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Motivated by the poor knowledge of the implication of planetary ice on the internal convection and anomalous
magnetic field of ice giants, we perform extensive first-principles molecular dynamics simulation on ammonia
ice to investigate its thermophysical behaviors at high temperature (7) and pressure (P) conditions relevant to the
deep mantle of Neptune and Uranus. The melting curve, transport properties, and sound velocity of ammonia up
to 350 GPa and 5500 K, spanning from fluid mixtures to a highly compressed superionic regime, are determined.
A first-order phase transition of ammonia from the plastic state to the superionic state is observed explicitly,
which is associated with the reduction of entropy. In contrast to previous predictions, the melting curve elucidates
the existence of superionic ammonia in deep planetary interiors. Inspection of the reduction for transport
properties and sound velocity along the isentrope of ice giants further evidences that superionic ammonia can
sufficiently sustain the planetary dynamo mechanism and may contribute to the internal stratification which
is responsible for the generation of the multipolar magnetic field. Finally, a comprehensive phase diagram
of ammonia extended to a higher 7-P regime is constructed, which provides a clear picture for studying the
fundamental behavior and phase transition of ammonia in deep planets, and enhances our understanding of the
interior structure and thermal convection of these planetary systems.
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I. INTRODUCTION

As the major constituent for the deep interiors of Nep-
tune, Uranus [1-3], and exoplanets [4,5], the thermophysical
behaviors of ammonia ice under high temperature (7) and
pressure (P) are of particular importance for modeling the
planetary science and designing the laboratory astrophysics.
Depending on the size of these bodies, the estimated 7 and
P of Neptune and Uranus span from 2000 K and 20 GPa
at the upper ice mantle boundary, up to about 7000 K and
600 GPa at the core-mantle boundary [6,7]. Under such dense
conditions, ammonia exhibits polymorphism and has a rich
phase diagram, including fluid [8,9], plastic [10], superionic
[1,11,12], and ionic-crystal phases [13—15]. Among them, su-
perionic ammonia, in which the molecular nature disappears
and protons rapidly diffuse almost freely through nitrogen
sublattices, is regarded as one of the critical candidates to
form the multipolar magnetic fields by the planetary dynamo
in a thin convective layer of Neptune and Uranus [1,3]. Re-
vealing the nature of these diverse behaviors at deep planetary
conditions is indispensable for understanding the observable
properties (magnetic field and gravitational moments) and
constructing the interior model of these ice giants.

Until very recently, the high 7-P responses of ammo-
nia have been measured extensively by convergent explo-
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sives [16], gas gun facilities [3,17-19], diamond anvil cell
(DAC) [11-14,20-23], and pulsed-power lasers [8]. These
measurements have provided considerable insight over the
past few decades. Most experiments on solid ammonia
[11-14,20,21,23,24] have been devoted to confirming the
phase transition and determining the melting line and phase
diagram. However, the melting line of ammonia has been
limited to 62 GPa and 3336 K (see Fig. 1), and three re-
cent attempts [12,21,23] aiming at verification of the melting
temperature of ammonia at above 43 GPa have provided
contradictory conclusions, making definitive experimental
confirmation of superionic state elusive. Meanwhile, the sta-
bility and transport properties of ammonia along the isentrope
of ice giants remain ambiguous due to the absence of available
high 7-P phase diagrams relevant to the deep mantle condi-
tion. As a result, we cannot determine whether the convection
of Neptune and Uranus involves the superionic region. Exper-
imental realizations of liquid ammonia [3,8,16—19,22] usually
focused on the measurements of the Hugoniot and electronic
conduction up to 350 GPa and 40000 K, which are far higher
than the isentropic condition of ice giants (see Fig. 1). We
thus struggle to resolve well the dynamo process and mag-
netic field of these planetary systems [6]. These discrepancies
have not been solved in previous theoretical research [25,26],
underlining the need for additional investigations to bridge the
gap between static and dynamic investigations, and to explore
the nature of abnormal behaviors in these ice planets and their
large satellites.
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FIG. 1. The P-T phase diagram of ammonia. The open triangles
and circles represent the melting line of solid ammonia obtained
by the DAC with the resistive heating techniques [20] and Raman
measurements [21], respectively. The blue diamonds and dashed line
are the melting curve of Ojwang et al. [23] inferred from their Raman
study. The red squares and phases (such as phase III, ¢, and y) are
taken from the Ref. [12] determined by the Brillouin spectroscopy.
The Hugoniot of liquid ammonia [8] and the planetary isentrope of
Neptune and Uranus [7] are also shown for comparison.

Therefore, in this paper, we perform extensive first princi-
ples molecular dynamics (FPMD) simulations to extend the
theoretical determination of the melting curve and phase dia-
gram of ammonia to a higher 7-P regime equivalent to that in
the deep mantle of planetary interiors. The transport and elas-
tic properties along the isentrope of Neptune and Uranus up
to 350 GPa and 5500 K enable us to clarify the contradiction
between previous experiments and to judge the contribution
of ammonia to the peculiar magnetic field.

II. COMPUTATIONAL METHODS

FPMD simulations are performed using the Vienna ab
initio simulation package [27] code with the strongly con-
strained and appropriately normed [28] exchange-correlation
functional. The simulations are implemented for a canonical
ensemble, together with the ionic temperature controlled by
the Nosé-Hoover thermostat [29] and the electronic temper-
ature dominated by the Fermi-Dirac distribution [30]. The
supercell contains 108 ammonia molecules and the wave func-
tion is expanded up to the cutoff energy of 1000 eV. The
periodic boundary condition is enforced and the Brillouin
zone sampling is performed at the I" point only. We run for
20 000 steps at each density-temperature condition and the
time step takes on values of 0.5-1.0 fs with smaller values
corresponding to higher temperatures. The total simulation
time is up to 10-20 ps, then the first 2-3 ps is used for
thermalization and the last 817 ps is used for averaging
the thermodynamic quantities, which is found to be sufficient
for the convergence of the computed energies, pressures, and
transport coefficients. In addition, the nuclear quantum effects

of the system are taken into account by the vibrational fre-
quency spectrum of ammonia [10,31]. More details about the
computational methods, convergence tests, and representative
signals are available in the Supplemental Material [32].

III. RESULTS AND DISCUSSIONS

The melting curve of solid ammonia is determined by the
FPMD simulations with the Z method. The simulation interval
of the temperature is 200 K along each isochore and the
melting point is considered to be the average of both sides
of the discontinuity for the temperature and pressure. The
melting temperatures of our results up to 350 GPa and 5100 K
are shown in Fig. 2(a), together with the available DAC ex-
perimental data [12,20,21] up to 62 GPa. The solid region of
ammonia in our proposed melting curve is extended to higher
temperature than previous research [1,26] and the boundary
line above 45.16 GPa and 2400 K rises faster. This discontinu-
ity is favored by the recent experimental observations [12,21],
but deviates from the negative slope reported by Ojwang et al.
[23] in the ranges of 35-60 GPa and 1600-2000 K. Accord-
ing to the Clausius-Clapeyron relation, AT/AP=AV/AS, the
sudden increase in the slope of the melting line is perhaps
associated with the first-order phase transition from the plas-
tic state to superionic state, as discussed later. Therefore, to
capture the shape of the melting curve, we use the I-II-fluid
triple point (Py = 0.307 GPa and Ty = 217.34 K [37]) and
plastic-superionic-fluid triple point (Py = 45.16 GPa and Ty
= 2400 K) of ammonia as reference points to fit separately
our data below and above 45.16 GPa using the Simon-Glatzel
equation [38],

T = To X [(Py — Po)/a + 11", (1

where 7, and P, are the temperature and pressure of the
melting curve. The best-fit parameters determined from a
nonlinear least-squares analysis (the correlation coefficient
of fitting is larger than 99%) below 45.16 GPa yield a =
1.06 & 0.06 GPa and b = 1.57 £ 0.03, which are in excellent
agreement with the previous experiments [12,20,21] within
their stated uncertainty, and those above 45.16 GPa yield a
= 2.80 £ 0.31 GPa and b = 6.16 & 0.17. This consistency
between our results and recent experiments indicates that the
selected parameters in our FPMD simulations can reason-
ably reproduce the melting temperatures, which lays a solid
foundation for reliably predicting the following transport and
elastic properties of ammonia.

For comparison, the melting behaviors of other possible
planetary materials (such as He [33], HeNHj3 [10], CHy4 [34],
and H,O [31,35]) that make up the deep interior of ice gi-
ants are displayed in Fig. 2(b). The isentrope of Neptune
and Uranus constructed by the planets’ gravity fields, shape,
rotation periods, and equation of state is taken from Ref. [7].
We find that the melting curve of He and HeNH3 are far below
the isentrope of ice planets, evidencing that the insertion of
helium substantially reduces the temperatures at which solid
states can be formed relative to pure ammonia. The melting
curve of water does not intersect with the isentrope of Neptune
and Uranus below 90 and 145 GPa, respectively, and hence,
H,O should remain in the liquid state on top of upper ice
mantle. Unlike water, the melting curve of ammonia is always
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FIG. 2. Melting curve of ammonia and other planetary materials. (a) The melting points of our results (red squares) and previous DAC
experimental data of Kimura et al. [12] (green diamonds), Ninet et al. [20] (orange triangles), and Queyroux et al. [21] (blue circles). The red
solid line is the melting curve of NHj fitted by the Simon-Glatzel equation. (b) The melting line of NH; is compared to that of He [33] (blue
solid line), HeNHj; [10] (orange solid line), CHy4 [34] (yellow dashed line), and H,O [31,35] (royal dashed line). The vertical lines mark the
location of the upper and lower mantle of ice planets, where Ry and Ry, are the planetary radius of Neptune and Uranus [36], respectively.

higher than the isentrope of Neptune above 48 GPa and nears
the isentrope of Uranus within the pressure range of 60—
350 GPa. This contrasts with previous predictions [1,26] that
above 3000 K the melting line becomes very flat and never
crosses the planetary isentropes. The higher melting tempera-
ture and discontinuity behavior of ammonia and water [35,39]
are quite distinct from those of pure methane, which means
that the intermolecular interactions, i.e., hydrogen bonds, may
be one of the important factors to promote the structural sta-
bility of the former. From the estimated temperature-radius
relationship for these planets [36], our calculations predict
that liquid ammonia stably exists in the upper thin-shell zone
of (0.8-0.75)Ry and (0.8-0.68)R;;, where Ry and Ry are the
total radius of Neptune and Uranus, respectively. The solid
ammonia appears in the lower mantle of Neptune (R < 0.62
Ry) and Uranus (R < 0.57 Ry). To identify the stability and
convection of ammonia in the deep mantle, we further study
its structural, transport, and elastic properties.

Figure 3 illustrates the evolution of the averaged coor-
dination number (CN), conductivity (o), diffusion (D), and
viscosity coefficients of ammonia as a function of pressure
along the isentrope of Neptune and Uranus. The CN in
Fig. 3(a) is determined by integrating 471> 0gap(r) (af = NH
and NN) up to the first minimum of pair distribution function
(PDF) gop(7) (see Fig. S1 [32]), where p is the number density
of atoms. It is seen that, with the increase of pressure, CNny
slowly increases from 2.72 at 11.34 GPa to 5.02 at 334 GPa,
whereas CNyy first increases to the maximum of 13.6 at
42 GPa and then decreases gradually to 11.93 at 334 GPa.
This is because ammonia does not preserve in its molecular
form at lower 7-P regime, and it actually transforms into a
liquid mixture of NH3, Hy, and N, (see Fig. S1 [32]). With the
increase of pressure and temperature, liquid mixtures rapidly
dissociate and then transform into a solid state where the H,
and N, disappear. The CNs of NN are compatible with those

reported in the neutron-diffraction study (CN=14 [40]) and
recent x-ray diffraction measurement (CN=12.7-14.1 [21]),
and close to the expected CN of a close-packed structure
(CN=12) but far from the bcc lattice (CN=8). This suggests
a crucial clue that ammonia exhibits sensibly different struc-
tural information from that of general solid phase at above
42 GPa.

The electronic (o,) and ionic (o,) conductivity of am-
monia in Fig. 3(b) have an obvious reduction at 42 GPa
and then continue to increase rapidly to very high pressures,
confirming this difference again. In combination with the
conductivity, mean-square displacement (MSD), and atomic
trajectories, we identify that ammonia enters into the su-
perionic state above 42 GPa and this kink is a mark of a
first-order phase transition from the fluid to superionic phase
along the isentropes. In theory, electrical conductivity in the
relatively shallow ice layer on the order of 10 S/cm is nec-
essary to sustain the planetary dynamo mechanism for the
generation of a multipolar magnetic field [1]. Our conductiv-
ities are larger than this threshold and reach ~103 S/cm at
around 220 GPa, which are very coherent with those of ice
XVII (3 x10% S/cm at 4000 K and 200 GPa) [41]. Thus,
the superionic ammonia is capable of sufficiently dominating
such a dynamo process and might contribute substantially to
the deep mantle thermal convection in the ice giants. The
electronic density of states (see Fig. S2 [32]) obtained from
the HSEO6 functional favors the presence of this superionic
state, and predicts the closure of the electronic band gap
at 42 GPa and 3000 K. The metallization in the fluid state
is induced by molecular dissociation-ionization, and that in
the superionic state is derived from the delocalized proton.
This may lead to at least two consequences. First, the dy-
namo generation of the magnetic field should include the
contribution of the higher electronic conductivity due to the
metallization of ammonia and the lower ionic conductivity
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FIG. 3. The structural and transport parameters of ammonia along the isentrope of Neptune and Uranus, including (a) the averaged NC of
HN and NN, (b) the electronic (o,) and ionic (0,,) conductivity of ammonia, (c) diffusion coefficient of hydrogen (Dy) and nitrogen (Dy), and
(d) viscosity coefficient of ammonia. Vertical dashed lines denote the phase transition from the fluid state to the superionic state.

due to the free diffusion of protons. Second, a metallic state
of ammonia may affect its solubility with water and other
planetary materials, which perhaps alters current views on the
partitioning of these materials in the deeper regions of the ice
layer.

Next we give the diffusion and viscosity coefficient of
ammonia. In Fig. 3(c), the diffusion coefficient of hydrogen
and nitrogen is denoted by Dy and Dy, respectively. The
superionic regime is characterized by a transition from high
values of Dy corresponding to higher compression, to small
values of Dy corresponding to the low compression. Along
the isentropes, the proton diffusion rate has a plateau in the
liquid phase, shows a sharp rise in the superionic phase, and
reaches ~10~7 m? /s at around 220 GPa and 4000 K, which is
comparable to that of ice XVIII at similar conditions [41,42].
The viscosity of ammonia in Fig. 3(d) increases by a factor
of 10 from the top layer of the upper mantle to lower mantle,
which is remarkably consistent with the other planetary mate-
rials [9,36]. It signifies that the flow of superionic ammonia is
likely to be more similar to that of slow convection within the
solid ice mantle than to that of rapid swirls of fluid materials
in the planetary interior. We also note the following features:
(1) The Dy in Neptune gradually decreases to 0, whereas that
in Uranus exhibits a minimum value at 83.3 GPa. (2) The Dy
and Dy in Uranus are higher than those in Neptune, whereas
the viscosities along the isentrope of Uranus are lower than
those of Neptune at deeper condition. These differences can
be interpreted as a consequence of the fact that the isentrope
of Uranus is slightly higher than the melting line of ammonia,
while that of Neptune is beneath it.

A combination of the proton fluid and the nitrogen lattice in
the superionic phase raises the question of the characteristics
of this hybrid phase, especially with respect to its response
to electromagnetic stress, we therefore calculate the sound
velocity of ammonia along the isentrope of Neptune in the
same manner as Hernandez [43] and Millot [35], as displayed
in Fig. 4. Note that no shear sound velocity can be detected
in a homogeneous liquid and the longitudinal sound velocity
should be equal to the bulk sound velocity. One can find that
the longitudinal sound velocity increases with the increasing
pressure up to the deep mantle and a discontinuity is observed
at 48 GPa. This implies that the superionic ammonia has
different longitudinal-wave propagation characteristics from
the liquid phase and Neptune has a high-velocity layer at
lower 0.75Ry . In contrast to the previous conjecture, the ob-
tained elastic responses of superionic ammonia (see Fig. S5
and Table S1 [32]) are comparable to those of the superionic
water with X phase [35,41,43] at similar conditions. Thus, the
deduction in the recent experiment [12] that the superionic
ammonia may not contribute to the internal stratification is
insufficient. Previous research [31,35,36] predicted that the
magnetic fields of ice planets require highly electrically con-
ducting regions and may be induced by the superionic state
of planetary ice in a relatively shallow nonconvective layer.
Considering the existing states, transport coefficients, and
sound velocity of ammonia in the ice mantle, we deem that
the superionic ammonia is capable of inducing the internal
stratification for generating such multipolar magnetic fields.
The reasons are as follows: (1) Compared with the superionic
water, superionic ammonia can exist stably in the shallower
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FIG. 4. The longitudinal and bulk sound velocity of ammonia as
a function of the pressure along the isentrope of Neptune. The sound
velocities measured by the Brillouin scattering [12] are shown for
comparison. Lines are guides to the eye.

layer of these ice planets. (2) The conductivity of superionic
ammonia can sufficiently sustain the planetary dynamo pro-
cesses. (3) The discontinuity of longitudinal sound velocity
confirms the apparent difference between liquid and superi-
onic ammonia, which is related to the stratification inside the
ice planets.

Motivated by the poor understanding of the dynamical be-
haviors of the ammonia ice under high 7-P condition, we use
the MSD, PDF, and the atomic trajectories extracted from our
FPMD simulations to identify specifically the polymorphism
of ammonia and to construct a comprehensive phase diagram.
Since the accuracy of theoretical prediction depends on the
selected exchange-correlation functional, this phase diagram
may need to be further verified in the future experiments.
Figure 5 displays the final states of these simulations up to
360 GPa and 5500 K by distinguishing the fluid phase with
positive Dy and Dy from the solid phase in which Dy = 0, and
the superionic regime is characterized by positive Dy whereas
Dy = 0 in the plastic regime. Solid lines are fitted from the
boundary points of each type of atomic motion which divide
the phase diagram into four regions: fluid, plastic, superionic,
and solid. Inspired by the plastic state in the helium-ammonia
system [10], we explore the possible plastic regime of the
pure ammonia at low pressure. As expected, we find that
the solid ammonia enters a plastic state around 20-65 GPa,
in which hydrogen atoms rotate around the fixed nitrogen
atoms, as shown in the MSD and atomic trajectory in Fig. S6
[32]. The crucial signature of the plastic phase is a finite
MSD with a plateau at a quite low value, and the Dy in the
plastic phase is about an order of magnitude lower than that
in the superionic phase. The PDF in Fig. S7 [32] supports
the distinction of the plastic and superionic state, and the
hydrogen atoms in the former look liquidlike. Inspection of
the PDF also indicates that the protons in superionic ammonia
still maintain a strong interaction with the periodic nitrogen
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FIG. 5. Proposed high P-T phase diagram for ammonia com-
pared with the planetary interior condition of Neptune (blue dashed
line) and Uranus (navy dashed line) [7]. The simulation results are
marked with four different solid symbols: liquid (orange circles),
plastic (wine diamonds), superionic (red squares), and solid (blue
hexagons) state. The melting curve of ammonia is obtained from
our FPMD simulations (red squares) and previous DAC experiments
(green triangles, blue circles, and orange diamonds) [12,20,21]. The
plastic-superionic and solid-superionic phase boundaries are marked
by the wine and blue lines, respectively.

sublattice and the extra entropy of liquidlike protons may
enhance the structural strength with the increase of diffusion
rate, which provides an explanation on the elastic stiffening
of ammonia along the isentrope of Neptune. Note that this
paper is mainly focused on clarifying the contradiction about
previous researches of ammonia along the isentrope of ice gi-
ants, therefore the «-y phase transition of superionic ammonia
reported by Kimura et al. [12] goes far lower than the scope
of the present paper, which will be discussed in our following
research.

IV. CONCLUSION

Extensive FPMD simulations are conducted to determine
the melting curve, ionic structures, transport properties, and
sound velocity of ammonia at conditions relevant to the deep
mantles of Neptune and Uranus. Observation of the melting
temperature and ionic structure reveals a first-order phase
transition from the plastic state to the superionic state at
45.16 GPa and 2400 K attributed to the reduction of entropy.
The melting curve of ammonia crosses with the isentrope
of Neptune and nears the isentrope of Uranus, elucidating
that ammonia mainly exists in the form of a fluid mixture
phase in the top layer of the ice mantle and in the form of a
superionic phase in the deep interior of ice giants. Discovery
of reduction for the transport properties and sound velocity
of ammonia along the isentrope of ice giants further indicates
that the superionic ammonia could be stable up to pressure as
high as 350 GPa and may have significant implications for
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the formation and evolution process of the magnetic field.
Finally, a phase diagram of ammonia, including the solid,
liquid, plastic, and superionic phases, is extended to the higher
T-P condition. Our results not only successfully clarify the
contradiction between previous experiments and ascertain the
contribution of ammonia to the magnetic field but also shed
more light on the mantle convection and dynamo modeling of
these planets.
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