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NaySOy4 crystal was grown by slow evaporation method from an aqueous solution. Using the PXRD method, the
crystal structure of NaSO4 was investigated at room temperature, and it was found that the crystal belongs to the
orthorhombic symmetry of the space group Fddd (no. 70) with the following unit cell parameters: a = 5.8568(4)
A, b =122957(7) A, c = 9.809(1) A, and V = 706.52(8) A°. The dispersion of the refractive indices of NazSO4
crystal in the visible and ultraviolet ranges was measured at room temperature and the principle refractive
indices of optical indicatrix were determined to be nxy = 1.4703, ny = 1.4847, and nz = 1.47669 for the
wavelength A = 500 nm. The first-principle calculations of the phonon properties of the crystal were performed
using the lattice dynamics method and DFPT approach. The polarized normal incidence reflection spectra of
NaySO0y crystal were measured in the infrared range 50-1300 cm ™! by using FTIR spectrometer and synchrotron
radiation. The calculated reflection spectra of Na;SO4 crystal are in very good agreement with the experimental
ones. In NaySOy4 crystal, the Reststrahlen band in the spectral range of 1120-1200 cm ™ is confirmed experi-

mentally and theoretically.

1. Introduction

Sodium sulfate (Na3SO4) is a crystal with a wide range of applica-
tions, especially in research involving the detection of ionizing radia-
tion. This compound is of particular interest for its potential applications
in supercapacitors, enabling efficient energy storage and accumulation
[1]. Additionally, the properties of these materials, especially when
enhanced with nanoparticles, are being actively investigated [2].
Concurrently researched are the luminescent properties of pure and
doped NaySOy4 crystals, along with their various composite formulations
[3]. One of the key applications of the crystal is as a thermoluminescent
dosimeter (TLD). TLDs have the ability to accumulate energy and release
it as light when heated, which makes NaySO4 a promising material for
measuring ionizing radiation in various fields, such as medical di-
agnostics and radiation safety [3].

The recent study on a sodium sulfate/silica (NazSO4/SiO2) composite
revealed that the material has a clear thermoluminescent glow peak
between 150 °C and 200 °C. The glow curve remains stable across
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repeated irradiation cycles, showing good linearity with exposure. This
makes NaySOy4 a reliable material for dosimetry applications [3].

Phase transitions in crystals play an important role in changing their
physical and mechanical properties. These transitions can significantly
change the structural parameters of crystals and their response to the
external influences, such as pressure and temperature [4-7]. NasSO4
crystals exhibit five distinct phase states. According to the literature, the
compound undergoes the following sequence of phase transitions:

v 473K [ 503K [ 510K | 156K Jquid.

The symmetries of these phases are as follows: V — Fddd (D%;‘I, Z=28);
I - Cmcm (DY7, Z = 4); 11 - Pbnm (or Pnam, D18, Z = 4); and I - P63/mmc.
In the case of NaySO4, phase transitions between different modifications
of the crystal lattice have a significant effect on its thermoluminescent
and elastic properties, which is important for its use as a dosimeter. The
mechanical properties of NaySO4, such as plasticity and elasticity, and
their changes under pressures, may affect their thermoluminescent
behavior, that is crucial for developing more efficient TLDs.

The impurities in NaySOy4 crystal can significantly affect its behavior
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as a TLD, improving its sensitivity and signal stability [8]. In addition to
the thermoluminescent characteristics, the elastic properties of NasSO4
are also important, which have a critical effect on the resistance of the
material to mechanical deformations under high temperatures and
pressures [9].

NaySO4 crystals exhibit ionic conductivity, which in the V phase at
room temperature demonstrates significant anisotropy [10,11]. The
highest conductivity is observed along the [101] and [10 1] directions,
attributed to the presence of the open and interconnected channels that
facilitate Na™ ion diffusion. In contrast, the high-temperature phases
exhibit isotropic conductivity in all directions [11].

Additionally, NaySO4 crystals are promising materials for energy
storage applications, particularly in thermal energy storage systems
[12]. Understanding the optical and vibrational spectra of these crys-
talline materials is crucial for explaining their properties, as well as
assessing their practical applications, potential, and limitations.
Considering the thermoluminescent application of NaySO4 crystals, the
study of their optical properties in the wide spectral range, especially in
the far-infrared spectral range, may be useful. This is because the tem-
perature dependence of the specific heat capacity of a material, deter-
mining the effectiveness of the thermal energy exchange in it, depends
on its phonon energy structure. To interpret the results of the optical
measurements of a crystal in the far-infrared range precisely the
knowledge of the corresponding high-frequency dielectric permittivity
€ is crucial. That is why the precise measurements of the refractive
indices of NaySO4 crystals in the visible (VIS) and near-infrared range is
also of interest.

2. Research methods
2.1. Crystal growth method

NaySO4 crystals were obtained by slow evaporation of the saturated
solution. Demineralized water was used as the solvent, where the
starting salt dissolves well. Na;SO4 salt of 99.99 % purity was used for
the crystal growth. Sodium sulfate salt was dissolved in the demineral-
ized water according to the solubility table and stirred for 2 h using a
magnetic stirrer. After completely dissolving the salt in water, the
resulting solution was filtered with filter paper. The crystal growth
occurred in a crystallization dish during slow evaporation of the solvent
at a constant temperature. Multiple recrystallization of the salt with
repeated filtration of the solution was used to obtain high-quality pure
single crystals. Single crystal growth occurred from seeds spontaneously
formed at the bottom of the crystallization dish. The crystal growth

process took 30-50 days, resulting in crystals of size 9 x 8 x 15 mm?®.

2.2. Crystal structure study

The structure of the grown crystals was studied using the powder X-
ray diffraction technique. The sample under study was in the form of a
powder, to obtain which the single-crystal sample was ground in an
agate mortar. It was applied in a uniform layer on a polymer film and
fixed with another film. Experimental intensities and reflection angles of
the sample were obtained using an automatic diffractometer STOE
STADI P (manufacturer STOE & Cie GmbH, Germany) with a linear
position-precise detector (PSD) [13] according to a modified Guinier
geometry scheme. The main parameters were: Cu Kal radiation source;
detector — concave Ge monochromator (111) of the Johann type; scan-
ning - 20/w; interval of angles 26 - 2.500° < 20 < 100.405°, with a step
of 0.015°; detector step 0.480°; voltage U = 40 kV; current I = 37 mA.
The experimental diffractograms were processed using the STOE
WinXPOW [13] and PowderCell [14].
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2.3. Study of refractive parameters

The wavelength dependence of the refractive indices n(\) was stud-
ied by the standard Obreimov immersion method [15,16]. For this
purpose, a special Obreimov attachment with a crystal holder, a cuvette,
and an eyepiece was used. The method is based on comparing the
refractive indices of a crystalline sample and a known liquid (immersion
liquid) using light polarized along the selected direction of the sample. A
mixture of a-monobromonaphthalene and refined petroleum was used
as the immersion liquid, which met the criteria for such liquids [17]. The
method provides an accuracy of measurement of refractive indices of 2
x 10~* and allows obtaining a refractive index value in the range of
1.45-1.65 in the wavelength range of approximately 400-750 nm. The
refractive indices n; of the crystal were measured for the principal axes i
=X, Y, and Z of the optical Fresnel ellipsoid, which are parallel to the
crystallographic axes b, ¢, and a, respectively. For this purpose, samples
were cut from the grown crystal in the form of thin oriented plates. They
were cut in the XY and XZ planes, which allowed the refractive indices to
be measured in three crystallographic directions. The plates were ori-
ented according to the appearance of conoscopic patterns and the
extinction of the crystal in a polarizing microscope. The cut plates were
polished using diamond pastes of different grain sizes.

2.4. Measurements of the reflection spectra of NazSOy4 crystal in the
infrared range

Measurements of the specular reflectance of NapSO4 crystal were
performed in the IR spectral range 60-1300 cm ™! at near normal radi-
ation incidence (angle of incidence was equal to 9°) using the syn-
chrotron radiation of BESSY II storage ring at the IRIS beamline of HZB
(Berlin) [18]. The reflection spectra of the polished crystal were
measured for two mutually perpendicular positions corresponding to the
radiation polarization along the acute and obtuse bisectors of the angle
between optical axes of NaySO4 crystal.

2.5. Calculation of the phonon spectrum

Calculations of the phonon spectrum of the NaySO4 crystal were
carried out using the CASTEP program [19] within the framework of the
density functional perturbation theory (DFPT) [20-22]. The initial in-
formation for the calculations was the crystallographic data obtained for
the synthesized crystal in this work. To describe the
exchange-correlation functional, the generalized gradient approxima-
tion GGA [23] with the Perdue-Burke-Ernzerhoff (PBE) parameteriza-
tion [24] was used. The electron-nuclear interaction was described using
the ultrasoft Vanderbilt pseudopotential [25] and the norm-conserving
one [26]. The following electronic configuration was used in the cal-
culations: Na 252 2p® 3s1; S 352 3p*; O 252 2p*. The basis was chosen in
the form of plane waves. The maximum kinetic energy of plane waves
was Ecytoff = 750 eV. The integration was performed over the k-mesh 6
x 3 x 3 of the first Brillouin zone. Before calculating the phonon spec-
trum of the crystal, geometric optimization of the crystal lattice was
carried out using the BFGS method [27]. During this procedure, the
following convergence criteria were used: the self-consistent field
convergence E = 5.0 x 1077 eV/atom; the total energy convergence E =
5.0 x 107° eV/atom; the maximum force 0.01 eV/;\; the maximum
stress 0.02 GPa; the maximum displacement 5.0 x 10~% A.

3. Results and discussion
3.1. Structure of NaySOy4 crystals

The NaySO4 single crystals obtained by evaporation were homoge-
neous, transparent, colorless, and had good optical quality. Their optical

quality was checked by the appearance of conoscopic patterns and by
extinction under a polarizing microscope. The inset of Fig. 1 shows a
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Fig. 1. Diffraction patterns obtained experimentally for powder samples of

NaySO4 crystal (top of the figure) and calculated on the basis of the optimized
NaySO4 crystal structure (bottom of the figure).

photograph of a grown NaySO4 crystal. The crystals had a shape close to
a quadrangular prism. The crystal structure is layered with layers
perpendicular to the longer axis of the prism. During crystal orientation,
it was found that the optical axes are located in the plane of the crystal
layers. The same arrangement of the optical axes was previously ob-
tained for a LiNH4SO4 crystal grown in the a-modification [28], where
the optical axes are located in the plane of the layers parallel to the
single crystal grown in the form of a plate.

X-ray diffraction from powder samples verified the grown crystal’s
structure. Fig. 1 shows the diffractogram obtained for the Na;SO4
crystal. Here, the blue line corresponds to the experimental diffracto-
gram, and the purple line corresponds to the theoretical one. The syn-
thesized single crystal turned out to be single-phase. The NaySO4
compound (room temperature modification) has orthorhombic sym-
metry with the Fddd space group symmetry (no. 70) and its own struc-
tural type. The refined unit cell parameters are as follows: a = 5.8568(4)
A, b =12.2957(7) A, ¢ = 9.809(1) A, volume V = 706.52(8) A>. For
comparison of the obtained structural data, Table 1 presents other
experimental crystallographic data from Ref. [29]. Table 2 contains the
experimental atomic coordinates. The crystallographic data obtained
are in good agreement with the data available in the literature and
confirm the phase of the grown crystal. The tables show that the theo-
retical lattice parameters and cell volume are overestimated compared
to the experimental ones. This behavior is typical for the use of the GGA
functional in the DFT framework.

The structure of the NaySO4 crystal lattice constructed from the
experimental data obtained in this work is shown in Fig. 2. The main
structural units in the crystal are the tetrahedral anionic complexes
S03~, which are likely to be predominantly responsible for the proper-
ties of the crystal. The sodium ions are located in the cavities formed by
the anion tetrahedra.

Table 1
Experimental [29] and calculated using the GGA functional, the crystallographic
parameters of the Na;SO4 crystal.

Parameter Ref. [29] Experiment GGA

a, A 5.85 5.8568(4) 5.9551
b, A 12.29 12.2957(7) 12.4898
¢, A 9.75 9.809(1) 9.9949
v, A® 701 706.520(8) 743.418
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Table 2
Experimental (this work) and calculated using the GGA functional, the fractional
coordinates of atoms in the Na,SO4 crystal.

Atom Exp. GGA
x/a y/b z/c x/a y/b z/c
Na 1/8 1/8 0.4406(3) 1/8 1/8 0.4517
S 1/8 1/8 1/8 1/8 1/8 1/8
(0] 0.2681(4) 0.0537(2) 0.0396(3) 0.2876 0.0557 0.0401

3.2. Refractive parameters of the NaySOy4 crystal

Information about the dispersion of the refractive indices n;(}),
where i = X, Y, Z, makes it possible to estimate the refractive charac-
teristics of the material, which are closely related to its electronic sub-
system. Since the NaySOj4 crystal belongs to the orthorhombic symmetry,
its optical properties are determined by the dielectric function tensor,
which contains three independent components €11, €22, and €33. For the
measurement, samples in the form of thin plates cut in planes perpen-
dicular to the crystal-physical directions were used. The plates were
0.1-0.5 mm thick and had plane-parallel faces with well-polished sur-
faces. It was established that the NapSO4 crystal is an optically biaxial
one with three independent refractive indices, nxy # ny # nz The
dispersion of refractive indices was studied in the wavelength range of
400-750 nm.

Fig. 3 shows the dispersion of refractive indices of Na;SO4 crystal for
three crystal-physical directions. Here, the notation used is that the di-
rections X, Y, and Z correspond to the direction of the acute bisector of
the angle between optical axes, the obtuse bisector of the angle between
optical axes, and the perpendicular to the plane of the optical axes,
respectively. The crystal-physical directions X, Y, and Z of NapSO4 are
parallel to the following principal axes of optical indicatrix, X || Np, Y ||
Ng, and Z || Ny It can be seen from the figure that in the studied spectral
range, the refractive indices undergo a smooth change, which indicates
the absence of absorption bands in this spectral region. Thus, the
fundamental optical absorption edge caused by the electron excitations
of the crystal is in the ultraviolet (UV) region, and the crystal is trans-
parent in the range of 400-750 nm. This behavior is inherent in the
entire studied spectral range. It is worth noting that similar wavelength
dependences of the refractive indices n(\) were previously observed for
LiNaSO4 [31] and NaNH4SO4 [32] crystals. The dispersion of the
refractive index is normal (dn/d\ < 0), and the dispersion changes for
the wavelength A = 500 nm are as follows: dn,/dA = —5.58 x 107>
nm ™} dny/d\ = —4.54 x 1075 nm™Y; dny/dAh = —4.99 x 10> nm L. It
was found that the NaySO4 crystal is optically positive in the spectral
range studied (Fig. 3 and Table 3). However, the crystal may become
optically negative in the spectral range A > 750 nm.

The average refractive index of the NaySO4 crystal is 1.4772 and is
greater than the average refractive index of the NaNH4SO4 x 2H,0
crystal (1.4536). The increase in the refractive index can be attributed to
the higher density of NaySO, crystal, which is equal to p = 2.675 g/cm®
compared to p = 1.745 g/cm® of NaNH,4S04 x 2H,0. At the same time,
the average refractive index is smaller than the value obtained for the
optically uniaxial LiNaSOy4 crystal (1.49613) [31].

The Sellmeier formula is often used to describe the dispersion of
refractive indices n(\) of dielectric crystals [16],

BoA2, )2

B}\.Z 2
=14 Blal e
A=Ay,

' 22— }‘gl

@

where A\ and Ay are the wavelengths of the effective centers of the UV
and infrared (IR) absorption bands, and B; and B, are quantities related
to the effective strengths of the UV and IR oscillators. In practice, for
materials transparent in the VIS and near-IR ranges, for which the
relation Agp > A is valid, the following simplified Sellmeier formula is
used for the wavelength dependence of the refractive index n(A) in these
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Fig. 2. Structure of the unit cell of NaySO4 crystal drawn using the VESTA program [30].
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Fig. 3. Dispersion of refractive indices of Na»,SO4 crystal at room temperature.

Table 3
Experimental refractive indices of some crystals of the A;BX, group for the
wavelength of A = 500 nm.

Crystal nx ny ng
Na,S04 1.4703 1.4847 1.4767
NaNH,804 x 2H,0 [31] 1.4602 1.4576 1.4430
LiNaSO4 [30] 1.4939 1.4939 1.5006
spectral ranges,
Biay\?
=1+ —B;?*. @)
M=y

Using the relation (2), the dispersion curves corresponding to three
crystal-physical directions of NapySO4 crystal were fitted. As a result of
the approximation, the positions of the effective centers of the UV and

infrared absorption bands and the quantities related to the effective
forces of the corresponding oscillators were obtained. The values of the
obtained parameters are collected in Table 4.

The orthorhombic symmetry of NaySO4 crystal leads to the anisot-
ropy of its optical indicatrix. A knowledge of the parameters of the op-
tical indicatrix of crystal may be used in various optical-and-polarization
applications. To estimate the degree of NaySO4 optical indicatrix, we
have used the anisotropy coefficient A1 in the following form,

_ g lm=n - (-1
A D 1) @

3
ij=1

i#f

wherei=2—-3 - 1andj=1-2 — 3 and ny, ny, ng are the principal
refractive indices. The spectral dependence of this coefficient A,.1(A)
was found to be of the maximum-like form (Fig. 4), indicating a smaller
anisotropy in the UV and near-IR ranges compared to the wavelength A
= 510 nm. Besides, a value of the anisotropy coefficient A,.; represents
the degree of anisotropy of the electron subsystem of the crystal. It is
worth to mention that the substitution of the cation K — Na in the
corresponding sulfates leads to the increase in the refractive index
anisotropy coefficient from 0.008 (at A = 500 nm) for K2SO4 [33] to
0.0307 for NaySO4 (at A = 520 nm), which indicates the increase of 26
%.

Experimental values of refractive indices are related to the electronic
polarizability and refractivity of the material. The relationship between
these quantities is described by the Lorentz-Lorenz formula [17],

Table 4
The parameters of the Sellmeier formula of the Na,SO4 crystal obtained for room
temperature.

Axis Ao1, M By, x 10~% nm—2 By, x 1078 nm—2
X 90.1 1.385 0.782
Y 83.5 1.690 2.870

zZ 83.4 1.654 1.561
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where n is the refractive index of the crystal, a is the electronic polar-
izability, R is the molar refractivity, p is the density of the crystal, M is
the molar mass of the crystal, and Ny is the atomic density. The obtained
refractive parameters are collected in Table 5.

According to the additive principle applied to refractivity [34], the
calculated sum of the molar refractivity of individual structural elements
of NaySOy is equal to

2Rye+ +Rspz- ~ 2% 0.7 +14.5 =159 em’, (5)

which is slightly smaller than the calculated one for the wavelength A =
500 nm (Table 5). The positive difference between the experimental and
additive refractivities of NapSO,4 indicates the additional transfer of the
outer electrons from Na * to SOF~ neighboring ions during the crystal
growth of NaySOy4, which increases the polarizability and refractivity of
the material as a whole. From the contributions of individual compo-
nents to the total refractivity, it is clear that sodium ions have a much
smaller effect on the total refractivity of the material, which is 8.8 % of
the total refractivity of the NaySO4 crystal. Previously, the refractivities
Rxy=14.512 cm®/mol and R; = 14.668 cm®/mol (for the wavelength A
= 500 nm) were obtained for LiNaSOy4 crystal [31], and the values Rx =
27.183 em®/mol, Ry = 27.051 em®/mol, and Rz = 26.302 cm>/mol for
NaNH4SO4 one [32]. Comparing these data, one can conclude that the
cationic substitutions Li" — Na* — NHjy lead to the increase in refrac-
tivity of the crystals mentioned, that is caused by the corresponding

Table 5
Calculated from the relation (4) the molar refractivities R; (i = X, Y, Z) and
polarizabilities a; of Na;SO4 crystal for the wavelength A = 500 nm.

Crystall-physical axis R;, cm®/mol @, 10724 em®
X 21.49 8.52
Y 22.06 8.74
V4 21.75 8.62

increase of the ionic refractivities, Rf; = 0.2 cm®/mol, R, = 0.7
em®/mol, and Rifs = 11.96 cm®/mol.

3.3. Phonon spectra of NazSOy4 crystal

3.3.1. Theoretical phonon spectra of NazSOy4 crystal

Theoretical calculations of the vibrational spectrum of the NaySO4
crystal were carried out within the framework of the density functional
perturbation theory (DFPT) [21-23,35,36] using the GGA functional
[24]. The lattice of the NaySO4 crystal belongs to the space group of
symmetry Fddd (no. 70) and contains 56 atoms in its structure (see Ta-
bles 1 and 2). Since the NaySO4 crystal possesses a primitive lattice, only
fourteen atoms (N = 14) in the primitive unit cell were used for the
phonon calculations. Thus, the total number of the normal modes in the
primitive unit cell of NapSO4 is equal to 3 N = 42 (3 acoustic and 39
optical modes).

Fig. 5 shows the calculated phonon dispersion of the NaySO4 crystal
plotted in the direction Z — I' - X — Y — T of the first Brillouin zone (a)
and the phonon density of states (b). The vibrational spectrum consists
of a set of vibrations, the frequencies of which range from 0 to 1149
cm™ L. In general, the vibrational spectrum is formed by the vibrational
bands localized in several frequency ranges. This feature was obtained
earlier for LINH4SO4 crystals [37] and can be explained by the presence
of weakly interacting complexes with strong internal coupling. The
low-frequency region is formed by three acoustic branches LA, TA;, and
TA,, the frequencies for which are the lowest. An absence of the negative
frequencies in the phonon mode dispersions (Fig. 5(a)) indicates that the
crystal under study is dynamically stable [38-41]. The upper limit of the
frequency of acoustic modes is equal approximately 100 cm™'. The
low-frequency band covers vibrations in the range of 0-283 cm ™. The
next two vibration bands with weak dispersion are located near 450
em ™! and 600 cm ™! of the phonon frequency. A narrow high-frequency
band is observed at the frequency of 938 cm ™. The highest vibrational
band in the phonon spectrum is located in the frequency range of
1042-1149 cm ..

For a more detailed analysis of the vibrational spectrum of NaySO4
crystal, the phonon partial density of states was calculated (Fig. 6). The
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Fig. 5. Phonon mode dispersions (a) and total phonon density of states (b) of Na;SO,4 crystal calculated using GGA functional and ultrasoft pseudopotentials.
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phonon states in the low-frequency range of 0-283 cm ™! are formed by
all constituent atoms (sodium, sulfur and oxygen). The largest partial
density of states in this range is from sodium and oxygen atoms, when
the corresponding contribution from sulfur is here smallest.

In the groups 2 and 4, corresponding to the symmetric modes, the
sulfur ion in the SO3~ tetrahedral anion of NaySO4 crystal remains fixed
during vibrations. The latter feature causes the absence of the partial
density of phonon states for sulfur (Fig. 6).

The ideal isolated sulfate anion belongs to the T4 point group of
symmetry, and its vibrational representation is: I'y = A;(v1) + E(v2) +
Fy(v3) + Fa(v4). Only two triply-degenerated (F2) modes, v3 (asymmetric
stretching) and v4 (asymmetric bending), should be active in the IR
spectrum [42].

Real symmetry of the sulfate anion is lower in Na;SO4 due to lower
site symmetry than Tq (in fact Dy). It leads to the removal of the de-
generacy and splitting of the v4 band to a doublet (for D, site symmetry,

a triplet is expected) and the v3 band to an asymmetric triplet (consistent
with Dy site symmetry).

Fig. 7 contains the intensity of calculated infrared absorption of the
NaySO4 crystal observed in the infrared spectral range. According to
symmetry considerations, among the 42 vibrational modes in the
NaySO4 crystal, 17 modes should be active in the infrared spectrum. The
isolated SOZ~ anion, possessing the T4 symmetry, has four types of vi-
brations: asymmetric (groups 1 and 3 of modes in Table 6) and sym-
metric (groups 2 and 4 of modes in Table 6). For the SO4 anion, the
groups of modes 1 and 3 are active in the infrared spectrum. The infrared
spectrum bands near the frequency of 600 cm™! correspond to the
asymmetric O-S-O bending vibration mode of the group 3. The high-
frequency vibrations in the spectral range 1042-1149 cm™ ! corre-
spond to the S-O asymmetric stretching vibration mode of the group 1
(Table 6). The obtained bands are in good agreement with the spectral
position of the levels for the LiNH4SO4 crystal [37], for which the

1500 Na,SO,
1000 H
s
<
-~
500
0 .M. AERERE; ...JM ............. J .......
0 200 400 600 800 1000 1200
-1
v /em

Fig. 7. Infrared spectra of Na,SO,4 crystal calculated with the GGA-PBE func-
tional using the ultrasoft pseudopotentials.
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Table 6
Assignments of frequencies of partial density of phonon states of Na;SO,4 crystal.

Group of Frequency range of partial density of Ion, vibration mode

modes phonon states/cm "

1 1040-1150 S0%~, asymmetric
stretching

2 940 SO%~, symmetric
stretching

3 580-620 S0%~, asymmetric
bending

4 420-470 SO3~, symmetric
bending

5 40-260 NaySO4

frequency of mode 1 coincides with that obtained for the Na;SO4 crystal,
and the frequency of mode 3 is slightly shifted to the higher frequency
region. The low-frequency maxima of infrared absorption in the range of
100-250 cm ! correspond to the optical vibrational modes responsible
for the mutual oscillation of Na cations and SO4 anions in Na;SO4
crystal.

The sequence of the calculated components of the dielectric
permittivity, €ox < €z < €y, Of NagSO4 (Table 7) is the same as the
experimental refractive indices, ny < nz < ny (Table 3). The values of the
calculated permittivities e.j (i = X, Y, Z) are 4 % larger than the cor-
responding squares of experimental refractive indices n? (Table 3). This
is caused by the known feature of the DFT calculations that resulted in
the decrease of the crystal’s band gap Eg and corresponding increase of
the dielectric permittivity €q,.

The static dielectric permittivity &9 of NapSO4 crystal (Table 7) were
calculated by the CASTEP code as the response property with respect to
an electric field perturbation of an insulating system [43]. The observed
smallest dielectric permittivity ez in relation to the dielectric permit-
tivities £ox and &gy (Table 7) is probably connected with the corre-
sponding anisotropy of interatomic distances in NapSO4: the lengths of

Na - O interatomic bonds in Z-direction (d&za),o = 0.253 nm) are larger

than the similar ones in X- and Y-directions (dg?_o =d ‘Q_o =0.233 nm).

3.3.2. Experimental spectra of NaySOy4 crystal in the infrared range

In the whole IR spectral range studied, 50 - 1300 cm 2, the reflection
coefficient R of NaySO4 crystal for the radiation polarized along the
acute bisector of the angle between optical axes is larger than that for
radiation polarized along the obtuse corresponding bisector (Fig. 8). The
relation obtained for the reflection coefficients, R ~ R(obtuse)
(Fig. 8), is similar to that for the experimental refractive indices, ny > nx
(Table 3), and theoretical dielectric permittivities, e,y > €,x and oy >
eox (Table 7). Here, the directions y and x correspond to the maximum
and minimum refractive indices (Table 3) and dielectric permittivities
(Table 7). These similarities are resulted from the known relation, R = (n
-+ 1) = (12 - D2 + 12

The spectral band in the range of 1120-1200 cm ™! is caused by the
stretching vibrations of S — O bonds in SOZ~ anion, when two maxima in
the range of 610-650 cm ™! relate to the bending vibrations of O — S — O
bonds in this group (Fig. 8). Similar structure is observed in the reflec-
tion spectrum of RbySOy4 crystal [44]. The low-frequency peaks of the
reflection spectrum R(v) of NagSO4 in the range v < 260 cm ™! are formed

Table 7

Dielectric permittivities ¢y and e, of NaySO4 crystal for the space group of
symmetry Fddd (no. 70) calculated using CASTEP code with PBEsol exchange-
and-correlation functional and norm-conserving pseudopotentials. The squares
of experimental refractive indices n® ~ ¢, (see Table 3) are shown in parenthesis
(see Table 3).

Cartesian direction X Y Z
Permittivity
£oo 2.26219 (2.1618)  2.30251 (2.2043)  2.28705 (2.1806)

€0 6.00999 6.91158 4.40785
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Fig. 8. Polarized reflection spectra of NaySO, crystal in the infrared range for
two mutually perpendicular orientations of the sample.

by the collective vibrations of the sodium cations and SO~ anion
(Fig. 8), that is seen from the partial density of phonon states (Fig. 6).

The experimental reflection spectrum R(v) for the radiation polari-
zation along the acute/obtuse bisector of the angle between optical axes
(Fig. 8) was fitted by the Kramers-Kronig relation using the RefFIT
program [45] and the corresponding fitted reflection spectrum Rg(v)
(Fig. 9(a)) and the dielectric function e(v) = &1(v) + i-e2(v) (Fig. 9(b))
were obtained. The Drude-Lorentz model for the dielectric function &(v)
was used for fitting the experimental reflectance spectra [45,46],

2
Ve
pi
e(V)=¢€x + - 6
“)=¢w Zygi71/27iyi” ©

Here, ¢, is the ‘high-frequency dielectric permittivity’, which rep-
resents contribution from the electron oscillators of the bonded electrons
to the total dielectric function e(v) of a material. The parameters vp;, vo;
and vy; are the ‘plasma’ frequency, the eigen-frequency and the damping
rate, respectively, for the Drude free electrons term (i = 0) and Lorentz
phonon oscillators (i = 1,2, ...,N). For the Drude free electrons term, the
corresponding eigen-frequency, vgo is equal to zero [46]. The fitting
parameters obtained for Na;SO4 crystal are presented in Table 8.

Good quality of such fitting is confirmed by the values of the real part
of dielectric permittivity at the frequency v = 0, £1(0) = 6.1422 (Fig. 9
(b)), which differs not very much from the DFT calculated one, &1y =
6.9116 (Table 7). Once again, the latter relation, €1y > €1(0), is probably
caused by known drawback of DFT calculations mentioned at the end of
subchapter 3.2.1.

The relatively wide spectral band of the large reflection coefficient R
in the range of 1120-1200 cm! (Fig. 8) indicates the Reststrahlen band
[47]. This Reststrahlen band in Na;SO4 was pointed out in Ref. [48]. If
the boundary frequencies 1120 cm™! and 1200 cm™! of this reflection
spectral band are taken as the frequencies of the transversal and longi-
tudinal optical phonons vrg and v, then the calculated values of the
real part of dielectric permittivity £/°® and e, shown in Fig. 9(b),
satisfy the Lyddane-Sachs-Teller relation,

(local)
VLo Es
—= . )
Vto €

In the spectral range 1120-1200 cm ™! of stretching vibrations of S - O
bonds, the real part of the dielectric function is negative (Fig. 9(b)), that
corresponds to the observed Reststrahlen band, which is realized due to
the relatively high ionicity character (IC) between S and O atoms [49],
IC = 1 - exp[-0.25(Xs - X0)?] = 0.78, (8)
where Xg = 2.5 and X = 3.5 are the electronegativities for the sulfur
and oxygen atoms [46].
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Fig. 9. (a) Experimental (black curve) and fitted (red curve) reflection spectra for radiation polarization along the acute bisector of the angle between optical axes of
NaySOy; (b) dielectric function e(v) = ,(v) + i-e2(v) for the fitted reflection spectrum of Na;SO4 (for red curve in Fig. 9(a)). (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

Table 8
Fitting parameters of the Drude-Lorentz model (6) corresponding to the radiation polarization along the acute bisector of the angle between optical axes of Na;SO4
crystal.
i 1 2 3 4 5 6 7 8 9
Parameter
€00 2.1394
vo/em ™! 85.68 142.06 177.18 210.89 620.22 636.08 1121.70 1126.16 1150.03
vp/cm’1 22.66 173.16 231.27 120.15 134.62 187.0 409.82 431.12 82.70
y/cn‘f1 7.385 12.458 14.176 40.017 7.227 12.084 5.099 7.553 24.257

We have calculated the value of TO-LO splitting corresponding to the
Reststrahlen band in the range 1120-1200 cm ™! using CASTEP code and
have found the value of this splitting, AV"0~T® =70 em™! (Fig. 10). The
obtained value of AyO~T9 jg practically the same as that detected in
the reflection experimental spectrum, AyReststrahlen band) _ 1500 . 1720
=80 cm™! (Fig. 8).

4. Conclusions

The NaySO4 crystal is optically positive, and the ny > nz > ny relation

0.6 NaZSO 'y
0.4 4 —— TO-LO splitting
no TO-LO splitting

I, /au.

200 400 600

-1
v/ecm

800 1000

1200

Fig. 10. Infrared spectra of Na,SO4 crystal calculated with GGA-PBEsol func-
tional using the norm-conserving pseudopotentials for the cases with (black
curve) and without (red curve) TO-LO splitting. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)

holds for its refractive indices in the studied 400-750 nm spectral range
at room temperature. The cationic substitution Li — Na leads to an in-
crease in the molar refractivity and polarizability of the crystals.

The experimental polarized reflection spectra of Na;SO4 obtained in
the far-IR range of 50-1300 cm ™! using FTIR spectrometer and syn-
chrotron radiation reveal that (1) the reflection spectral band 1120 -
1200 cm ™! relates to the asymmetric stretching vibrations of S - O bonds,
(2) the reflection spectral band 610 - 650 cm ! relates to the asymmetric
bending vibrations of O - S — O bonds, and (3) the reflection spectral
band 100 - 260 cm ! relates to the bonded vibrations of Na * cations and
SO?{ anions.

The polarized along the acute bisector of the angle between optical
axes of NapSO4 the static dielectric permittivity gy for of NapSO4 crystal
is determined to be equal to £§$® = 6.142. The calculated value of {3
= 6.91158 obtained using GGA-PBEsol exchange-and-correlation func-
tional and the norm-conserving pseudopotentials is 12 % larger, that is
partly caused by the known shortcoming of the local density approxi-
mation used. The experimental difference, 3P - ¢&P) = 3.9377,
showing the ionic input to the static dielectric permittivity, eyXp) =
6.142, is almost twice larger than the corresponding electronic one,
egf,’;‘}’) = 2.2043. Thus, the structure of NaySO4 crystal may be regarded as
relatively high susceptible to the low-frequency electric field.

The high reflection coefficient of NaSO4 crystal (R ~ 0.8) in the
narrow spectral range 1120-1200 cm ™ is caused by the Reststrahlen
effect due to the strong TO-LO modes interaction associated with
stretching interatomic S - O vibrations.
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