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Effect of hydrostatic pressure on the quantum paraelectric state of dipolar coupled
water molecular network
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We measure the real part € of the dielectric permittivity of beryl crystals with heavy water molecules D,O
confined in nanosized cages formed by an ionic crystal lattice. The experiments are performed at a frequency of
1 MHz in the temperature interval from 300 down to 4 K under different hydrostatic pressures up to P = 6.3 GPa.
At high temperatures, a Curie-Weiss-like increase of €'(T') is observed upon cooling. Application of pressure
leads to flattening of €'(T') at low temperatures due to quantum effects, i.e., tunneling of deuterium atoms in the
hexagonal localizing potential. Analyzing the temperature behavior of €’ with the Barrett expression allows us
to obtain pressure dependencies of the quantum temperature 7}, the Curie-Weiss temperature ¢, and the Barrett
constant C. The increase of 7} observed up to 4 GPa is associated with an enhanced azimuthal tunneling of the
confined water molecules through the barriers of the potential. For P > 4 GPa, T, (P) levels off since the barriers
disappear. Any further pressure increase does not affect the tunneling rate because of the absence of a barrier.
The behavior is modeled by solving the Schrodinger equation for the water molecule in the azimuthal potential
numerically. Small negative values of 7o &~ —10 K obtained for P < 4 GPa indicate the antiferroelectric ordering
tendency of the water dipoles localized in the crystalline nanochannels. For higher pressure, a strong decrease
of T¢ toward negative values is observed that would correspond to the enhanced interdipole coupling strength,
which is however hard to explain in the present case, and thus calls for additional theoretical and experimental

studies.

DOI: 10.1103/PhysRevResearch.4.023205

I. INTRODUCTION

Incipient ferroelectrics provide a unique platform for
studying quantum states of matter. In these materials, also
named quantum paraelectrics, upon lowering the temperature,
quantum fluctuations begin to prevail over thermally driven
fluctuations of the order parameter and the dipole interaction
energy. As a result, no long-range ordering of electric dipoles
occurs. Physical properties of the resulting sea of interacting
dipoles are then fully determined by quantum phenomena.
Canonical examples of incipient ferroelectrics are strontium
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titanate SrTiO3 [1] and potassium tantalate KTaO3 [2]. Due
to quantum fluctuations, both compounds show no phase
transition into an ordered state down to the lowest temper-
atures measured [3-5]. The crossover between classical and
quantum regimes can be distinctly documented by measuring
the temperature dependence of the low-frequency dielectric
constant €'(T), i.e., the real part of the complex dielectric
permittivity €* = ¢’ +ie”. At high temperatures, it follows
the Curie-Weiss dependence:

C

4

€_€°°+T—TC’ (D
(here, C is the Curie constant, 7c the Curie temperature,
and €, is the high-temperature dielectric constant) but shows
strong deviations around a specific temperature 7j, turning
into a plateau that extends down to the lowest accessi-
ble temperatures. The temperature 7 is called the quantum
temperature and sets the scale for the quantum fluctuations
strength. The Barrett expression is commonly used to describe
the behavior of the permittivity in the entire temperature
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FIG. 1. (a) Beryl (Be;Al,SigOs) structure viewed along the ¢ axis. Honeycomb six-membered Be, Al, and SiO, tetrahedra enclose a water
molecule (oxygen is gray, deuterium is red). The color coding of the atoms is given through the legend. The blue arrow indicates the dipole
moment of the water molecule. (b) Separated water molecule within the ionic cage. The cage is in diameter of 5.1 A with narrow bottlenecks
of 2.8 A. The water molecule encaged is subjected to a six-well localizing potential (green belt). (c) Schematic view of water molecules in
nanosized cages of the hexagonal beryl crystal lattice. Cages are organized in channels aligned along the crystallographic ¢ axis. Characteristic
sizes are shown: interchannel distance (9.2 A) and intercage distance along the channel (4.6 A). Hydrogen bonding between water molecules

is negated, and only dipole-dipole interaction is present.

interval [6]:
C
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The overall variation of the dielectric permittivity is di-
rectly linked to the dynamics of the low-energy transverse
excitation of an optical phonon mode, the so-called ferro-
electric soft mode. In the classical regime, the soft-mode
frequency vy and dielectric strength Ae follow the Cochran
law [7], vo o< (T — T¢)'/?, and the Curie-Weiss law, expressed
in Eq. (1), respectively. Below Tj, both parameters Ae and
vy level off and do not vary with temperature, meaning that
the mode does not soften completely, and no phase transition
occurs [8]. The nature of fundamental phenomena that deter-
mine qualitative changes in the behavior of the soft mode,
i.e., of collective vibrations of the crystal lattice in incipient
ferroelectrics when they enter the quantum regime, has been
under intensive scrutiny for decades. Recently, the diversity
of quantum phenomena in incipient ferroelectrics has been
even enriched with quantum critical effects (see Ref. [9] and
references therein) that have been discovered not only in
the long-known SrTiO3 and KTaO3 [10,11] but also in other
members of the family, e.g., the M-type hexaferrites [12,13],
ferroelectric relaxors [14], and organic charge-transfer com-
plexes [15-19].

Studies of quantum behavior and quantum-critical phe-
nomena in ensembles of interacting electric dipoles are at the

cutting edge of today’s condensed matter physics, especially
given that the origin of the quantum criticality in electric
systems based on Coulomb interactions should be strik-
ingly different from that in magnetic compounds [9,10,20,21]
where the quantum critical phenomena are determined by
the spin degrees of freedom and have been the subject of
numerous and detailed studies for many years [22]. Here, we
investigate another type of quantum paraelectrics that differs
from those described above in the way that the electric dipoles
are not formed by displaced ions of the crystal lattice, as in
conventional quantum paraelectrics, but are constituted by po-
lar molecules bearing frozen-in electric dipoles. Ferroelectrics
of this type were predicted in Ref. [23] where the ordered
phase was described as composed of polar molecules sitting
inside Cgp cages. Similar materials of this sort were exper-
imentally introduced [24] in the form of dielectric crystal
of beryl (Be;Al,SigO;s) and cordierite [(Mg,Fe), Al4SisOyg],
and those have subsequently been studied intensively [25-32].

Beryl crystallizes in a honeycomb structure (space group
P6/mcc) consisting of stacked six-membered rings of SiO4
tetrahedra, as depicted in Fig. 1. The latter leave relatively
large open channels oriented parallel to the crystallographic ¢
axis [33]. Along this axis, the channels contain bottlenecks
of ~2.8 A alternating with slightly larger cages of 5.1 A
in diameter, into which separate polar water molecules (the
dipole moment of an H,O molecule is ~1.85 Debye) can
enter during crystal growth. The H,O molecules occur in two
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distinct orientations: either the two protons are aligned paral-
lel to the ¢ axis and the electric dipole points perpendicular to
the ¢ direction (type I), or the dipole moment points parallel
to the ¢ axis (type II; Fig. 1) [34,35]. With intercage dis-
tances of 5-9 A (i.e., the distance between water molecules),
the H,O molecules do not experience short-range hydrogen
bonding but are subject to a longer-range dipole-dipole inter-
action. Being only weakly coupled to surrounding ions, type-I
molecules are almost free to rotate around the c axis. One thus
obtains an ideal playground for the studies of classical and
quantum phenomena in a system of interacting point dipoles
that qualitatively differs from conventional crystal lattice fer-
roelectrics and quantum paraelectrics.

In previous radiofrequency and terahertz studies of hy-
drous beryl crystals [28], a terahertz ferroelectric soft mode
was discovered; it was proven to be of nonphononic origin
but associated exclusively with the response of coupled H,O
dipoles. The temperature evolution of the soft mode caused a
Curie-Weiss temperature behavior of the quasistatic permit-
tivity of this dipolar network; however, no phase transition
into the ordered phase has been observed. Below ~20 K
and down to 300 mK, the permittivity saturates, signifying
the suppression of a transition due to quantum tunneling of
water molecular protons within the six-well localizing poten-
tial (Fig. 1). The strength and frequency of the terahertz soft
mode show a similar leveling off below ~20 K. Modeling this
behavior by the Barrett expression [Eq. (2)] allows the de-
termination of characteristic temperatures, such as 77 = 20 K
and Tr = —20 K. It is also found that, in the quantum para-
electric regime, the water molecular ensemble displays clear
signatures of quantum critical behavior [36]. The aim of this
paper is to explore whether hydrostatic pressure can tune the
water dipolar system toward a phase transition. Compression
of the beryl crystal lattice brings the water dipoles closer
together and thus enhances the dipole-dipole coupling. This
might even overpower the other effect of proton delocalization
due to tunneling. The idea was also inspired by reports where
the application of pressure or strains effectively tunes the
phonon system of traditional crystal lattice incipient ferro-
electrics (see, e.g., Refs. [8,37-40] and references therein).
To diminish the role of tunneling effects and make the water
molecular system more prone to phase transition [30], we
replace water protons with deuterium by synthesizing beryl
crystals with nanoconfined heavy water molecules D,0.

II. EXPERIMENTAL DETAILS

A. Crystal growth

Beryl crystals were synthesized from oxides, using a com-
plex acidic lithium-fluoride mineralizer [41,42] in sealed gold
ampoules with a volume of ~60 mL placed in stainless-steel
laboratory autoclaves at a temperature 7 ~ 600 °C and pres-
sure P ~ 1.5 kbar. The volumes of the ampoule and autoclave
were filled with D,O (the admixture of H,O did not exceed
0.1 wt. %). The grown crystal is characterized by its chem-
ical composition averaged over the entire overgrown layer;
we receive in wt. %: Si0,—66.18, Al,0;—18.66, BeO
13.80, Fe,O3—0.05, oxides of other 3d elements <0.01,
Li,0—0.04, oxides of other alkaline elements <0.01, loss on

ignition (LOI)—1.14, yielding a total of 99.87 [43]. Assum-
ing all LOIs are attributed to heavy water and following the
recommendations presented in Ref. [44], the results can be
recalculated into the following crystal chemical formula:

(Be2.997L0.003)y-=3(Al1.993S10.004F€0.003)y-=2
X (Sis.004Be0.006)5 =6 018[ (L1)y"20.012(D20) 520 344 ] -

Recently, Belyanchikov er al. [43] found a correlation
between lithium ions and some water molecules entering
channel positions in the beryl structure: When the Lit is
incorporated in the bottleneck of the channel, the two adjacent
cages (above and below the bottleneck) are filled by water
molecules whose dipole moments are parallel to the crystal-
lographic ¢ axis (the so-called water type II). This implies a
certain distribution of the D,O molecules in beryl: only ~7%
are D,O-II, while 93% are D,O-I.

B. Radiofrequency measurements under hydrostatic pressure

In our experiments, the high-pressure environment was
achieved by commercial diamond anvil cells (Almas Easy-
Lab). The cell employs diamonds with 600 um culets and a
pre-indented CuBe gasket of 100 um thickness. A 250 um
sample hole was machined by electric discharge at the center
of the gasket. The beryl crystals were cut into 100 by 100 um
plates with a thickness of 70 um using diamond styli (Agate
Products); where the crystallographic ¢ axis falls within the
sample plane.

Since the contacts were placed on front and rear faces,
the dielectric measurements are performed with the applied
electric field in the ab plane. It is in this geometry that the
quantum paraelectricity of the ensemble of nanoconfined wa-
ter molecules was observed previously [28]. Quasi-four-probe
dielectric measurements were performed with the help of an
impedance analyzer (Agilent 4294A). The metallic contacts
were made with silver paste (Plano G3303B) and gold wires
of 15 um diameter were used for voltage supply. Daphne oil
7474 was filled as the hydrostatic medium. The pressure was
applied by manually tightening screws, with the help of a
torque wrench. The real in situ pressure was determined by
ruby fluorescence. The pressure cell could be cooled down
to a base temperature of 4 K in a custom-made helium-flow
cryostat.

C. Monte Carlo simulations

The Metropolis algorithm was used to model the behavior
of the dipole system at different temperatures. The dominant
dipole-dipole interaction is given by the Hamiltonian:

H = @reeq) ' Y ri’lpipj — 3(pimi)(pimipl.  (3)
ij

Here, ¢ is the vacuum permittivity, €, is the high-frequency
relative dielectric constant due to electrons, r;; is the distance
between two dipoles p; and p;, and n;; is the normal vector be-
tween them. Six dipole orientations were allowed, in contrast
to previously modeled water molecules in cordierite, where
there were only four possible orientations [45]. The presented
results were obtained for a sample with 16 lattice sites along
each axis (a total of 4096 sites) and a 30% dipole filling factor

023205-3



Y. T. CHAN et al.

PHYSICAL REVIEW RESEARCH 4, 023205 (2022)

with N = 1229 dipoles in total. Free boundary conditions
were applied. The dielectric susceptibility y = ¢’ — 1 along
each axis o was calculated from fluctuations of the average
dipole p, = N~' 3V p? as
Npj 2 2

o= udeokBT«p") (Pa)?). 4)
Here, N is the number of dipoles in a simulation, py = 1.85 D
is the dipole moment of a water molecule, v, is the vol-
ume per dipole, and kg is the Boltzmann constant. For each
temperature 7', the number of Monte Carlo steps per spin in
the simulation was 11 000 (the first 1000 were attributed to
thermalization). The results were averaged over 15 samples
with different randomly generated dipole site configurations.

III. RESULTS, ANALYSIS, AND DISCUSSION

Figure 2 depicts the water molecule dipole configuration
in the ab and bc planes obtained from Monte Carlo simula-
tion at zero temperature. Within the ab plane, no long-range
order is developed given the presence of vacancies and the
degenerate ground states of dipoles. Ferroelectric alignments
are favored for adjacent dipoles, although exceptions can also
be seen since the dipole interactions along the ¢ axis are much
stronger due to the smaller interdipole distance. Meanwhile,
along the channels, the water molecules tend to form clusters
with molecular dipole moments arranged antiferroelectrically
(AFE).

The dielectric susceptibility x of water dipoles is also
obtained from our Monte Carlo simulation, and the results
are plotted in Fig. 3 together with the experimental data. The
simulated yx is deviated from the experimental result by a fac-
tor of @ = 2.5, and both data fit almost perfectly, especially
at low temperatures, including a distinct kink at 20 K. (Note
that the kink disappears for P > 4 GPa.) We can attribute
the discrepancy between experiment and simulation to the ap-
proximation included in the Monte Carlo simulations, where
the dipoles were assumed to have only six fixed orientations,
not considering the possible dipole tunneling and rotation in
excited states. Use of the Curie-Weiss expression to fit the data
provides negative T of approximately —10 K, which is close
to the values of 7o = —20 K obtained in Ref. [28]. Drawing
an analogy with the conventional crystal-lattice ferroelectrics,
the negative T¢ is pointing to an AFE type of dipole interac-
tion.

In conventional AFEs, negative critical temperatures are
usually obtained from infrared/terahertz spectroscopic mea-
surements partially softened at the Brillouin zone center (at
zero wave vector, k = 0) transverse phonon branch. This
behavior reflects the critical softening of the same phonon
branch at the Brillouin zone boundary (k £ 0) where the bare
soft mode develops, leading to the AFE phase transition at the
critical temperature 7. The presence of a soft mode in the
form of a zero wave vector excitation in the terahertz spectra
of hydrous beryl and its AFE-like contribution to the dielectric
permittivity resulting in negative 7 can be explained by a
certain friability of AFE ordered dipoles in the beryl channels
that can couple to the spatially uniform (k = 0) electric field.

Figure 4 presents temperature dependencies of the real part
of the dielectric permittivity of hydrous beryl crystal measured
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FIG. 2. Water molecule dipole configuration in (a) the ab plane
and (b) the bc plane in beryl at zero temperature obtained by Monte
Carlo simulation. (a) In the ab plane, the ferroelectric alignment is
favored between adjacent water dipoles, but exceptions can be found,
and no long-range order is developed. (b) The water dipoles have
a zero component along the ¢ axis. The vertical component of the
dipole in this figure is the component in the a axis, such that the
spatial configuration, in the bc plane, of the orientation of the dipole
in the ab plane is displayed. We see the perfect antiferroelectric order
along the ¢ axis for the nearest dipoles.

at a frequency of 1 MHz under various pressures. Ambi-
ent pressure experiments on dehydrated samples obtained by
heating them up to 1000 °C and keeping them in a vacuum
for a period of ~24 h have shown that the observed strong
temperature changes of permittivity are caused exclusively by
the response of water molecules [28]. The lowest-temperature
permittivity (<20-30 K) is seen to be very sensitive to the
application of pressure and decreases from ambient pressure
values of €' (4K)~ 47 to ~16 at P = 6.3 GPa. It is also
seen that hydrostatic pressure does not induce any feature that
could be associated with a ferroelectric or AFE phase transi-
tion, e.g., a characteristic peak in the temperature dependence
of €'(T). Instead, the effect of pressure results in gradual
extension of the quantum paraelectric temperature range to
higher temperatures, i.e., the temperature interval where €'(T')
tends to saturation. Note that the low-temperature plateaus in
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FIG. 3. Inverse dielectric susceptibility x~! of water molecule

dipoles in the ab plane of beryl. Lines and symbols correspond to
x with the electric field polarization directed along a (red) and b
(blue) Cartesian axes, respectively, obtained by Monte Carlo simu-
lations. Experimental x (green square) is also extracted from €’ by
subtracting the high-temperature limit x = ¢ — €/ . The simulated
x will match with the experiment data by multiplying by a factor
of « = 2.5. The discrepancy is due to approximation in the model.
The strong growth of x~! below &~ 5 K is because of the absence
of quantum effects in Monte Carlo simulations. Dashed lines are ex-
trapolations of Curie-Weiss fitting above (purple) and below (orange)
the kink feature at 20 K. Both extrapolations project a negative Tc.

the €/(T') curves do not reveal any signs of shallow maxima
that could indicate quantum critical phenomena [10,36].

The observed features in the temperature-pressure behav-
ior of the permittivity are qualitatively like those obtained
for strontium titanate (see Ref. [40], for instance). How-
ever, the underlying physics is completely different for the
two systems: While in SrTiO; the dielectric response is de-
termined by the soft low-energy transverse phonon branch,
the terahertz ferroelectric soft mode in hydrated beryl has
its origin in the collective dynamics of interacting water
dipoles [28,46].

Since the tunneling rate of a particle in a two-well po-
tential depends exponentially on the width and the height of
the barrier, we associate the aforementioned pressure-induced
growth of the role of quantum effects and corresponding sup-
pression of the phase transition with an enhanced quantum
tunneling of the heavy water deuterium atoms within the lo-
calizing hexagonal potential, in full analogy to the tunneling
of H,O protons in beryl previously observed in spectroscopic
experiments with hydrated beryl [27,28].

To get further insight into the pressure-induced changes of
the dipole behavior, we performed least-square fits in the tem-
perature variation of susceptibility, see Fig. 3. Because of the
distinct kink feature, two temperature ranges, 4-20 K and 20—
50 K, were chosen and fitted by the Barrett [Eq. (2), solid lines
in Fig. 4] and Curie-Weiss [Eq. (1)] expressions, respectively.
The obtained pressure dependencies of the quantum temper-
ature T, the critical temperature T¢, and the constant C are
plotted in Fig. 5. Here, T¢ maintains its value of near —10 K

60 T T L] T T T L]
0.8
0.6}
0.4+t
40 -
0.2+
v
W e :
50 0 100 200 300
T (K)

20 —s5 > .

f=1MHz
TR |

2 10 100 350

Temperature (K)

FIG. 4. Temperature dependencies of the real part of the permit-
tivity €’ of beryl crystal filled with heavy water molecules confined
inside nanosized cages within the crystal lattice. The measurements
are performed at a frequency of 1 MHz and at different hydrostatic
pressures as indicated. Solid lines show results of least-square fits
according to the Barrett expression in Eq. (2), as described in the text.
The inset presents the corresponding dependencies of the inverse
permittivity (¢’ — €)', where €/ &~ 7.3 is the high-temperature
dielectric constant independent of pressure. The colors in the inset
correspond to those in the main panel. Straight line extrapolation
toward zero values of (¢/ — €/ )~! indicates negative critical temper-
ature Tc ~ —10 K.

at pressures up to 4 GPa, indicating a persistent AFE water
molecule dipole interaction, and it is in perfect agreement with
the Monte Carlo results (see Fig. 2). Rather unexpectedly, we
observe a strong change in 7¢ toward large negative values for
pressures above ~4 GPa while, at the same time, C increases.
The increase of negative T could be seen as an indication
that the dipole-dipole interaction rises in strength; this, how-
ever, is very unlikely because the dipole separation changes
only slightly under pressure. The crystal volume of beryl is
reduced by only ~4% at the highest pressure of ~6.3 GPa
obtained in our experiments [47]; this corresponds to a very
small change in distance r between water molecules. Since
the dipole-dipole interaction strength is proportional to r—,
it increases not more than 4% with pressure of 6.3 GPa.
An increase of T might also be caused by reorientation of
water dipoles along the ¢ axis as the potential barrier along
the polar angle disappears at high pressure. Indeed, due to
the anisotropy of the electric dipolar interaction, the coupling
strength for collinear dipoles is twice as large. However, this
does not provide an explanation of the observed increase of
C. Since C is proportional to the dipole concentration, its
growth at P > 4 GPa could be connected to the pressure-
induced hydration of beryl crystals, as has been reported [48],
where a cordierite crystal was pressurized >4 GPa in aqueous
medium. This would also explain the increase in the average
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FIG. 5. Dependence on hydrostatic pressure of (a) quantum tem-
perature 77, (b) Curie-Weiss temperature 7¢, and (c) Barrett constant
C obtained by fitting the experimental data presented in Fig. 4 with
the Barrett expression [Eq. (2)] in the temperature range 4-20 K and
with the Curie-Weiss expression [Eq. (1)] in the temperature range
20-50 K. Dashed lines are guides for the eye. Dark blue solid line in
(a) corresponds to the water molecule ground state energy splitting
in the azimuthal potential (see text).

dipole interaction strength and 7 as the average distance
between dipoles becomes smaller upon hydration. We feel,
however, this line of argument is very unlikely because the
pressure medium used in our experiment (Daphne oil) does
not contain any water. To clarify and explain these unusual
observations, further experimental and theoretical studies of
Tc and C under pressure are needed.

We now turn to the pressure dependence of the quantum
temperature 7;. We relate its increase with pressure up to
~4 GPa [Fig. 5(a)] with an enhanced rate of quantum tun-
neling of deuterium atoms, caused by a suppression of the
height and width of the potential barriers of the azimuthal
hexagonal localizing potential. As seen in Fig. 5(a), T;(P)
saturates above ~4 GPa. We suggest that this saturation is
a sign of the disappearance of the barriers in the localizing
potential, so that further increase of the pressure does not
affect the tunneling rate because there are no barriers. Here,
we should recall that the Barrett formula was initially ob-
tained for a harmonic potential well with some anharmonic
contributions [6], where 77 stands for the harmonic potential

>
Qo
E 1 B R N N S N B 1 I T T A T S N 1 T R SR N RN T N N 1 L
o B ARSI ORI

60 :zfx;,/fi\;,/ix;ff,\(;/ii\, S ,1,\\,;7 i

FIG. 6. Calculated (see text) energy levels of a water molecule in
the azimuthal potential (a) at zero pressure and (b) at P = 4 GPa. The
thick blue curve is the potential energy, dashed lines are the energy
levels, and solid lines are the corresponding wave functions.

frequency. Later, it was shown that the same formula describes
the dielectric susceptibility of a particle in a double-well po-
tential treated as a two-level system with 77 corresponding to
the energy difference between the two tunnel-split states [49].
This means that, strictly speaking, Eq. (2) cannot be directly
applied to the present case of a six-well potential: the water
molecules in beryl are not localized in two wells, and hence,
we do not have a two-level system. Nevertheless, fitting by the
Barrett expression [Eq. (2)] gives us an effective value of the
temperature due to quantum tunneling or anharmonic effects.

We assume that the quantum temperature 77 is related
to the energy difference Ej; between the ground and first
excited states, i.e., Eg; =~ kgT; (kg is the Boltzmann con-
stant). We solve numerically the Schrodinger equation for the
heavy water molecule with reduced mass m = momp/(mo +
mp) (where mg = 16 and mp = 4 are oxygen and deuteron
masses in amu), which is at a distance of d,;, = d cos(apop/2)
from the center of the nanopore in the ab plane; here, d =
0.96 A is the water molecule covalent bond length, and
apop = 105° is the angle between two covalent bonds. We
approximate the azimuth angle potential by V(¢) = V,[1 +
cos(6¢)]/2 (Fig. 6) with the amplitude V, = Vy max[(] —
P/Py), 0], which is a linear function of pressure P and is zero
above Py = 4.5 GPa. The obtained pressure dependence of
the energy Ey; is plotted as a solid line in Fig. 5(a), and it
reproduces the experimentally obtained behavior quite well.
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The saturation value of Ey; = 1.64 meV corresponds to the
energy of the molecule free rotation around the ¢ axis. The
quantum temperature 73 ~ 6 K at zero pressure yields the
estimation of V; = 80 meV. This value is too high compared
with the estimates of the localizing potential amplitude of
~1 meV made in Ref. [30]. A lower value of V; will be
obtained if we assume that not only deuterium atoms but
also oxygen atoms can tunnel during water molecule rotation,
which will lead to a smaller potential barrier. This would be
in accordance with mixed-type rotational-translational eigen-
modes for a water molecule in beryl calculated in Ref. [30].
At the same time, the above potential parameters provide for
the H,O molecule the zero-pressure value Ey; =~ 2.1 meV that
is close to the energy of the soft mode of ~1.5 meV measured
in a neutron inelastic scattering experiment [27] and obtained
by infrared spectroscopy [28] at low temperature. The density
functional theory calculation in Ref. [27] also provides a high
value for the potential barrier for water rotation around the ¢
axis of ~176 meV when the lattice is considered static and
48-56 meV when lattice vibrations are considered.

IV. CONCLUSIONS

Temperature- and pressure-dependent permittivity €’ mea-
surement at 1 MHz and Monte Carlo simulation were
conducted on beryl crystal with nanoconfined quasifree water
molecules. We could cover the temperature range from 4 to
300 K and apply hydrostatic pressure up to P = 6.3 GPa. With
increasing pressure, the low-temperature €’(7") progressively

flattens due to quantum tunneling of the heavy water, i.e., the
orientation of the D,O dipole moment in the hexagonal lo-
calizing potential. The Barrett expression for €'(7T') is used to
obtain the pressure dependencies of the quantum temperature
Ty, Curie-Weiss temperature 7¢, and Barrett constant C. An
increase of 71 (P) is observed up to ~4 GPa followed by a lev-
eling off at higher pressures. This behavior is associated with
an enhanced azimuthal tunneling of confined water molecules
through potential barriers of crystalline localizing potential
that flattens at P > 4 GPa, when a further increase of the
pressure does not affect the tunneling rate because there are
no barriers. Small negative values (T &~ —10 K) obtained for
P < 4 GPa indicate the antiferroelectric ordering tendency of
water dipoles localized in the nanochannels. The anomalous
behavior of the Curie-Weiss temperature T¢ observed at P >
4 GPa (pronounced decrease toward negative values) and the
Barrett constant C (strong growth) call for further theoretical
and experimental studies.
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