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Abstract—In this study, the results of calculating the dielectric and optical characteristics of solid polymor-
phic phases of water—namely, ices Ih and III, and lattice frameworks of hydrates sI and sH—are described.
Static dielectric tensors εik and complex frequency-dependent tensors εik(ω) are calculated for these materi-
als. It is shown that the lattices of Ih, III, and sH correspond to uniaxial crystals according to their optical
properties, their εxx(ω) and εyy(ω) tensor components are identical, and the lattice of hydrate sI corresponds
to an isotropic crystal. Based on calculated frequency-dependent dielectric functions  and , the
following important optical characteristics are obtained: reflection R(ω), absorption a(ω), loss function
L(ω), and refractive indices n(ω) and k(ω). Comparison of the dielectric and optical spectra of the sI and sH
lattice frameworks with the known spectra for methane hydrate sI reveal a broadening of the spectra toward
high-energy fields. For unfilled hydrate sI, a reflection peak at an energy of 17.3 eV is found, the appearance
of which is associated with a change in the electronic structure of the crystal in the absence of a methane mol-
ecule. Qualitative agreement of reflection spectra R(ω) and the  and  functions calculated by
quantum mechanical simulation with experimental data on the spectroscopy of the hexagonal and amor-
phous ice phases is obtained.
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1. INTRODUCTION

Polymorphic modifications of the solid phase of
water are among the most common materials on Earth
and have unique physical properties [1, 2]. Ice alone
exhibits at least seventeen crystalline phases that differ
in structure and proton distribution [1]. Water skele-
tons of gas hydrates can also be referred to polymor-
phic modifications of ice [2]. Despite the fact that
hydrates, unlike ices, are complex compounds whose
crystal lattice can contain low molecular weight gases,
their mechanical, thermal, optical, and electronic
characteristics are close to those of ices. Ice Ih is the
most widespread solid water modification in nature
(Figs. 1a and 1b). Water molecules of this modifica-
tion of ice are organized in an ordered hexagonal lat-
tice, oxygen atoms form an ordered structure that
resembles a honeycomb, and the arrangement of
hydrogen atoms is determined by the Bernal–Fowler
ice rule [3]. For ice Ih, the Bernal–Fowler rule admits
a set of energy-identical proton distribution configu-
rations in the lattice; therefore, this structure is a pro-
ton-disordered structure. Ice III (Figs. 1c and 1d) can
be obtained by compressing hexagonal ice under pres-

sures of p ∈ [0.2; 0.5] GPa [4]. This modification of ice
is a unique one, since it has an ordered arrangement of
protons, which is not typical for polymorphic modifi-
cations that exist at low pressures (<20 GPa). The
crystal lattice of ice III corresponds to a trigonal struc-
ture. Parallel hexagonal channels in ice III, like molec-
ular cavities in gas hydrates, can include guest mole-
cules—for example, molecules of hydrogen or
helium—up to 3.5 Å in size [5]. Thermobaric condi-
tions and the gas composition of the Earth’s interior
are optimal for the formation of gas hydrates with hex-
agonal lattice sH and with cubic lattices sI and sII. The
crystal lattice of these nonstoichiometric compounds
is comprised of spherical or ellipsoidal molecular cav-
ities formed by hydrogen bonds between water mole-
cules [6]. In natural gas hydrates, molecular cavities
are filled with light gases CH4, H2S, H2, N2, Ar, Kr,
Xe, CO2, C2H6, and C3H6, whose molecules stabilize
the water lattice of hydrates through the van der Waals
interactions [7, 8]; the unfilled clathrate has a meta-
stable framework. The sH hydrate modification has a
hexagonal structure (Figs. 1e and 1f) and includes the
following two types of water cavities: small ones (r ≈
4–5 Å) and large ones (r ≈ 7–9 Å). Hydrate sI is the
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Fig. 1. Simulation cells and crystal lattices of ices (a, b) Ih and (c, d) III, frameworks of hydrates (e, f) sH and (g, h) sI.
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most abundant on Earth and has a cubic structure
(Figs. 1g and 1h). This modification is of particular
interest for research, since gas hydrates containing
hydrocarbons (methane and ethane) have the sI lattice
with molecular cavities with a radius of r ≈ 5–6 Å and
a proton disordered structure, which means that there
is no fixed arrangement of protons in the crystal.

The increased interest in the study of various char-
acteristics of clathrate systems is associated with the
wide prospects for their application. For example,
1 m3 of hydrate can contain 160 m3 of methane [9],
which gives grounds to consider hydrates as natural
reservoirs for storing and transporting gases [10]. Eco-
nomic interest in natural gas hydrates is also due to the
presence of huge reserves of methane (up to 1018 m3)
contained in gas hydrate deposits in the bowels of
Earth [2]. A lot of studies—both experimental and
theoretical—have been devoted to thermophysical and
mechanical properties, and to nucleation and dissoci-
ation processes of ices and hydrates [1–5, 8–12]. At
the same time, the electronic [13, 14], dielectric, and
optical properties [15–21] of aqueous crystal lattices of
ices and hydrates—which are not only of fundamental
but also of great practical importance—are less stud-
ied. Data on the dielectric and optical properties of
clathrate systems make it possible to improve electro-
magnetic methods for detecting and analyzing gas
hydrate deposits. For example, the method of con-
trolled source electromagnetic survey (MCSEM),
which provides information about the electrical resis-
tivity of formations up to 4 km in depth, can determine
the presence of gas hydrate deposits in the rock [15],
and the time domain reflectometry (TDR) method
allows one to measure the concentration of gas hydrate
based on bulk dielectric properties [16]. At the same
PHYSICS OF THE SOLID STATE  Vol. 64  No. 11  202
time, it is also important to know the optical spectra of
ice in order to distinguish gas hydrate deposits from ice
reservoirs that do not contain natural gas. In [17],
dielectric coefficients and optical spectra of hydrate sI
filled with methane were obtained by ab initio simula-
tion. It was shown that the absence of methane in
some lattice cells of water has a little effect on the opti-
cal and electrical characteristics. In [18–20], absorp-
tion values, refractive indices, and also temperature
dependences of the dielectric properties of ices and
hydrates with tetrahydrofuran, methane, propane,
and sulfur hexafluoride were measured by the experi-
mental method of terahertz spectroscopy (TDS) with
characteristic frequencies of electromagnetic radiation
in the range of  ∈ [0.1; 30] THz. In [21], the reflec-
tion and absorption spectra and dielectric functions of
hexagonal (Ih) and amorphous ices in the energy range
of E ∈ [5; 28] eV were measured at 80 K by optical and
photoelectron spectroscopy.

In this work, the dielectric and optical properties of
ice modifications Ih and III, and clathrate frameworks
sI and sH are studied using the density functional the-
ory [22, 23], which is a high-precision ab initio
method, within the pseudopotential approach in the
VASP software package [24, 25]. The dielectric tensor
components, the real and imaginary parts of complex
dielectric functions, the optical absorption and reflec-
tion spectra, the loss functions, and the refractive indi-
ces are calculated. Since these are the first results of a
quantum mechanical study of the dielectric functions
of the solid phases of water, the data obtained in this
study are of great theoretical and applied importance
and can contribute to the development of technologies
for localization and analysis of gas hydrate deposits.

v
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Table 1. Parameters of simulation cells and crystal lattices

N, H2O α, deg β, deg Γ, deg a, Å b, Å c, Å Space group

Ih 48 90 90 120 15.2 15.2 7.14 P63/mmc [1, 12]

III 36 90 90 120 13.0 13.0 6.25 R-3 [1, 12]

sH 34 90 90 60 12.2 12.2 10.1 P6/mmm [9, 12]

sI 46 90 90 90 12.0 12.0 12.0 Pm-3n [9, 11]
2. CRYSTAL STRUCTURE
OF HYDRATES AND ICES

Dielectric and optical characteristics were calcu-
lated for the following four crystalline phases of water:
ices Ih and III, and lattice frameworks of hydrates sH

and sI. The simulation cells and crystal lattices for
each of the considered systems are shown in Fig. 1.
Table 1 gives some characteristics of the simulated sys-
tems.

3. SIMULATION DETAILS

The dielectric and optical characteristics were
studied using the density functional method [22, 23],
which makes it possible to calculate the microscopic
and macroscopic parameters of the system based on
the electron charge density distribution. When per-
forming calculations using this method, The VASP
software package, which is a specialized computer
program for ab initio simulation, was used [24, 25]. To
describe electron–ion interactions, the VASP algo-
rithms use the pseudopotential method, which makes
it possible to increase the efficiency of calculations by
smoothing rapidly oscillating wave functions of elec-
trons near atomic nuclei. In these calculations, the
method of projected plane waves (PAW potential) [26]
was used. The number of plane waves in the basis set
was determined by a cutoff energy of 400 eV and
ranged from 130 thousand to 230 thousand, depending
on the simulated crystal. The exchange correlation
interaction of electrons was taken into account using
the generalized gradient approximation (GGA-PBE)
[26, 27]. The system energy optimization procedure
was carried out using the RMM-DIIS algorithm [28]

and an energy convergence of 10–4 eV was achieved.
The method of partitioning the inverse k-space with a
grid of 2 × 2 × 2 was chosen to optimize unit cells. To
avoid undesirable effects associated with the finite
dimensions of the simulated crystal cells, periodic
boundary conditions were used.

4. DIELECTRIC TENSOR

Dielectric tensor εik(ω) and its complex frequency-

dependent components describe the propagation of
electromagnetic waves in an anisotropic dielectric
PHY
medium, and establish the following relationship
between induction and electromagnetic field strength:

(1)

Static dielectric tensor εik, which is also called the per-

mittivity, is a tensor for limiting case ω → 0 and
describes the field in the volume of a dielectric placed
in an external static electric field. According to [29],
the εik(ω) tensor is characterized by symmetry in the i
and k indices.

At the first stage of the study, static macroscopic
permittivity tensor εik was calculated for each crystal-

line phase of water (see Table 2). Crystals Ih and sH

belong to hexagonal systems, and crystal III has a

trigonal structure; therefore, these crystals are uniaxial
with respect to the dielectric tensor and, consequently,
to optical properties. Moreover, the principal optical
axes (εzz) of the dielectric tensors of the Ih, III, and

sH systems coincide with vectors c in Fig. 1. The other
optical axes (εxx and εyy) lie in the plane perpendicular

to εzz and, according to [29], the εxx and εyy values of

must match. In turn, the sI crystal has a cubic lattice
according to the dielectric tensor and optical proper-
ties. The principal components of the dielectric tensor
for the sI system must coincide (εzz = εxx = εyy), i.e., the

system must have optical isotropy. The calculated val-
ues of static dielectric components εzz, εxx, and εyy
(Table 2) confirm the earlier theoretical conclusions.
Insignificant errors in the values of the components of
dielectric tensors εik for hydrates sI and sH are due to

the fact that a less accurate electron minimization
algorithm in the VASP software package was used for
quantum mechanical calculations because of the
complexity of these systems [24, 25]. In addition,
the systems under study have a center of spatial sym-
metry and do not exhibit natural optical activity or
gyrotropy [29].

At the next stage of the study, the frequency-
dependent components of dielectric tensor εik(ω) were

calculated, which characterize the propagation of
electromagnetic waves along various directions in a
dielectric medium (see Fig. 2). In the general case, the
εik(ω) components are complex values:

(2)

However, the imaginary parts are equal to zero in the
limiting case with ω → 0, as shown in Fig. 2. For each

= ε ω( ) .i ik kD E

ε ω = ε ω + ε ω' ''( ) ( ) ( ).ik ik iki
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Table 2. Calculated components εik of the static dielectric tensors of ices Ih and III, and lattice frameworks of hydrates sI

and sH (the z axes are aligned with vectors c of the unit cells shown in Fig. 1)

εxx εyy εzz

Ice Ih 1.879 1.879 1.887

Ice III 2.013 2.013 2.041

Hydrate sH 1.609 ± 0.001 1.609 ± 0.001 1.620

Hydrate sI 1.626 ± 0.002 1.626 ± 0.002 1.626 ± 0.002
considered system, only the diagonal components of

the tensor have nonzero values. Moreover, the values

of the εxx(ω) and εyy(ω) components are identical for

crystals Ih, III, and sH. For an sI crystal, εxx(ω) =

εyy(ω) = εzz(ω).

The dielectric functions of the studied modifica-

tions of ices and hydrates behave similarly in their
PHYSICS OF THE SOLID STATE  Vol. 64  No. 11  202

Fig. 2. Dependences of the energy of electromagnetic radiation o

the dielectric tensor for ices (a) Ih and (b) III, and hydrates (c) s
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dependences on the frequency of the applied electro-

magnetic field. The  and  dependences

for ices and hydrates show qualitative similarity, and

the positions of their extrema coincide; however, the

peaks of the dielectric functions have different intensi-

ties. The real  functions, which describe the

propagation and behavior of radiation inside the mate-
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2

n the real and imaginary parts of diagonal components εik(ω) of

H and (d) sI.
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Fig. 3. Reflection functions of ices (a) Ih and (b) III, and hydrates (c) sH and (d) sI.
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rial, show maxima in the energy range of 6.2–6.5 eV
and minima in the ranges of 12–13 and 17–18 eV. The

maximum value of dielectric function  is 2.2 in

the case of ices and 1.7 in the case of hydrates. In the
low-energy limit, ice Ih is characterized by the ε1(ω)

value equal to 1.47; for ice III, this value is 1.61; for

hydrates sI and sH, ε1(ω) = 1.29. In the high-energy

limit, dielectric function  tends to unity. Dielec-

tric function , which characterizes the energy

loss of electromagnetic radiation in the medium, has
nonzero values for ices and hydrates only in the energy
range of 4–20 eV and consists of many overlapping

peaks. The peaks of the  function correspond to

transitions between the 2p electrons of oxygen and the
1s electrons of hydrogen of water molecules in the
crystal lattice [17]. The maximum intensities of the

 function 1.4 and 1.5 in the case of ices III and Ih,

and 0.64 and 0.68 in the case of hydrates sI and sH,
respectively.

5. OPTICAL FUNCTIONS

The  and  dielectric functions make it

possible to calculate many important optical charac-
teristics of a medium. The following frequency-depen-
dent functions were obtained using formulas (3)–(7)
[30] for ices Ih and III, and hydrates sI and sH: reflec-

( )ε' ωik

( )ε' ωik

( )ε ' ω'ik

( )ε ' ω'ik

( )ε ' ω'ik

( )ε' ωik ( )ε ' ω'ik
PHY
tion R(ω) (see Fig. 3), absorption a(ω) (Fig. 4), real
part n(ω) of the refractive index (Fig. 5), imaginary
part k(ω) of the refractive index (Fig. 6), and function
L(ω) of dielectric losses (see Fig. 7). The formulas are
given in the system of units, in which c = 1

(3)

(4)

(5)

(6)

(7)

Reflection functions R(ω) in Fig. 3 demonstrate
that the light reflected from ices and hydrates is pre-
dominantly distributed in the ultraviolet region (5–
20 eV). Such behavior of the distribution is also valid
for other optical properties. The absorption peaks of
the a(ω) function at energy levels of 11.5–11.8 eV cor-
respond to the transition of the 2p electrons of water.

ε ω + ε ω −
ω =

ε ω + ε ω +

2

'( ) ''( ) 1
( ) ,

'( ) ''( ) 1

i
R

i

 ω = ω ε ω + ε ω − ε ω
 

1/2
2 2

( ) 2 ' ( ) '' ( ) '( ) ,a

 ω = ε ω + ε ω + ε ω
 

1/2
2 21

( ) ' ( ) '' ( ) '( ) ,
2

n

 ω = ε ω + ε ω − ε ω
 

1/2
2 21

( ) ' ( ) '' ( ) '( ) ,
2

k

 ω = ε ω ε ω + ε ω 
2 2

( ) ''( )/ ' ( ) '' ( ) .L
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Fig. 4. Absorption functions of ices (a) Ih and (b) III, and hydrates (c) sH and (d) sI.
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Refractive indices n(ω) and k(ω) replicate rather well

the ε1(ω) and ε2(ω) spectra. The dielectric and optical

functions obtained in this study for unfilled clathrate
PHYSICS OF THE SOLID STATE  Vol. 64  No. 11  202
lattices sI and sH were compared with some results

published in [17] (Fig. 8), in which the spectra of

hydrates sI fully and partially filled with methane mol-
2
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Fig. 6. Imaginary parts of the refractive index for ices (a) Ih and (b) III, and hydrates (c) sH and (d) sI.
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Fig. 7. Loss functions of ices (a) Ih and (b) III, and hydrates (c) sH and (d) sI.
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Fig. 8. Optical functions ε1(ω), ε2(ω), R(ω), a(ω), n(ω), k(ω), and L(ω) for unfilled hydrates sI and sH, and for gas hydrates sI

with methane inclusions.
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Fig. 9. Comparison of the experimental and calculated dielectric and optical spectra of ices Ih, III, and amorphous ice for

(a) reflection functions R(ω), and dielectric functions (b) ε1(ω) and (c) ε2(ω).
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ecules are calculated using the method of first-princi-
ples simulation.

As shown in Fig. 8, the spectra of unfilled sI and sH
lattices have qualitative and quantitative differences
from the spectra of the sI hydrate with the inclusion of
methane in molecular cavities [17]. In this case, the
optical functions of unfilled hydrates sI and sH are
identical. For methane hydrate and unfilled hydrates,
the ε1(ω), ε2(ω), R(ω), a(ω), n(ω), k(ω), and L(ω)

spectra show the coincidence in the left boundaries of
the distributions. The optical spectra of water frame-
works sI and sH are more extended in the direction of
high energies. The shift of the far right extrema in all
spectra was about 3.5 eV. Such changes in the shape of
the spectra can be associated with the structural defor-
mations of the clathrate cavities of the hydrate with
inclusion of gas molecules and with a change in the
electronic structure of the hydrate crystal. It is worth
paying attention to the R(ω) reflection spectra, in
which the intensity of the main peak increases and an
additional reflection peak appears at an energy of
17.3 eV for unfilled hydrate sI compared to methane
hydrate sI. Presumably, the presence of this peak at
17.3 eV for the empty sI framework is associated with
the transitions of the 2p electrons of water in unfilled
molecular cavities. The presence of guest methane
molecules has an effect on the electronic structure of
the cavity [7] and prevents this transition. For the
PHY
remaining ε1(ω), ε2(ω), a(ω), n(ω), k(ω), and L(ω)

spectra, insignificant decreases in the peak intensities
are observed in the presence of CH4 molecules.

The calculated reflection spectra and dielectric
functions of ices Ih and III were compared with the

published data [21] (see Fig. 9). In this study, the R(ω)
spectra of reflection from the surfaces of hexagonal
and amorphous ice crystallized in vacuum are mea-
sured under the influence of synchrotron radiation.
Next, dielectric functions ε1(ω) and ε2(ω) are obtained

using the Kramers–Kronig relations [31]. The spec-
troscopy data of the system are obtained at T = 80 K,
while quantum mechanical calculations are performed
for the ground state of the system at T = 0 K. In addi-
tion, experimental samples may contain defects and
impurities. Despite this, good qualitative and quanti-
tative agreement is obtained between the experimental
and calculated spectra, in particular, for the ε2(ω)

dielectric function. The first maxima in the R(ω)
spectra of experimental samples are located at a level
of 3.7 eV; in the calculated spectra, these peaks are less
pronounced and are characterized by an energy of
5.6 eV. In the experimental ε1(ω) and ε2(ω) spectra of

hexagonal ice, the first maxima are at levels of 3.7 and
4.2 eV, respectively. In addition, the experimental
spectral maxima are more pronounced than those
obtained in the calculated spectra, in which the corre-
SICS OF THE SOLID STATE  Vol. 64  No. 11  2022
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sponding peaks are characterized by energies of 5.6
and 7.0 eV, respectively.

6. CONCLUSIONS

As a result of numerical quantum mechanical cal-
culations performed for ices Ih, III and lattice frame-

works of hydrates sI and sH, static dielectric tensors εik
(Table 2) in the diagonal form are obtained. It is shown
that the dielectric and optical properties of Ih, III, and

sH correspond to an uniaxial crystal whose main opti-
cal axis coincides with unit cell vector c (see Fig. 1),
and the properties of ice sI correspond to a cubic iso-
tropic crystal. The complex components of frequency-
dependent dielectric function εik(ω) are calculated in

the energy range of E ∈ [0; 40] eV (see Fig. 2), and
good agreement with the published calculated data
[17] is obtained. The following optical characteristics
of the crystals under study are calculated based on the
dielectric functions: reflection R(ω), absorption a(ω),
refractive indices n(ω) and k(ω), and loss function
L(ω) (see Figs. 3–7). Reflection functions R(ω) show
that the light ref lected from ices and hydrates is pre-
dominantly distributed in the near ultraviolet region
(5–20 eV). Good agreement is found between the
optical spectra of hydrate lattices sI and sH, and meth-
ane hydrate sI [17]; an additional reflection peak at an
energy of 17.3 eV, which is absent in the spectrum of
the methane filled hydrate, is found in the optical
spectra of unfilled frameworks sI and sH (see Fig. 8).
Presumably, the presence of a peak at 17.3 eV is asso-
ciated with the transitions of the 2p electrons of water
in unfilled molecular cavities. The presence of guest
methane molecules has an effect on the electronic
structure of the cavity and prevents this transition.
Calculated reflection spectra R(ω) and functions
ε1(ω) and ε2(ω) of ices are correlated with experimen-

tal data for hexagonal and amorphous ices (see Fig. 9).
The quantum mechanical simulation results demon-
strate qualitative and quantitative agreement with the
published experimental spectroscopy data [21]. The
optical characteristics of polymorphic phases Ih, III, sI,

and sH of water, which are obtained in this study, are
of fundamental and practical importance both for
modern science and the energy industry. Thus, the
results of this study can contribute to the development
of technologies for the exploration and analysis of gas
hydrate deposits.
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