia-V. In (a), the sample was heated until the flash appeared. On
quenching it is found that there is a split in the N-H band. In (b), the sample was heated until N, formed (middle trace) but without the appearance of the flash.
The NH3 Raman spectra before and after heating are similar. These experiments are reproducible.
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FIG. 5. Representative synchrotron x-ray diffraction (A = 0.3344 A) pat-
terns, background-corrected, of NH3 collected at 24 GPa as a function of
temperature. Green and red tick marks indicate the allowed reflections for
Fm3m structure with lattice parameter a = 3.793 A(r)and a = 4244 A
(NH3-III), respectively, while gray tick marks indicate the allowed reflec-
tions for P212;2; structure (NH3-IV). The strong peaks of Ir, indicated by
green tick marks, are masked. Remnants of Bragg peaks of solid NH3 remain
even at the highest temperature because of large axial temperature gradients
(see Sec. II). Panel (b) shows the appearance of a diffuse halo corresponding
to fluid NH3 above the melting temperature. The diffuse halo is very weak
and cannot be seen in the scale of the main figure (a). Thus, we plotted the
difference in intensity between the patterns measured at different tempera-
tures and that measured at 300 K, to subtract the incoherent and background
scattering;'© at 2110 K, a diffuse scattering halo associated with liquid NH;
is clearly seen. Narrow Bragg peaks corresponding to solid phases are omit-
ted for clarity. Dashed red lines in (b) are the baselines shifted vertically for
clarity.

well, but is somewhat higher than that obtained in the re-
sistively heated DAC.'” This difference emanates from the
fact that our temperature measurements are based on spec-
troradiometry of the coupler, which is at higher temperatures
than the bulk of the sample being probed.*? Thus, the melting
points obtained in this work should be considered an upper
bound. On the other hand, the discrepancy in the IV(V)-III
transformation line is too large to be accounted for by temper-
ature gradients alone. We suggest that kinetics and, perhaps,
sample confinement effects (e.g., Ref. 33) play an important
role in this transition, which is further supported by a strong
hysteresis or time dependence of transformation evidenced
by observations of quenching of high-temperature NH;-III to
room temperature (Figs. 2(a) and 2(b)). The IV(V,VD-III tran-
sition could not be detected above 50 GPa; this suggests the
presence of a triple point near 60 GPa and 1500 K.

J. Chem. Phys. 137, 064507 (2012)

Our results show that the melting curve has a maximum
at 37 GPa £+ 6 GPa (2140 K £ 200 K), strongly deviating
from the Simon-Glatzel law,** so we fitted the data using the
Kechin® melt equation (Fig. 1). Our melting line disagrees
with that predicted by Cavazzoni et al.” based on AIMD sim-
ulations. Indeed, our data suggest a negative slope of the melt-
ing line in the pressure range where Cavazzoni et al. predict it
to be strongly positive. The Raman spectra of fluid (Fig. 2(d))
show a substantial N-H stretch peak broadening following the
melting line flattening similar to that observed in water*® and
nitrogen,I7 where the effects of intermolecular atomic fluctu-
ations were inferred based on such observations.

Laser heating of NH3 above the melt line causes a very
intense light emission (or flash) along the boundary approxi-
mately outlined in Fig. 1. This boundary was determined from
the temperatures measured immediately before the “flash” ap-
pears. Once the sample is subjected to these conditions, the
Raman spectra of the quenched products show a drastically
increased amount of the H, and N, reaction products, while
the signal from NHj is strongly reduced, indicating NH3 de-
pletion (Fig. 6). Moreover, the solid phases of NH; quenched
to room temperature from these conditions are different
from those that were initially heated (Figs. 2, 4, and 6). At
P <15 GPa, we observed that NH3 quenches to NH;3-1II (Figs.
2(a) and 2(b)), not the initial NH3-1V; at higher pressure,
phase V quenches to a modified phase, characterized by the
presence of an additional N-H stretch mode (Fig. 4). Simi-
larly, when heating NH3-VI, we observed that the quenched
phase was again different from the initial one; above 55 GPa
(Fig. 6), we find a quench phase with a substantially modified
Raman spectrum, featuring one extra N—H stretch band and a
number of new strong bands in the phonon spectral range; the
IR spectra of stretching and bending N-H modes did not show
any substantial change (Fig. 6(d)). These changes character-
ize the formation of a new orientationally ordered molecular
phase. The IR spectra of the quenched sample subjected to
laser heating at 45-55 GPa (Fig. 6(b)) show an increased ac-
tivity near and below 3000 cm ™!, the spectral range where N—
H stretch modes of the NH4* ion are expected.® The Raman
spectra of this quenched sample show a substantial broaden-
ing of the N-H stretch and an almost total disappearance of
the lattice modes.

V. DISCUSSION

The phase diagram of ammonia at HTHP conditions has
much in common with the phase diagrams of other simple
molecular materials, for example, water*® and nitrogen,!” in-
cluding flattening of the melting line in the regime approach-
ing molecular dissociation. This is related to a destabiliza-
tion of covalent intramolecular bonds due to compression and
the redistribution of electron density (e.g., Ref. 37). The fluid
adapts to the new high-pressure bonding scheme more readily
than solid phases under pressure, manifesting in the phase di-
agram topology as a maximum of the melting line (as the fluid
is denser). Theoretical calculations®® suggest that in H,O
and NHj, the melting line should increase in slope abruptly
because of the presence of a superionic phase. This has been
confirmed experimentally for H,O near 40 GPa,**3%40 while
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FIG. 6. (a)-(d) Raman and IR spectra of NH3 (at 300 K and 51 and 60 GPa) before and after heating (quenched); Raman spectra are offset for clarity. Photos
of sample holes in the Ir coupler (e) and the flash that appears at high laser power (f) are in the center. The lower right coupler hole was heated at 51 GPa until
the appearance of flash, and quenched. The sample was then compressed to 60 GPa and the process was repeated for the central hole (the N; peak in the initial

spectra is due to a previous heating cycle).

for NHj3, we did not find this increase in the slope up to
60 GPa, making the phase diagram of ammonia different from
those of nitrogen and water.'”-3® We suggest that chemical re-
activity is an additional factor which affects the phase sta-
bility of NH; at HTHP conditions. Alternatively, the theo-
retically proposed change in slope in ammonia may occur at
higher pressures (>60 GPa), as the recent report of a superi-
onic phase of ammonia ice, stable at pressures above 57 GPa
and temperatures above 700 K,*! would suggest.

Our study shows that molecular NH3 is chemically un-
stable, with respect to dissociation into H, and N, at extreme
conditions. At ambient conditions, NHj is thermodynami-
cally stable with respect to dissociation as its bond energy
is larger than for constituents (the standard energy change of
formation*> A;G = —12.67 kJ/mol). Application of pressure
and temperature must shift this inequality to account for the
observed dissociation if it is caused by thermodynamic (not
kinetic) stimuli. To get a better insight on our experimental
results, we have performed ab initio calculations to compare
the Gibbs free energies of solid ammonia with a mixture of

fluid H, and N, (in the 3:1 proportion) to 900 K. We find
that, at 700 K, ammonia is thermodynamically unstable above
8.8 GPa (Fig. 7). The examination of temperature dependent
Gibbs free energy reveals (Fig. 8) that this instability is driven
by the entropy of mixing term of 0.5 N, 4 1.5 Hp, which dom-
inates over the entropy term of NHj at high temperature. Our
experiment (Figs. 1 and 2(a)) shows the temperature of onset
of dissociation in a fair agreement with calculations. The line
of intense chemical dissociation (Fig. 1), which we find to oc-
cur at higher temperatures, must be related to nonequilibrium
processes since it results in irreversible transformations. They
might be related to a resonant absorption of a heating laser
light quanta.

Fluid-phase vibrational spectroscopy (Fig. 2(d)) and ob-
servations of chemical dissociation (Figs. 2—4 and 6) sug-
gest that NHj3 fluid at high pressures is largely dissoci-
ated either dynamically (evidenced by the broadening of the
N-H stretch band analogous to the N-N and O-H stretch
modes in nitrogen and water in Refs. 17 and 36, respec-
tively, suggesting the presence of intermolecular proton
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fluctuations), or chemically (evidenced by the formation of di-
atomic reaction products). However, in the case of ammonia,
the chemical decomposition of NH; becomes energetically
competitive at less extreme conditions compared to ioniza-
tion effects. These chemical decomposition phenomena can
compete with more familiar ionization> 343 at planetary in-
terior conditions. Since N, and H, are strongly bonded non-
ionic molecules, the bulk conductivity within ammonia-rich
planets such as Uranus and Neptune may be lower than pre-
dicted for a system consisting of fully ionized NH3, though
the chemistry of NH3 in a mixture (i.e., with H,O and CHy)
could differ from that observed in the pure phase.** Molecu-
lar nitrogen present in deep planetary interiors could also be
brought to the surface via convective processes and contribute
to the observed abundances of nitrogen in the atmospheres of
planets such as Neptune.*+*

At 7.3 GPa
¢ 4 .

T*S (1/2N,+3/2H,)

Enthalpy or Entropy Term (eV)
(93]

-~ T*S (NH,)

500 1000 1500
Temperature (K)

FIG. 8. Calculated enthalpy difference for %Nz + 3/2H; — NH3 and entropy
of 1N + 3/2H, and of NH3 at 7.3 GPa.

J. Chem. Phys. 137, 064507 (2012)

VI. CONCLUSION

Our experimental and theoretical results on ammonia at
HTHP conditions show a turnover of the melting line above
37 GPa, which is followed by a continuous change in the
bonding character of fluid manifested by a dramatic broad-
ening of the N-H stretch band. We interpret these changes
as due to an increase of intermolecular proton fluctuations.
We also find, based on the Raman measurements and theoret-
ical ab initio calculations, that solid ammonia becomes unsta-
ble with respect to dissociation to diatomic molecules. This
chemical reactivity increases dramatically in the laser-heated
fluid state in correspondence with phase changes in unreacted
ammonia. We propose that chemical reactivity competes with
ionization phenomena in NHj at extreme conditions. Our data
suggest that the predicted superionic state (if any) can be re-
alized above 60 GPa in agreement with recent observations in
the resistively heated DAC.*!
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