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Abstract—Dielectric tensors εik(ω), optical absorption spectra R(ω), ref lection spectra a(ω), and the density
of electronic states N(E) are calculated for the lattices of gas hydrates with sI and sH structures, and for ices
Ih and III. The dependence of the dielectric permittivity on the type of guest molecules in the sI hydrate is
discussed.
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INTRODUCTION

Hydrates are complex crystal compounds in whose
water lattices molecules of such low molecular weight
gases as H2, N2, Ar, Kr, Xe, CO2, H2S, CH4, and C2H6
are enclosed during nucleation [1]. Formed in the
depths of natural zones with optimal thermobaric con-
ditions (oceanic coastal zones, permafrost zones),
hydrates normally form cubic sI and sII or hexagonal
sH structures [2]. The sI hydrate (Fig. 1a) is the one
most common in nature and is of the greatest interest
for science and industry, since this type of hydrate is
based on hydrocarbon gases important for the energy
industry (methane, ethane) [3, 4]. The sI hydrate lat-
tice has D- and T-type molecular cavities but no fixed
order in the arrangement of protons. The D cavity is
described by the geometric formula 512 (formed by
12 pentagons), contains 20 H2O molecules, and has
characteristic diameter d ≈ 5 Å. The T cavity is
described by the geometric formula 51262, contains
24 H2O molecules, and has characteristic diameter d ≈
6 Å. The sH hydrate (Fig. 1b) forms around two types
of hydrate forming gases, e.g., CH4 and C5H10. Mole-
cules with smaller radii fill the small D and D' cavities,
while large molecules fill the large E cavities. The D'
cavity is described by the geometric formula 435663,
contains 20 H2O molecules, and has a characteristic
diameter d ≈ 5 Å. The E cavity is described by the geo-
metric formula 51268, contains 36 H2O molecules, and
has characteristic diameter d ≈ 9 Å. Hydrates belong to
clathrate systems. These are crystals in whose lattices
are vacant cavities that can include various molecules.
The prospects for the use of clathrate systems, partic-
ularly hydrates, stimulate interest from science and
industry. Hydrates are widely used in water filtration

technologies and as gas storage tanks [5]. In addition,
large reserves of methane in gas hydrate deposits in the
bowels of the Earth, reaching 1018 m3 according to
some estimates, could become the main sources of
hydrocarbon fuel [3]. The mechanical, thermal, opti-
cal, and electronic characteristics of gas hydrates and
ices are almost identical. However, hydrates (in contrast
to ices) are non-stoichiometric complex compounds
that contain various gases in their crystal cavities.

Hexagonal ice Ih is the most common solid phase
of water in nature. Water molecules in Ih ice line up in
a hexagonal lattice similar to a honeycomb (Fig. 1c),
oxygen atoms are located at the lattice nodes, and the
edges are formed by hydrogen bonds between them.
The location of hydrogen atoms in the crystal lattices
of hydrates obeys the Bernal–Fowler ice rule [6]. Ih ice
is a proton disordered structure, meaning there are
many lattice configurations that are equal in potential
energy and differ in the distribution of nuclei of hydro-
gen atoms. Each of these configurations obeys the Ber-
nal–Fowler rule. Under high pressure, p ∈ [0.2; 0.5]
GPa, which is seen in the bowels of the Earth, hexago-
nal ice transitions to the III ice phase (Fig. 1d) [7]. III
ice has proton ordering and a crystal structure in the
form of parallel hexagonal channels that can contain
guest molecules up to 3.5 Å in size (helium, hydrogen)
[8], thereby exhibiting the properties of clathrate com-
pounds.

Many experimental and theoretical works have
been devoted to studying the thermophysical and
mechanical properties, structural features, and pro-
cesses of nucleation and dissociation of ices and gas
hydrates [1–12]. Of great theoretical and practical
importance is the study of the electronic properties
[13, 14], dielectric tensors, and optical spectra [15–24]
1612
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Fig. 1. Crystal lattices of (a) sI hydrate, (b) sH hydrate, (c) Ih ice, (d) III ice. Oxygen atoms are on the lattice nodes; edges are
formed by hydrogen O–H bonds.
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of the crystal lattices of ices and hydrates, which
remain poorly studied due to technical limitations.
Knowledge of the dielectric and optical properties of
clathrate compounds will contribute to the improve-
ment of electromagnetic means for the exploration
and analysis of gas hydrate deposits. There is a con-
trolled source electromagnetic survey (MCSEM)
technique that can be used to obtain data on the elec-
trical resistivity of rock formations up to 4 km deep and
determine if there are gas hydrate deposits in it [16].
Time-domain reflectometry (TDR) is also used, with
which we can obtain data on the volumetric dielectric
characteristics of a sample and estimate the concen-
tration of gas hydrate in it [17]. Information about the
dielectric and optical characteristics of ice is therefore
of practical importance and will allow us to distinguish
potential gas hydrate deposits from an ice mass that
does not contain gas.

SIMULATION DETAILS

Ab initio calculations were performed for ice lat-
tices Ih and III, hydrate lattices sI and sH, and hydrate
lattices sI with Xe, H2S, CO2, CH4, C2H6 and C3H6
gases. The ways of filling the cavities with different
gases was considered: small Xe, H2S, CH4 molecules
can be included in small D and large T cavities, while
CO2, C2H6 and C3H6 molecules can only fill T cavi-
ties. The crystal lattices of the systems studied in this
work are shown in Fig. 1.

The dielectric and optical characteristics were cal-
culated via ab initio simulation using the density func-
tional theory [25, 26]. This was done by transitioning
from wave functions to electron density (1) and then
solving the Kohn–Sham system of Eqs. (2) with
allowance for effective one-electron self-consistent
potential (3), which is the sum of the external poten-
tial, the Coulomb potential, and the derivative of the
energy of exchange correlation:

(1)( ) ( )σ
σ

= ϕ 2,i
i

n r r
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(2)

(3)

Simulation was done with the specialized VASP
package [27, 28], in which a pseudopotential approach
is used to describe ion–electron interactions. The
principle of pseudopotentials consists of replacing the
rapidly oscillating wave functions of electrons near
atomic nuclei with smoother functions, while preserv-
ing the norm of the wave function and the potential of
the nuclei. This allows us to substantially optimize cal-
culations. In this work, we used the pseudopotential
PAW (projected plane wave) approach [29].
Exchange–correlation interaction was considered in
the generalized gradient approximation (GGAPBE)
[29, 30]. The system’s energy was minimized using the
RMM-DIIS algorithm [31]. Partitioning of the
k-space by a 2 × 2 × 2 grid was used, and a conver-
gence in energy of 10–4 eV was achieved. Periodic
boundary conditions were imposed on the modeling
cells.

The static dielectric tensor was calculated within
the density functional perturbation theory using the
LEPSILON= .TRUE. function in the VASP package.
To calculate the frequency-dependent dielectric func-
tion, we used launched calculations in VASP using the
LOPTICS= .TRUE. function. The ε(ω) tensor was
calculated after reaching the ground state of the elec-
tron subsystem based on single-particle wave func-
tions of electrons. The imaginary part of the tensor was
determined by summing over all states using Eq. (4):

(4)

where index k is the number of k-points in the Brill-
ouin zone, Wk is the weight of k-points, indices c and
v refer to the electronic states of the conduction and
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Table 1. Static dielectric tensors of ices and hydrates. Axes z are co-directed with the vectors from unit cells in Fig. 1

System

εxx εxy εxz

System

εxx εxy εxz

εyx εyy εyz εyx εyy εyz

εzx εzy εzz εzx εzy εzz

Ih 1.879 0.000 0.000 sI + H2S 1.996 0.001 0.001
0.000 1.879 0.000 0.001 1.971 0.000
0.000 0.000 1.887 0.001 0.000 1.972

III 2.013 0.000 0.000 sI + CO2 1.754 0.002 0.001
0.000 2.013 0.000 0.002 1.752 0.001
0.000 0.000 2.041 0.001 0.001 1.877

sH 1.610 –0.001 –0.001 sI + CH4 1.855 0.001 0.001
–0.001 1.608 –0.001 0.001 1.852 0.000
–0.001 –0.001 1.620 0.001 0.000 1.852

sI 1.628 0.001 0.000 sI + C2H6 1.905 0.002 0.000
0.001 1.625 0.000 0.002 1.903 0.001
0.000 0.000 1.625 0.000 0.001 1.937

sI + Xe 2.005 0.001 0.001 sI + C3H6 2.010 0.002 0.001
0.001 2.003 0.000 0.002 2.008 0.000
0.001 0.000 2.003 0.001 0.000 1.964
valence bands, and uck is the periodic part of the
orbital wave function at the k-point. The real part of
the frequency-dependent dielectric tensor was calcu-
lated from the imaginary part using the Cramer–Kro-
nig equation

(5)

RESULTS AND DISCUSSION

Dielectric tensor εik(ω) characterizes the propaga-
tion of electromagnetic radiation of different frequen-
cies in dielectric volume (6). Tensor εik of static per-
mittivity is the limiting case (ω → 0) of tensor εik(ω)
and describes the field in a dielectric placed in a con-
stant electric field:

(6)

The static dielectric tensor εik was calculated for
each crystal system (Table 1). The crystal lattices of Ih
ice and sH hydrate have hexagonal symmetry, while
the crystal lattice of III ice has trigonal symmetry. The-
oretically, the lattices of III, Ih and sH should be uniax-
ial systems in terms of the dielectric tensor and optical
properties [32]. Results from calculating permittivity
(Table 1) show that the Ih, III, and sH systems have
axes εzz, which coincide with the unit cell vectors in
Fig. 1. The crystal lattice of sI hydrate has cubic sym-

( ) ( )∞ αβ
αβ ε ω ω

ε ω = + ω
π ω − ω

2
1 2 2

0

' '21 ' .
'

d

( )= ε ω .i ik kD E
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metry and should exhibit isotropy in terms of dielec-
tric and optical properties; i.e., the diagonal compo-
nents of the dielectric tensor should coincide (εzz =
εxx = εyy), as was confirmed by calculations. Dielectric
constant value ε ≈ 1.88 for Ih ice; ε ≈ 2.01 for III ice; ε ≈
1.61 for sH hydrate lattice; and ε ≈ 1.63 for sI hydrate
lattice. An increase in the values of the dielectric ten-
sor components is observed when the sI hydrate lattice
includes different gases. Average permittivity ε ≈ 2.00
for the Xe hydrate; ε ≈ 1.98 for the H2S hydrate; ε ≈
1.85 for the CH4 hydrate; ε ≈ 1.92 for C2H6 hydrate;
and ε ≈ 1.98 for C3H6 hydrate, which is higher than the
value for an unfilled sI framework (ε ≈ 1.63). The
dielectric constant therefore grows, due to the contri-
bution from gas molecules to the polarizability of the
hydrate crystals. Components εzz, εxx, εyy are close in
magnitude for the sI hydrate with molecules whose
symmetry is close to spherical (Xe, H2S, CH4, C2H6
and C2H6). The sI hydrate with a CO2 molecule has a
pronounced anisotropy along axis z (εzz ≈ 1.88, εxx ≈
εyy ≈ 1.75). This is because the CO2 molecule has an
extended shape and, being in an ellipsoidal T cavity,
occupies a fixed orientation with a minimal energy
value. This effect was considered in [33]. The ordered
arrangement of CO2 molecules in the unit cell of the sI
crystal results in anisotropy of the dielectric properties
along the corresponding axis.

The frequency-dependent components of dielec-
tric tensor εik(ω) for the frameworks of sI, sH hydrates
Y OF SCIENCES: PHYSICS  Vol. 87  No. 11  2023
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Fig. 2. Real ε'(ω) and imaginary ε"(ω) parts of the dielectric function for (a) sH hydrate, (b) sI hydrate, (c) Ih ice, and (d) III ice.

0.5

1.0

1.5

2.0

0 10 20 30 40
E, eV

�(�)
�'(�)
�''(�)

�'(�)
�''(�)

�'(�)
�''(�)

�'(�)
�''(�)

0.5

1.0

1.5

2.0

0 10 20 30 40
E, eV

�(�)

0.5

1.0

1.5

2.5

2.0

0 10 20 30 40
E, eV

�(�)

0.5

1.0

1.5

2.5

2.0

0 10 20 30 40
E, eV

�(�)(a) (b) (c) (d)

Fig. 3. Calculated spectra of reflection R(ω) and absorption a(ω) for (a) sH hydrate, (b) sI hydrate, (c) Ih ice, and (d) III ice.
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and Ih, III ices were calculated with formula (7), aver-
aged, and shown in Fig. 2.

(7)

The presented samples of ices and hydrates have a
similar type of the dielectric function dependence on
the external electromagnetic field frequency. Func-
tions ε'(ω) and ε"(ω) allowed us to calculate many
important optical characteristics of the medium (e.g.,
reflection R(ω), absorption a(ω), refractive indices
n(ω) and k(ω)) and loss function L(ω) [34]. In this
work, we present only results from calculating reflection
R(ω) and absorption a(ω) spectra using formulas (8) and
(9) (Fig. 3). The formulas are given in a system of units
where c = 1:

(8)

(9)

( ) ( ) ( )ε ω = ε ω + ε ω' '' .ik ik iki
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Reflection spectra R(ω) show that the radiation
reflected from Ih, III sI and sH latices was distributed
in the E ∈ [5, 20] eV range of photon energies (i.e., in
the near ultraviolet region). Spectra а(ω) show that in
terms of optical absorption, the considered crystals
also exhibited activity in region E ∈ [5, 20] eV. The
main absorption peaks are at the level of 11.8 eV and
correspond to the transitions of 2p electrons of water
molecules in the hydrate lattice.

At the next stage of our work, we obtained the den-
sities of electronic states N(E) for the sI, sH, Ih, and III
crystal structures. As can be seen in Fig. 4a, the elec-
tron density distribution for ices and unfilled hydrate
lattices had similar forms and were characterized by
nonzero electron density in the range of –19 to –17 eV,
which corresponds to the s-electrons of oxygen, a non-
zero electron density in the range –6.6–0 eV, which
corresponds to the valence band (s-electrons of hydro-
gen and p-electrons of oxygen) and a weakly populated
conduction band at levels of 5.4–12 eV. The band gap
in hydrates and ices is ≈5.5 eV, which corresponds to
pronounced dielectrics. The densities of electronic
: PHYSICS  Vol. 87  No. 11  2023
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Fig. 4. Densities of electronic states (DOS) for (a) ices and lattices of hydrates, (b) sI hydrate with methane content, and (c) sI
hydrate with CO2 content.
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states of the sI hydrate with a methane molecule inclu-
sion in the D and T cavities and a carbon dioxide mol-
ecule in the T cavity are shown in Figs. 4b and 4c,
respectively. These graphs contain an electron density
peak at a level of 10 eV, associated with the presence of
carbon atoms in the lattice cavities. A shift of the elec-
tron density toward lower energies was also observed
when there was a guest molecule; this effect was espe-
cially noticeable when a carbon dioxide molecule was
included. The drop in the energy of the electronic sub-
system testifies to the stabilization of the clathrate
framework by gas molecules.

CONCLUSIONS
Using a series of quantum mechanical calculations

according to the density functional theory, we
obtained static dielectric tensors εik for Ih, III ices,
unfilled lattices of sI, sH hydrates, and sI hydrates with
naturally occurring hydrate formers (Xe, H2S, CO2,
CH4, C2H6 and C3H6). Complex frequency-depen-
dent dielectric functions ε(ω) were calculated in the
E ∈ [0; 40] eV range of energies for Ih and III ices and
sI and sH clathrate frameworks. Dielectric functions
were used to calculate reflection R(ω) and absorption
a(ω) spectra. The considered crystals were shown to
exhibit optical activity in the region of E ∈ [5, 20] eV
in terms of absorption a(ω) and reflection R(ω). The
main absorption peaks were at the level of 11.8 eV and
corresponded to the transitions of 2p electrons of the
framework’s water molecules. Densities of electronic
states N(E) of an identical character were obtained for
sI, sH, Ih, and III crystal structures and a band gap of
≈5.5 eV. Diagrams of the density of the electronic
states of sI hydrate with methane molecules and inclu-
sions of carbon dioxide show a slight shift of the elec-
tron density toward lower energies, testifying to the
stabilization of the clathrate framework by gas mole-
cules. The electronic, dielectric, and optical charac-
BULLETIN OF THE RUSSIAN ACADEM
teristics of sI, sH hydrates and Ih, III ices obtained in
this work could be of both fundamental and practical
importance by contributing to the development of
electromagnetic ways of detecting and analyzing gas
hydrate deposits.
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