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It is generally accepted that nuclear quantum effects (NQEs) trigger the transition to the nonmolecular form
of ice under increasing pressure. This picture is challenged in salty ice, where Raman scattering measurements
up to 130 GPa of molecular ice VII containing NaCl or LiCl impurities show that the transition pressure to
the symmetric phase ice X is shifted up by about 30 GPa, even at small salt concentrations. We address the
question of how the inclusion of salt induces the drastic reduction of NQEs by selectively including NQEs in
ab initio calculations of ice in the presence of distinct ionic impurities. We quantitatively show that this is mainly
a consequence of the electric field generated by the ions. We propose a simple model that is able to capture the
essence of this phenomenon, generalizing this picture to other charged defects and for any concentration. This
result is potentially generalizable to most “dirty” ices in which the electric field due to the doping is much more

significant than local lattice distortions.
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Ice under extreme conditions is present in many planets,
both within our solar system [1] and beyond [2]. These ices
are usually “dirty”: Planetary real ices unavoidably contain
impurities such as salt. In pure ice, nuclear quantum effects
(NQES) play a crucial role by drastically decreasing the VII-X
phase transition pressure [3,4]. However, recent experiments
question the role of NQEs in LiCl-doped ice [5]. Whether this
is specific to LiCl ice and the mechanism by which the quantum
behavior of the protons can be hindered is still an issue.

At high pressure, the two molecular phases of ice, proton
disordered ice VII and proton ordered ice VIII [6,7], transform
to ice X, the only known atomic phase of ice. Below the
transition, the oxygens form a body-centered-cubic structure,
and the hydrogen bonds are characterized by a prototypical
double-well proton transfer potential. As the atoms get closer
under the effect of increasing pressure, the intrinsic quantum
nature of the protons produces more evident effects and favors
the onset of quantum tunneling. Upon further reducing the
distance between oxygens, the proton potential degenerates
into a single-well potential [8], giving rise to a symmetric
hydrogen bond, where the hydrogen is located midway
between two neighboring O atoms. By including NQEs, the
transition pressure P, is drastically reduced from about 90 GPa
as classically predicted [9] to approximately 60 GPa [10-16],
that is, the pressure for which the zero-point energy equals the
barrier height [3,4]. However, the effect of a perturbation on
a prototype of structural quantum effects in crystals is not a
priori trivial from a fundamental point of view.

Recent studies [5] on LiCl-water solutions at different salt
to water ratios pointed out that the properties of ice change
drastically when LiCl salt is homogeneously included into ice
VII and that the transition pressure to the phase X strongly
depends on the presence of ionic impurities. Here, we report
high resolution Raman scattering experiments on NaCl ice
up to Mbar pressures. These challenging conditions have
been achieved by the use of a diamond anvil cell equipped
with extra low-fluorescence synthetic diamonds and by fast
quenching of a 5 um droplet of 2% NaCl water solution in
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order to produce ice VII-doped ice following the procedure
described in the Supplemental Material [5,17,18]. The upper
panel of Fig. 1 shows the 200-1000 cm ™' region of the Raman
spectra recorded at different pressures up to 130 GPa. The
oxygen-oxygen 71, vibrational mode, which is indicative
of the cupritelike structure of phase X, clearly appears at
87 £ 5 GPa, similarly to what is observed in LiCl ice [5].
Thus, the presence of small quantities of salt impurities (here,
1 NaCl for 53 H,0), which is likely in natural ices, shifts P;
by about 30 GPa, roughly the same pressure shift as observed
when quantum effects are neglected in pure ice [3,4]. This
observation confirms that the measured shift of P; in LiCl ice
is actually a general effect of ionic impurities on the ice lattice.
We address this issue by comparing simulations that do or
do not include NQEs and quantify their impact on the transi-
tion. The first kinds of calculations are done via quantum ther-
mal bath ab initio molecular dynamics (QTB-AIMD) [19,20];
this semiclassical approximation quantitatively describes the
VII-X transition in pure ice [4]. The second kinds of calcula-
tions are standard ab initio molecular dynamics (AIMD). In
both cases, the atomic forces are computed within the density
functional theory (DFT), via the generalized gradient approxi-
mation [21], as implemented in the QUANTUM ESPRESSO pack-
age [22]. Simulations including NaCl or LiCl impurities were
run over a time length of about 25 ps with a 0.484 fs integration
time step. Our simulation cell contains 53 water molecules and
one LiCl or NaCl pair, corresponding to a concentration of 2%
mol. The Li* ion is small enough to occupy an interstitial
site within the oxygen lattice, while C1~ is substituted for
a water molecule [17]. Two configurations are considered
in our calculations for the larger Nat cation: an interstitial
site (I), as for Li*, and a substitutional site (S), where Na*
replaces a water molecule, as does C1™ (the method and initial
configurations are described in the Supplemental Material).
The incorporation of salt has non-negligible effects on
the hydrogen bonds, as shown by the OH pair correlation
function (PCF) (see the figure and related description in the
Supplemental Material). In particular, the first peak of the
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FIG. 1. Top panel: Raman scattering measurements in the
200-1000 cm ™! range as a function of pressure up to 130 GPa for a 2%
molar concentration of NaCl. Lower panel: Calculated 75, vibrational
mode (from QTB-AIMD) in NaCl ice (S).

PCF is shifted to shorter distances while its second peak,
corresponding to the hydrogen bond mean length, is shifted
to higher distances with respect to pure ice. With increasing
pressure, the two peaks of the PCF broaden significantly and
merge into a single one.

Upon increasing pressure, the OH stretching mode softens,
going through a minimum, which determines P, [4,9,12—-15].
The pressure evolution of this vibrational mode, calculated
from the molecular dynamics trajectories, is shown in Fig. 2
for pure and salty ices (with either LiCl or NaCl), along with
experimental results. In parallel, the computed frequency of the
T, mode in NaCl-ice X increases with pressure, in agreement
with Raman measurements (Fig. 1, lower panel).

In pure ice, the transition pressure P, as predicted by AIMD
is about 30 GPa higher than the one yielded by QTB-AIMD
(around 60 GPa), the latter one being instead in very good
agreement with experiments. In salty ices, according to QTB-
AIMD, the VII to X transition occurs at approximately 90 GPa
for both LiCl and NaCl ices, again in very good agreement with
experiments [5]. Moreover, P; is also independent of the actual
position of Na™, whether interstitial or substitutional. Hence,
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FIG. 2. Top panel: Raman measurements of the OH stretching
mode (v; E,) in pure and LiCl ices (8% mol concentration [5]).
Lower panel: OH stretching mode (in cm™!) as a function of pressure
(in GPa) obtained from QTB-AIMD (solid lines) and AIMD (dotted
lines), in pure ice (green) [4], in LiCl ices (red), and in NaCl ices [blue
dots: solid squares for interstitial Na (I), open circles for substitutional
Na (S)]. The transition pressure is indicated by the minimum of the
curve.

the similarities between LiCl and NaCl ices indicate that the
shift of P; does not depend, within our statistical uncertainty,
on the type or size of the ionic impurity introduced in ice.
Even more unexpectedly, we observe that in salty ices, AIMD
gives similar results to QTB-AIMD, in particular, yielding
P, >~ 90 GPa, which raises the fundamental question of the
resilience of NQEs in those systems.

A natural explanation of this puzzling phenomenon, as
given in Ref. [5] for LiCl ice, is that the local impurity causes
a distortion of the neighboring ice structure, and perturbs
the motion of hydrogen atoms nearby, which prevents the
symmetrization of all other hydrogen bonds in the system.
Indeed, the presence of the cation affects the structure of the
neighboring oxygen lattice: The oxygen-oxygen distances are
slightly larger than in the rest of the system (about 2%—4%; see
Fig. 3). The angles of the oxygen lattice are also modified in the
vicinity of the cation (see the Supplemental Material). In any
case, the geometric perturbation is short ranged, independently
of the cation (Li or Na) and its specific location. In particular,
the mean O-O distance, which has been recognized as a critical
parameter [8], is equal in salty and pure ices at the same
pressure for the overwhelming majority of O atoms, apart from
the ~6% fraction of H atoms close enough to be impacted by
salt inclusion. Accordingly, the ion-induced local distortion
cannot explain why the transition is shifted to much larger
pressures.
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FIG. 3. Mean oxygen-oxygen distance (corresponding to the O-
H--- O bond) in pure ices (squares), in LiCl ices (solid circles), and
in NaCl ices (solid triangles). Open circles and triangles correspond
to the mean O-O distances near the cation.

The analysis of the probability distribution P(§), where &
is the difference between the covalent OH and the hydrogen
H- .- Obond lengths and is a good order parameter for the tran-
sition [23-25], shows that in phase VII, below the transition,
the probability distribution averaged over all protons in all salty
ices has the same shape (Fig. 4) and is similar to that in pure
ice at higher pressure. Hence, the symmetrization of hydrogen
bonds is impacted, irrespective of the type and sites of the ionic
impurities, further confirming that the salt-induced upshift of
P, cannot be purely ascribed to local geometric distortions.

Finally, the overall trend of the proton dynamics is little
affected by the salt incorporation. In ice VII, the protons
move incoherently from one another, consistent with the
disordered character of this phase, while a more coherent
motion is recovered in the crystalline phase X (velocity-
velocity correlation functions are shown in the Supplemental
Material). It is therefore unlikely that a local perturbation could
shift by about 30 GPa the onset of a coherent motion for all
protons in the system. In conclusion, structural and dynamical
data conspire to exclude that local steric effects could explain
the major and largely cation-independent (Li or Na) upshift
of P,.
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FIG. 4. Probability distribution P(£) where & is the length
difference between the covalent OH and the hydrogen H - - - O bonds,
in LiCl and NaCl ices at approximately 50 GPa.
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We therefore focus on the ion-induced electric field [26]
as a long-ranged quantity that could potentially suppress the
quantum behavior of protons in ice. In order to check the order
of magnitude of this electric field, we compute the electric
potential, macroscopically averaged in pure and salty ice. In
pure ice, the mean electric field is null, while in salty ice a
nonzero mean electric field becomes apparent in the whole
sample above the statistical noise, with an intensity varying
between 0.2 and 1 V/ A (see the Supplemental Material).

In order to test whether a long-range electric perturbation
is actually the key to the disappearance of NQEs in ice and the
consequent upshift of P,, we study the general and simpler case
of pure ice under a uniform external electric field. The effect
of such a field on proton conduction has already been studied
in ices Ih and XI [27]. Here, we focus on its consequences on
proton tunneling at much higher pressures, which are by far
less known, by performing total energy calculations through
the modern polarization theory [28,29]. Then, we derive the
mean effective potential felt by a proton along the hydrogen
bond double well, for different values of the electric field,
which we compare to the same quantity computed for both
salty ices. A uniform field of about 0.05 V/ A fits the double-
well asymmetry found for salty ices at 2% concentrations. The
results displayed in Fig. 5 show that in pure ice with no electric
field, the mean potential is symmetric, with a barrier height of
approximately 0.45 eV at low pressure (10 GPa). In contrast,
in both salty ices and pure ice under an electric field, one well
is lower than the other [30]. Apart from the asymmetry, other
differences are mainly in the repulsive part of the potential,
which is not essential to the tunneling properties of the protons.

LiCl ice, NaCl ices, and pure ice under a uniform electric
field share the asymmetry of the proton potential. A general
description encompassing the previous physical systems is
given by a simple one-dimensional model [23-25,31] of
a quantum particle in a double well in the presence of a
homogeneous electric field E, and focuses on the effect of
the asymmetry induced by E [32]. It reads

V(x) = ax* + b(P — Py)x> + Vo + Ex, (1)
0.6 r r r r —— r
LiCl-ice —+—
NaCl-ice -
% lce + electric field -x
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]
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FIG. 5. Potential barrier obtained for the protons in LiCl ices (red)
and in NaClices (blue), in ice under an external uniform electric field,
E =0.05 V/A (purple), and in pure ice (green) at approximately
10 GPa.
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FIG. 6. Probability for the proton to be in the lowest well
of the potential in Eq. (1), vs electric field E, for different
pressures.

where x is the particle position along the O-O direction, P the
pressure, and a, b, Py, and Vj are fitting parameters adjusted
to the mean potential energy calculated in pure ice [4]. This
leads to a textbook quantum mechanics problem [see the
Supplemental Material for details about the one-dimensional
(1D) model]. The numerical solutions of the corresponding
time-independent Schrodinger equation, for varying P, show
that the probability for the particle to be in the lowest well
evolves rapidly with increasing electric field from 0.5—
corresponding to the quantum tunneling regime—to 1, where
the proton localizes in one well (Fig. 6). Within this general
model, even a small electric field drastically reduces the proton
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tunneling rate between the two potential wells [31], making
the most probable position of protons indistinguishable from
the equilibrium position of their classical counterparts. For
instance, a homogeneous electric field of 0.05 V/ Ain pure ice
implies that the probability of finding the particle in one well is
about 75% at 80 GPa (Fig. 6). As the electric field increases the
particle localization, the symmetrization of the hydrogen bond
can only be attained by increasing the pressure, in agreement
with the experimental findings.

In conclusion, our study provides a fully consistent exper-
imental and theoretical description of the suppression of the
quantum behavior of protons in salty ices. The incorporation of
salt in high-pressure ice generates a long-range electric field
that affects all the protons in the system, beyond the local
distortion. This electric field modifies the potential landscape
around the protons, making it asymmetric instead of symmetric
as in pure ice. Even a small asymmetry is able to localize the
hydrogen nuclei and to largely suppress tunneling along the
O-O direction, shifting the transition to ice X to higher pres-
sures. This explains why the disappearance of nuclear quantum
effects on protons occurs at rather low salt concentrations. A
simple textbook model captures the essence of the problem
and demonstrates that NQEs are strongly affected by the
asymmetry inherent to the electric field. This allows us to infer
a general trend on the effect of dilute impurities on realistic
planetary ices, where the transition pressure to ice X can be
significantly displaced by salt concentrations as small as 1%.
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