Physics of the Solid State, 2025, Vol. 67, No. 7

04,06,13,14

DFT studies of nonlinear optical,piezoelectric, and photoelastic
properties of hexagonal M,(NO;3;)(OH); (M = Sr,Ba)

© Yu.N. Zhuraviev, E.V. Gvozdikova
Kemerovo State University,

Kemerovo, Russia

E-mail: zhur@kemsu.ru

Received April 9, 2025

Revised July 14, 2025
Accepted July 16, 2025

Within the framework of density functional theory, the structural, electronic, vibrational, dielectric, elastic, and
piezoleastic properties of hexagonal Sr>(NO3)(OH)s, Ba;(NO3)(OH); are calculated using the coupled perturbed
Hartree-Fock/Kohn-Sham method in a localized orbital basis set, employing the gradient-corrected PBE functional
with D3(BJ) dispersion correction and the hybrid PBEQ and B3LYP functionals. Correlations between microscopic
structural and macroscopic nonlinear optical, mechanical, and electromechanical characteristics are established

based on the data obtained from the first principles.

Keywords: density functional, NLO crystals, dielectric constant, SGH coefficients, elastic constants, piezoelectric

constants, nitrate hydroxides.

DOI: 10.61011/PSS.2025.07.61869.74-25

1. Introduction

Ultraviolet (UV) and deep ultraviolet (DUV) lasers have
a very high single photon energy, which leads to their
widespread use in semiconductor photolithography, medical
and scientific instrumentation, and optoelectronic devices.
However, it is not always possible to extract the wavelengths
needed for these applications from a laser source itself.
Therefore, the second harmonic generation (SGH) from
nonlinear optical (NLO) materials is an important alterna-
tive method for obtaining them [1]. Currently, obtaining new
UV-NLO materials with a good SHG characteristics and a
short phase-matching cutoff wavelength is an important and
challenging task [2].

From the point of view of their crystal structure [3], the
NLO materials used and planned for use should have non-
centrosymmetric (NCS) spatial symmetry groups, contain
anions in m-delocalized systems, and active cations with
lone pairs of electrons. In terms of their optical properties,
they require [4] a short absorption edge or a large band gap,
large SGH coefficients (g;;) that should be higher than those
of the standard sample KH,PO4 (KDP, ~ 0.39 pm/V [3]),
moderate birefringence (An = 0.07 = 0.1), as it is necessary
for achieving phase-matching, and low dispersion of refrac-
tive indices. In addition, NLO materials must be chemically
and mechanically stable, and large single crystals can be
easily grown.

Over the past three decades, significant progress has
been made in the field of DUV NLO materials, both in
experimental studies and in theoretical design. A deep un-
derstanding of the ,,structure-property* correlations makes it
possible to strictly and accurately identify such crystals [3,6].
Extensive data has been accumulated in the literature, both
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on the general issues of new NLO materials [1,7-10] and
their individual representatives — nitrates [2,11].

Metal nitrates can be obtained by relatively simple
and energy-saving synthetic methods. However, they are
easily soluble in water and therefore their studies as UV
or DUV NLO materials are relatively scarce. Crystal
structures consist of planar triangular structures NO3 with
ar-conjugated molecular orbitals. It is shown in Ref [2]
that many nitrate materials have higher SHG4—5xKDP
responses than other types. Non-centrosymmetric nitrate
Sr;NO3;(OH)s was obtained by hydrothermal method in
Ref. [12]. Due to the special coordination, the neighboring
groups of NOj are perfectly parallel in the plane, which
gives the maximum contribution to the nonlinear optical
effect. The Kurtz-Perry method was used to show that the
SHG coefficient in the powder sample is 3.6 times higher
than in the KDP. The result of the diffuse reflection spec-
troscopy study showed that the short-wavelength absorption
edge was below 200nm, which makes it a promising NLO
material for DUV radiation. Nitrate Ba,NO3;(OH)3 was syn-
thesized in Ref. [13], and it demonstrates an ideal balance
of high SHG coefficient, suitable birefringence, short UV
absorption boundary, and physicochemical stability. The
crystal structure of these compounds was previously studied
in Ref. [14].

A new strontium nitrate hydrate STNO3(OH) - H,O was
synthesized in Ref. [15] by hydrothermal method, in which
isolated anionic groups NOj are combined through polyhe-
dra SrOy and form a three-dimensional network. Its diffuse
reflectance spectra indicate that it has a UV cutoff edge
of 288 nm. In another compound, Sr(NOs), - 4H,O [16],
nitrate groups form isolated one-dimensional chains. Stron-
tium nitrate [17] also exhibits nonlinear properties, for
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which various studies have been conducted, including X-ray
diffraction, infrared, Raman, optical spectroscopy in the
visible region and various mechanical measurements.

These non-centrosymmetric compounds are of great
interest for materials science and engineering, since, in
addition to NLO, they possess a number of other important
physical properties and most of them have great potential
applications in pyroelectricity, piezoelectricity, ferroelectri-
city [18]. For example, piezoelectrics — materials capable
of converting stress into mechanical deformation or vice
versa are an integral part of many medical applications
and energy harvesting devices [19]. When a crystal is
deformed, its optical properties change and this is described
by photoelastic, piezo-optical tensors of the fourth rank,
which correlate with changes in the dielectric constant
tensor [20].

Basic methods currently play an important role in
the description and prediction of the physical properties
of crystals [21]. Therefore, in this work, within the
framework of the coupled perturbed Hartree-Fock/Kohn-
Sham (CPHF/KS) method, the structural, electronic, elastic,
dielectric, piezoelectric, piezo-optic, photoelastic, and non-
linear optical properties of hexagonal strontium and barium
nitrate hydroxides are calculated from first principles. This
will enable a prediction of their potential applications as
multifunctional materials.

2. Calculation method

The structure and physical properties of crystals were
studied using density functional theory (DFT) and Hartree-
Fock (HF) methods in the CRYSTAL17 software packa-
ge [22]. Crystal orbitals are defined by linear combinations
of localized atomic functions of Gaussian type, whose expo-
nents and coefficients are determined from full-electron [23]
and pseudopotential sets [24,25]. The exchange-correlation
PBE [26] was used as DFT functionals, supplemented by an
empirical variance correction in the form of D3(BJ) [27], as
well as hybrid three-parameter B3LYP, which combines a
20 % Hartree-Fock exchange with an exchange B3 [28] and
the correlation functional LYP [29] and PBEO [30], in which
there are no fitting parameters. The use of these functionals
is due to the fact that due to the lack of experimental data on
most of the studied characteristics, the theoretical forecast
should include a reliable range of their values.

The thresholds controlling the accuracy of the Coulomb
and exchange series are set equal 8, 8, 8, 8, 16 [31].
The inverse space is discretized using a grid 12 x 12 [32]
with 133 independent k points in the irreducible part of the
Brillouin zone. The accuracy of the self-matching procedure
was no less than 1070 a.u. (1au.=27.21eV).

3. Crystal structure and chemical bond

Nitrate hydroxides Sr;NO3(OH); (hereinafter — SNOH),
Ba;NO;(OH); (hereinafter BNOH) have a hexagonal lattice
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Figure 1. Unit cell Sr>(NOs)(OH)s.

with the space group of symmetry P62m. The unit cell
contains one formula unit with one unequal metal atom Sr,
Ba (Wyckoff position 2¢), nitrogen N (1a), hydrogen H (3g)
and two oxygen atoms Ol (3g), O2 (3f). Each metal
atom has in its environment 6 oxygen atoms Ol from
the hydroxyl group OH and three oxygen atoms O2 from
the nitrate NOj. Its further environment consists of 6
hydrogen atoms and two metals. Each nitrate group is
surrounded by six hydroxyl groups. The hydrogen atoms,
in addition to the nearest O1, are surrounded by four O2
atoms. The crystallographic parameters calculated with
various functionals, together with the available experimental
data, are recorded in Table 1. The SNOH unit cell is shown
in Figure 1.

The calculated lattice constants and interatomic distances
correspond satisfactorily with the experimental ones. The
standard deviations A calculated for 12 parameters indicate
higher accuracy with the PBEO functionality. However,
it also has the lowest time performance. The fastest
PBE functionality allows calculating deviations based on
the lattice constants 2.4 %, for distances M-O 1.8% and
the worst for O-H at 15.1%. Enabling the Van der
Waals interaction (vdW) in the form of the PBE-D3
functionality significantly improves the constant (0.69 %),
M-O distances (1.37%) and degrades H-O (15.2%). The
dispersion energy is only —1.44 eV in SNOH and —1.36eV
in BNOH. Compromise values of A are achieved with
the PBEO functionality, which, unlike PBE, additionally
includes Hartree-Fock exchange: 1.15, 1.33, 14.2%.

Let us consider the microscopic parameters of the crystal
structure and chemical bond, which can then be used in
analyzing the macroscopic properties of crystalline systems.
To do this, we will use the deformation density obtained by
subtracting the densities of individual non-interacting atoms
from the crystal density for a qualitative assessment, and the
population density of overlapping electron shells of atoms
calculated according to the Mulliken scheme Pap for a
quantitative assessment.

Figure 2 shows the distribution of the SNOH deformation
density in the plane where [SrNOs]. (xy, z =0) and in
the plane [OH]o (xy, z =1/2c). The coordinate system
is chosen so that the axis z is directed along the axis c.



1120

Yu.N. Zhuravlev, E.V. Gvozdikova

Table 1.

Calculated with the functionals PBE,PBE-D3, PBEO, B3LYP and experimentally measured (Exp [Ref]) crystal structure

parameters M,(NOs3)(OH); (M =Sr,Ba): a,c — lattice constants, M —O distances between metal and oxygen atoms, H—O — hydrogen
and oxygen, N—O — nitrogen and oxygen. All values are specified in A. A is the standard deviation (%) of theoretical and experimental

data
Method a, A c,A M-01 M-02 H-01 H-02 N-02 A
Sr2N03 (OH)3
PBE 6.6780 36178 2.6572 2.8249 0.9804 2.5690 1.2741 598
PBE-D3 6.6146 3.5838 26338 2.7902 0.9799 2.5314 1.2728 6.10
PBEO 6.6192 3.5828 2.6344 2.8072 0.9698 2.5366 1.2531 548
B3LYP 6.6781 36154 2.6577 2.8328 09713 2.5656 1.2634 5.67
Exp [12] 6.6037 3.5585 2.6259 2.798 0.8193 2.5958 1.254
Ba2N03 (OH)3
PBE 7.0098 3.8328 2.8078 3.0102 0.9856 2.6952 1.2764 6.49
PBE-D3 6.9443 3.8017 27862 29740 0.9851 26542 1.2753 6.44
PBEO 6.9622 3.8102 2.7907 2.9990 0.9745 2.6764 1.2553 597
B3LYP 7.0298 3.8535 2.8201 3.0293 0.9764 2.7085 1.2658 6.26
Exp [13] 6.9069 3.8028 27779 29785 0.8123 27468 1.241

M’,

AT ! %

Figure 2. Distribution of deformation density in the plane xy (

Bond lengths, charge values, and overlap population density
are important parameters of a chemical bond. The nitrate
group NOs in the crystal lattice retains its geometry with the
angle £ 0,-N-O, in 120°, the bond length N-O2 12728 A
and the overlap population density Pn.o2 = 0.458 ¢, with
a total charge of —0.80e| (here and below, calculation
data with the PBE-D3 functionality are provided by default).
All anions have a parallel orientation due to the interaction
with strontium atoms. The angle ZSr-N-Sr is 120°, and
the distance Sr-N is 3.8189 A. Each strontium atom is
surrounded by six oxygen atoms Ol at a distance of

) (left) and in the plane xy (z = 1/2¢) (right) in Sr(NOs3)(OH)s.

26338 A, the angle between which £ O1-Sr-O1 is 85.7°,
and the population density Ps.o1 = 0.007 e. For three O2
atoms, the Sr-O2 distances are greater — 2.7902 A, the
angle is £02-Sr-O, 120°, and the population density is
less. The charge flows from the region of the H atom in the
[OH] plane and flows into the O1 region, so that ions with
charges +0.13 |e| and —1.09 |e| are formed, respectively.
The total charge of atoms in this plane is thus negative,
whereas in the z = 0 plane, due to the charge of the Sr ion
in +1.84 |e|, it is positive. The parameters of the chemical
bond of the studied crystals are given in Table 2.

Physics of the Solid State, 2025, Vol. 67, No. 7
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Table 2. Parameters of the chemical bond of nitrate hydroxides: E, is the band gap (eV), Om, On, Qno, Ono, is the charges of metal
atoms M =Sr, Ba, hydrogen H, anionic group OH, NOs3 (all in |e|), Px.02, Pr-o1 population density of overlap between atoms (units e —

electron charge)

Crystal Method E, Oum Ou Ouo Ono; Pno2 P01
PBE-D3 2.36 1.84 0.13 —0.96 —0.80 0.458 0.442

Sr,NO3(OH)s3 PBEO 5.21 1.87 0.20 —-0.97 —0.84 0.468 0.431
B3LYP 4.55 1.86 0.15 —0.96 —0.83 0474 0.455

PBE-D3 241 148 0.24 —0.75 —-0.71 0.489 0417

Ba;NO3(OH); PBEO 5.18 1.55 0.30 —0.78 -0.76 0.503 0.409
B3LYP 4.59 1.56 0.25 —-0.79 —0.76 0.509 0.435

Thus, strontium and barium nitrate hydroxides have a
layered structure, when two strontium atoms and a nitro
group are located in one positively charged plane, and
hydroxyl groups in a negatively charged plane. The coupling
between the layers is electrostatic, as evidenced by the very
high interaction energy of the sublattices —31.8, —25.5¢V,
which is calculated as the difference between the total
energy and the sum of the energy of the individual [STNO3],
[OH]. The layered structure leads to anisotropy of elastic
and piezoelectric properties.

Since the chemical bond in SNOH, BNOH is pre-
dominantly ionic, the energy distribution of electrons is
characterized by relatively narrow bands in the valence
band of the energy spectrum E,(k) and narrow bands in
the spectrum of the density of states — Figure 3. The
following designations of the points of the Brillouin zone k
are used here in terms of the basic vectors of the inverse
lattice: T'(0,0,0), M (1/2,0,0), L(1/2,0,1/2), A (0,0,1/2),
K (1/3,1/3,0), H(1/3,1/3,1/2). The beginning of the energy
scale is aligned with the last filled state at the point I' for
SNOH and A in BNOH. The contributions of individual
metal atoms, nitrate NOs, and hydroxyl group in the partial
density of states are highlighted in color.

The characteristics of the upper valence and lower
conduction bands are important for describing the nonlinear
optical properties and the cut-off threshold A,,s. Three
groups of bands with widths of 192, 1.0, 1.0eV and
maxima in the density of states at —0.3, —2.2, —4.1eV
are distinguished in the upper valence region of SNOH. The
two upper valence bands are formed by p,,-states of oxygen
atoms from hydroxyl groups, and the next lower p-states
of the nitro group. In the lower region of unoccupied
states, there is a separate weakly dispersed zone with a
width of 0.55 eV, crystalline orbitals, which are constructed
from p,-atomic orbitals of oxygen and nitrogen NO3 groups.
The minimum energy gap between the points I' and A in
SNOH is 2.36 eV. Only the next transition with an energy of
5.13 eV at the point I' will be in s-state of metallic nature.
In BNOH, the minimum transition takes place at the point A
of the Brillouin zone and the width of the anionic band gap
is 2.41 eV, and the anion band gap is 4.95eV.
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Thus, the chemical bond in nitrate hydrates is due to
the strong ionic interaction of metal cations and anions
of hydroxyl and nitrate groups, whose charges are greater
for strontium compounds. The covalent bond within the
anions will have a higher population density in NO3 for
the barium compound and a lower population in OH for
strontium. Interionic electronic transitions are characteristic
of the lower part and anion-cationic transitions for the upper
part of the spectrum of electronic excitations. This structure
of the energy zones of nitrate hydrates is manifested in
nonlinear optical properties.

4. Crystal structure under pressure

When developing new NLO materials, it is necessary
to study their behavior under pressure as a factor of
stability under external influences. For this purpose, the
dependences of the lattice constants a(V), ¢(V) and the
total energy E, (V) in the range of changes V /V, from 0.95
to 1.04 with a uniform step were calculated. A complete
optimization of the structural parameters was conducted at
each step. The dependence E,, (V) is approximated by the
equation of state (EOS) in the Birch-Murnaghan form of
the third order [33]

9VoBo

E(V) = Eo+—¢ ((x_2—1)331

+(x2-1)%6— 4x_2))’ x=(V/W)'?

and its parameters are defined: E, is the total ener-
gy, Vo is the equilibrium volume, By = —V(3P/3V)r is
the isothermal modulus of volumetric compression and
By = (0B/0P)r its first pressure derivative at x = 1. The
dependence of pressure on volume is calculated using these
parameters

P(V)="2~ (x7T—=x7) (1 + % By —4)(x7* - 1)) :

The EOS parameters are shown in Table 3.
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Figure 3. Band structure E,(k), total (DOS) and partial density of electronic states (PDOS) in Sr;NO3;(OH)s (left) and Bay(NO3)(OH);

(right).

Table 3. Parameters of the Birch-Murnaghan equation of state
of the third order: E, — total energy (a.u.), Vo — unit cell
volume (A*), By — volumetric module compression ratio (GPa),
B — its pressure derivative P.

Crystal Method —Ey Vo By B,
PBE 5684658 | 139.708 | 58.41 | 4.58
Sr;NO3(OH); | PBE-D3 | 568.5180 | 135.758 | 62.83 | 4.59
PBEO 5684375 | 135950 | 62.13 | 4.71
PBE 558.1497 | 163.131 | 51.18 | 4.22
Ba,NO3;(OH)3 | PBE-D3 | 558.1990 | 158.785 | 54.23 | 4.23
PBEO 558.0844 | 160.010 | 53.27 | 4.36

The quadratic decomposition was used to numerically
represent the pressure dependences of constant lattices a (P)
and ¢(P). The first and second derivatives for a in units
of 103 are equal for SNOH: —35A/GPa, 1.3 A/GPa?, for
BNOH: —43 A/GPa, 1.8 A/GPa%. For the axis ¢, these will
be —20 A/GPa, 0.56 A/GPa? and —23 A/GPa, 0.63 A/GPa2,
respectively. The speed of decreasing distances along the
axis a is greater than along the axis c. This is due to the fact
that ions of the same charge sign alternate along the axis c,
and ions of the opposite sign alternate along the axis a
(Figure 1). There is an almost linear relationship when the
first coefficient is much greater than the second. This means
that the linear module Ba.o = —Ra.0,0/(dRa.0/dP) can be
used to characterize changes in pressure between atomic
distances Rs.0. The N-O bond is practically incompressible
in SNOH, since the corresponding modulus is 1714 GPa
(1648 GPa in BNOH). The module By.o has an even
greater value ~ 2600 GPa. On the contrary, the Sr-O1 and
Sr-O2 bonds are characterized by much greater compressi-

bility and the corresponding modules are 197 (181) and
145 (124) GPa. The distances between the centers of gravity
of the cation and the anions in SNOH are characterized
by the modules 287 GPa(Sr-H) and 189 GPa (Sr-N). The
compressibility of the distances between the anions N-H is
the largest and the corresponding modulus is 113 GPa.

Thus, under pressure, the greatest compressibility occurs
for the distances between the centers of gravity NO3; and
OH, Sr, Ba, and anion cations, whereas the bonds N-O
and H-O are practically incompressible. This means that
intermolecular voids decrease in volume faster, and the
molecules themselves practically do not deform.

5. Vibrational spectra

The vibrational spectra of Raman scattering and infrared
absorption have important information for describing the
properties of NLO materials. The frequencies v, are
obtained by diagonalizing the mass-weighted Hesse matrix,
which is determined by numerically differentiating the
analytical gradients by the Cartesian coordinates of the

atoms: Wy, 5, (D) ;A;—QLI(@ Here H,;p; is the second

derivative of energy, which is calculated numerically from
analytical gradients, M, and Mg are atomic masses; Greek
and Latin indexes respectively refer to atoms and Cartesian
coordinates.  Details of the calculation of oscillatory
frequencies can be found in Refs. [34,35].

Three regions are distinguished in the Raman and infrared
absorption spectra of nitrate hydroxides. The low-frequency
region with wavenumbers in the range 0 - 400cm™!
is caused by lattice vibrations involving cations above
600cm~! intramolecular vibrations of nitrate ions are
observed and above 3000 cm~! — hydroxyl groups. The
lattice region is unique for each compound, whereas the
intramolecular ones have a similar appearance.

Physics of the Solid State, 2025, Vol. 67, No. 7
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Table 4. Zero-point energy E,o (kJ/mol) and wave numbers of intramolecular modes va, vz, v1, v3 for NO3 and vou for OH (all cm’l)
calculated with PBE-D3, PBEO, and B3LYP functionals for strontium and barium nitrate hydroxides

Crystal Method Eyo Vg Vv Vi V3 VOH

PBE-D3 14592 613, 706 736, 977 1079 1451 3716, 3722
Sr;NO3(OH); PBEO 152.30 649, 726 806, 970 1079 1452 3867, 3877
B3LYP 149.98 655, 726 820, 927 1116 1501 3825, 3831
PBE-D3 138.22 637, 689 777 1059 1403 3667, 36677
Br,NO3(OH); PBEO 149.75 697, 729 843 1147 1534 3802, 3804

B3LYP 14292 671, 710 850 1095 1455 3770, 3772
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Figure 4. Infrared absorption (IR) and Raman scattering (Raman) spectra Sr,NO3(OH)3 and Ba,NOs3(OH)s.

There are four types of vibrations for intramolecular
vibrations NOj3: vy is the planar deformation of the
anion, v; is out-of-plane deformation, v; is the symmetrical
stretching along the bond line N-O, v3 is the antisymmetric
deformation in the plane. In addition to these modes,
translational shifts of the anions as a whole and their
rotations around the z axis will be observed in crystals.

The distribution of vibrational modes over irreducible
representations looks as follows in SNOH, BNOH:
T'yir =3A1(RS) + 345 + A{ + 4AJ (IRS) + 8E’ 4+ 3E”(RS).
The number in front of the symbol of the irreducible
doubly degenerate representation E and the single one A

3* Physics of the Solid State, 2025, Vol. 67, No. 7

indicates the number of oscillations, and the type of activity
in parentheses: IRS is the infrared absorption spectra, RS is
the Raman light scattering. There is a negative mode for
nitrate hydroxides, which indicates their dynamic instability.
IRS and RS are shown in Figure 4, and the wave numbers
of intramolecular oscillations in Table 4

The energy of zero vibrations E,o = Zf’ hv;/2, where
summation is carried out over the total number of vi-
brations N, equal to the number of atoms in a unit cell
multiplied by 3, will take maximum values for the PBEO
functional. A satisfactory coincidence of the calculated
frequencies with the experimental data [13,14] is observed
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for the B3LYP functional. Therefore, in the future, its values
will be used to quantify the vibrational modes.

In the IR spectrum of SNOH, the most intense mode
(1628 km/mol, 100%) is the v3 mode of E’ symmetry
with a wavenumber of 1501 cm~!, and the v, mode of
symmetry A”; (37%) with a wavenumber of 927cm~!.
For BNOH, these are the modes at 1455 (1980 km/mol,
100 %), 386 (37 %) and 230(31%)cm~!. The latter are
formed by z-translational vibrations of barium atoms and
a nitro group, as well as xy-vibrations of barium and
a hydroxyl group. The mode v, = 820cm~! has an
incomparably lower intensity. The v4 modes of E’ symmetry
at 726.655cm™~! form two other bands of different intensity
in SNOH. Lattice vibrations with an intensity of 16, 13 %
at 265, 128cm™! belong to xy-translational vibrations of
strontium and nitrate, hydroxyl groups.

Three optical oscillations of symmetry E’ and A’; are dis-
tinguished in the Raman spectrum. The full-symmetric A,
vibration with wavenumber in SNOH 3831 ¢cm~! (in BNOH
3772cm™!) is the most intense (assumed to be 100 %). The
mode of E’ symmetry is next to it at 3825cm~! (3770)
with intensity 67 % (33 %). The first is formed by z-, and
the second by xy-displacements of hydrogen and oxygen
atoms Ol. It is the overwhelming intensity of these
fluctuations that explains the scarcity of the RS spectrum
(Figure 4). The band v, has a noticeable intensity at
1116 (1095) cm~! and the band v4 has a noticeable intensity
at 726 (710) cm~!. Rotational mode of symmetry E” with
wavenumber 557 (605) cm~! and intensity of 5% is barely
noticeable.

Thus, the vibrational spectra of nitrate hydrates reflect
the anionic dominance in the frequency spectrum above
600 cm ™!, the different atomic mass of cations in the lattice,
and their polarization dependence — the layered structure
of crystals.

6. Elastic and mechanical properties

Crystalline NLO materials must have mechanical stability,
hardness, lack of spreading, ease of processing, etc. There-
fore, when designing them, it is necessary to investigate
elastic properties as a factor of static mechanical stability.

The components of the elasticity matrix C;; in Voigt
notation i, j — {1 —xx,2 —yy,3 —zz,4 —yz,5 —
xz, 6 — xy has dimension 6 x 6 and is defined in terms
of the second derivative of the total energy with respect

to deformations C;; = %% The CRYSTAL software
package can calculate elastic tensors using the automated
procedure described in Refs. [36,37]. The accompanying
formulas are given in Ref. [38].

There are no experimental measurements of elastic
constants and modules for the studied crystals. Therefore,
for comparative characteristics, we will focus on the KDP
measured for crystals, which are widely used in laser
ignition installations as components of optical switching
and frequency conversion. These crystals are soft, brittle

and sensitive to external conditions [39]. There are also
calculations of the elastic properties of Sr(NOj3),, Ba(NO3),
in symmetry Pa3 [40] performed by the CRYSTAL package
with PBE functionality, as well as their experimental values.
The calculated unique elastic constants are shown in Table 5.
The constant Cs = (C11 — C12)/2.

There are relations between the elastic constants that
follow from the need to fulfill the criterion of stability of
the crystal lattice [42]. Necessary and sufficient conditions
for elastic stability are written for all types of symmetries
in Ref. [43]. They have the following form in a hexagonal
crystal: Cqq > 0, Cy; > |C12|, (C11 +C12)C33 > 2C%3. An-
other condition C33 > Cj3 is obtained in Ref. [44] from the
conservation law. Elastic constants for SNOH and BNOH
crystals satisfy the requirements of mechanical stability for
all functionals.

The elastic properties of a hexagonal crystal in the plane
of the layer (xy) are isotropic and are described by the
constants C;; and Cip, which characterize the Young’s
modulus and Poisson’s ratio. The constant C33 determines
the Young’s modulus, and the constant C;3 determines the
Poisson’s ratio in the perpendicular (z) direction. The
elastic constant Cyy, which reflects the measure of stiffness
against unidirectional deformation along the axis a, is less
than the constant C33, which allows evaluating the elastic
response of the material to unidirectional stress along the
axis ¢. The constant C44 describes the stresses when the
layers are shifted relative to each other. It can be seen
from Table 5 that SNOH will have the greatest resistance
to compression/stretching along the axis of a, while BNOH
will have the least. The shear constants C44 are less than
the compression/stretching constants, which means that the
layers [M2AO;3)o and [OH]., can move relatively freely
relative to each other.

Table 6 shows the volumetric module of a single
crystal calculated with various functionals Bg (characterizes
the ability to change volume under the influence of a
comprehensive voltage, the same in all directions) and
linear modules B, and B, (characterize the ability of
a crystal to change its volume under the influence of
voltage along the axes a and c¢). The module By agrees
well with the data in Table 3, and it differs little for
different functions. The elastic anisotropy of crystals is
important because it is closely related to the possibility
of microcracks in single crystals. The shear coefficient is
used to quantify the elastic anisotropy of single crystals [45]:
A =4C44/(C11 +C33 —2C13). For an isotropic crystal
A =1, and the amount of deviation in one direction or the
other is a measure of elastic anisotropy. This parameter is
equal to 0.55 in SNOH, 0.52 in BNOH, and 0.51 in KDP.
Taking into account vdW in the PBE-D3 functionality leads
to the fact that both crystals have the largest modules for
it, which means their high resistance to deformation and,
consequently, lower compressibility.

The elastic constants calculated with different functionals
have similar values, they are larger for SNOH than for
BNOH. The constants of tension/compression exceed the
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Table 5. Elastic constants C;; (GPa) and density p of single crystals of nitrate hydroxides calculated with the functionals PBE, PBE-D3,

PBEO and experimental values for DP

Crystal Method p,g/cm’ Cn Cn C33 Cis Cus
PBE 3432 98.7 48.8 119.1 294 220

Sr;NO3(OH);3 PBE-D3 3.532 108.3 509 123.1 31.1 232
PBEO 3.528 105.3 509 125.0 302 249

PBE 3.958 794 433 984 30.0 16.4

Ba,NO;(OH)3 PBE-D3 4.066 852 45.0 101.6 319 16.0
PBEO 4.037 824 45.0 103.1 309 18.1

KDP Exp. [41] 712 —5.0 56.8 14.1 12.6

Table 6. Volumetric modulus of elasticity B, linear Young’s
modules E,, E., linear modules B,, B. along the axes a,c (all in
GPa) single crystals of nitrate hydroxides

Mehtod | Br | Ba B. E, E.

PBE 59.1|176.6 |178.5| 72.6 | 1074
Sr,NO;(OH); | PBE-D3 |62.8 1919|1820 821 |111.0
PBEO 62.0 | 186.8 | 184.7| 78.6 | 1133
PBE 5151502 |164.0| 536 | 83.7
Ba,NO3;(OH)3 | PBE-D3 | 5441606 | 168.6| 59.0 | 859
PBEO 533 | 1555|1713 | 557 88.1

Crystal

KDP Exp. [41][27.3| 788 88.5| 666 | 508

shear constants, and the linear Young’s modules along the
c axis are significantly larger than for the axis c¢. Thus,
the elastic properties of single crystals reflect their layered
structure.

Most materials are polycrystalline, consisting of aggre-
gated crystallites. Their elastic properties were calculated
using the Voigt (V)-Reus (R)-Hill (H) [46-48] model. Voigt
and Reus established boundaries for the volume modulus
By, Br and the shear modulus Gy, Ggr, which are
determined from statistical models for describing elastic
deformation of polycrystalline materials. Voigt assumed that
the elasticity matrix Cy = (C) is averaged, and the com-
pliance matrix Sg = Cr', Sr = (S) is averaged by Reus.
Voigt and Reus boundaries converge when the crystallites
inside the aggregate are isotropic. Hill suggested using their
average values By = (Bv + BRr)/2, Gu = (Gv + Gr)/2
as modules, which are in better agreement with the
experiment. Moreover, the Young’s modulus and Pois-
son’s ratio can be obtained as Ey = 9ByGu/(3Bu + Gn),
4 = (3Bu — 2Gu)/(6Bu + 2Gu). The corresponding val-
ues are listed in Table 7.

The volumetric stiffness modulus of polycrystals By, as
well as the shear modulus Gy, which characterizes the

Physics of the Solid State, 2025, Vol. 67, No. 7

ability of a material to resist shape change while maintaining
its volume, take the highest values in SNOH and lower
values in BNOH. The values By, Gy do not exceed those
in nitrates [40], where they are 32.2, 27.1 GPa for Sr(NOs);
and 27.1, 9.1GPa for Ba(NOj3),. The relatively small
values of GH indicate that shear deformation occurs under
a certain stress and it is this deformation that limits the
stability of hexagonal NLO materials.

Brittle or ductile behavior is crucial for the possible
application of NLO material. An experimental criterion
is proposed in Ref. [49] for their difference in the form
of the ratio of the volumetric compression modulus to
the shear modulus: if it is greater than 1.75, the material
will be plastic, otherwise it will be brittle. It follows
from Table 7 that the ratio By/Gy is more than twice,
and this indicates the plasticity of nitrate hydrates. It is
known [50] that the Poisson’s ratio of covalent materials is
small (4 ~ 0.1), while the typical value for ionic materials
is 0.25. In addition, the Poisson’s ratio also characterizes
plasticity or brittleness. Its value is less than 1/3 typical for
brittle materials and its greater value is typical for ductile
materials [51]. The values of u in Table 7 indicate the
predominantly ionic nature of the chemical bond with a
small amount of covalence, on the one hand, and plasticity,
on the other hand.

Knowing the modules By, Gy, it is possible to calculate
the velocities of elastic waves [52], and through it determine
the Debye temperature [53]:

1/3
h N 1Y
Op=—(3-—Na— cps
b kB< 4ot AM) Ver

where £ is the Planck’s constant, kg is the Boltzmann’s
constant, N, is the Avagadro’s constant, N, M is the
number of atoms in a formula unit and its molecular
weight. The Debye temperature is a physical constant that
characterizes many properties of crystals: heat capacity,
electrical conductivity, thermal conductivity, melting point,
etc. A higher Debye temperature implies a higher thermal
conductivity. Under normal laser operating conditions, its
working substance inevitably heats up, therefore, in order
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Table 7. Elastic properties of polycrystalline nitrate hydroxides: By — volumetric modulus, Gu — shear modulus, Ez — Young’s
modulus (all in GPa), u — Poisson ratio, @p — Debye temperature (K), kmin — thermal conductivity coefficient (W/mK) calculated with

the functionals PBE, PBE-D3, PBEO

Crystal Method By Gu Ex u Bp kmin
PBE 59.1 26.8 69.8 0.303 410 1.05

Sr,NO3(OH); PBE-D3 62.9 29.2 75.8 0.299 426 1.10
PBEO 62.0 29.5 76.3 0.295 428 1.11

PBE 51.5 19.7 52.5 0.330 312 0.77

Ba,NO3(OH);3 PBE-D3 54.4 20.5 54.7 0.333 317 0.79
PBEO 535 21.0 55.8 0.326 321 0.79

Table 8. Calculated with the PBE-D3, B3LYP functional wave numbers of lattice LO symmetry modes A} and E’ (LO-TO splitting, cm™")

in nitrate hydrates

Crystal Method Ay E’
PBE-D3 240(0.5) 163(20), 185(11), 344(69), 302(—0.5)
SI‘zNO3 (OH)3
B3LYP 274(23) 155(27), 170(6), 344(78), 301(—3)
PBE-D3 251(34) 126(7), 156(11), 320(74), 243(1)
Ba,NOs3 (OH)3
B3LYP 268(43) 122(10), 143(9), 312(82), 246(—2)

to find out whether the material is a potential candidate for
NLO, it is necessary to investigate its thermal conductivity.
Using existing theories of minimum thermal conductivity
a theoretical minimum has been developed in Ref. [54]
that can be calculated after replacing various atoms with
an equivalent atom with an average atomic mass:

kmin = kBNi/3N2/3/071/2M72/3.

The calculated values of the Debye temperature and the
coefficient of thermal conductivity are shown in Table 7.
According to the data from Ref. [55], the experimental ther-
mal conductivity for KDP is 1.21 for the parallel direction
and 1.34m~'K~! for the perpendicular. In strontium and
barium nitrates, according to the data from Ref. [40], the
Debye temperature is 282, 243K, respectively, and the
thermal conductivity coefficient is 0.55, 0.45,Wm~'K~!.
The experimental data for ©p in these compounds from
thermodynamic data are 249, 196K and 237, 218K from
X-ray diffraction [56].

Thus, polycrystalline hydrates of strontium and barium ni-
trates are plastic materials with a higher Debye temperature
and thermal conductivity coefficient than the corresponding
nitrates.

7. Dielectric properties

Long-range Coulomb effects are neglected in the case
of ionic compounds due to the coherent displacement of

the nuclei. Therefore, the Hesse matrix needs to be
adjusted to obtain longitudinal optical (LO) modes [57].
This additional contribution, the so-called non-analytical
term, depends on the dynamic permittivity tensor and
the Born effective charge tensor. Knowing them, we
can calculate the corresponding LO-TO splitting. The
real and imaginary parts of the complex permittivity
&j(v) =¢€1:j(v)+iex;j(v) are calculated in the CRYSTAL
program code for each unequal polarization direction based
on the classical Drude-Lorentz model. The maxima &;(v)
and Im(—1/¢(v)) (loss functions) correspond to TO and
LO frequencies v, respectively. The reflection coefficient
curve is calculated for each unequal polarization direction
using the formula

2
&ii(v) — sin* 6 — cos 0

\/€ii(v) — sin* 0 + cos 0

where 0 is the angle between the incident ray and the
normal to the crystal surface [58].

R,’,’(V) =

The static permittivity tensor has electronic ef,’- and ionic

e}f;'b components. The nuclear contributions to the dielectric
constant are introduced by [20] summing over the phonon
modes of the effective Born vectors [59], in which the
dynamic charge tensor is determined by multiplying the first
derivative of polarization by atomic displacements multiplied

by the cell volume when the applied electric field is zero.
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Figure 5. Reflection coefficient with plane polarization xy (R.y)
and in the direction of the axis z (R;;) for Sr,NO3;(OH); (top)
and Ba,NO3;(OH);3 (bottom).

The frequency dependences of the reflection coefficient
are shown in Figure 5. ¢(v) is a diagonal tensor in hexagonal
crystals, so only the components xx =yy and zz are
nonzero. The width of the bands is determined by LO-TO
splitting, and the maxima and minima correspond to the
frequencies of TO, LO modes. The main features of the
spectra are caused by lattice vibrations and fluctuations
inside nitrate ions. The spectral range above 3000 cm™!
and has a very low intensity and therefore it is absent in
Figure 5. Vibrational symmetry modes A], E”LO-TO do
not experience a shift. The wave numbers LO of lattice
vibrational modes, together with the value of LO-O splitting
(in parentheses) are given in Table 8.

The model of ionic compounds, in which studies of
dielectric properties are performed, is sensitive to the choice
of functional. Therefore, the calculations of the functions
of the complex dielectric constant and reflection coefficient
were carried out with PBE-D3 and B3LYP functionals.
Further in the text, numerical information is provided for
PBE-D3, and B3LYP values are given in parentheses for
comparison.

SNOH has a low-intensity band in the reflection spec-
trum of OH™ in the region of 3715cm~!(3825cm™!
for B3LYP), the width of which taking into account
the LO-TO splitting (Av) for the E’ symmetry mode is
0.7 (0.6) cm~!. The low value of Av is attributable to the
fact that this oscillation is formed by oppositely directed
displacements relative to heavy oxygen atoms and light
hydrogen atoms. The other atoms do not participate in
it. There is also no noticeable splitting of ~ 1cm~! modes
with maxima 732 (820), 703 (726) cm~!, whereas modes
1449, 1078 (1501, 927) cm~! have Av = 45, 69see~! (47,
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Table 9. Electronic (el) and ionic (vib) components of the
dielectric constant tensor ¢ calculated with the functionals PBE-D3
and B3LYP

Exx €z
Crystal Method ;

el vib el vib
PBE-D3 | 233 | 354 | 191 | 0.28
Sr;NO3(OH); PBEO 217 | 3.63 1.80 | 0.26
B3LYP 213 | 394 | 1.78 | 0.52
PBE-D3 | 278 | 3.82 | 258 | 449

BazNO3 (OH)3
B3LYP 251 | 414 | 232 | 3.84

68 cm™1). The large polarization (xx, zz) differences in the
wavenumbers of the same type of vibrational modes are due
to the anisotropy of the dynamic charge tensor of oxygen
and hydrogen atoms.

Lattice vibrations also experience various LO-TO splits.
Translational modes lead to large (70—80cm™!) values of
Av at 274 (265) cm~!. Modes with a negative value are of
particular interest when the wave number of the LO mode
is less than that of the TO mode. Such is the oscillation E’
of the symmetry at 301 (304) cm~!, in which the atoms of
the nitro group move synchronously in the plane xy, and
the hydroxyl groups move asynchronously.

The values of the static permittivity tensor are given in
Table 9. Electronic (el) and ionic components taking into
account lattice vibrations (vib) are indicated here. They
define the extreme points in Figure 5. As a rule, the
relaxed components & are more electronic for xx- and less
for zz-, which reflects the contributions of the electronic
and vibrational subsystems of the crystal. Heavy barium
cations make a significant contribution to the lattice modes,
which significantly enhances the zz-component in BNOH.
The total dielectric constant is obtained by summing the
contributions.

Thus, the dielectric properties of nitrate hydroxides are
described using the frequency dependence of the dielectric
constant and the reflection coefficient. Lattice vibrations up
to 400cm~! with a pronounced polarization dependence
have a significant intensity in them. The ionic contribution
to the dielectric constant dominates for the xx-component
in both compounds, whereas the zz-component dominates
only for BNOH.

8. Piezoelectric properties

The mathematical description of piezoelectricity relates
strain (or stress) to an electric field through a third-
order tensor. In linear approximation, the direct e and
inverse d piezoelectric tensors express polarization P in-
duced by deformation # P = e X n|g—const and deformation
induced by an external electric field E 7 = d” x E|s—consts
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Table 10. Direct ¢;; (C/m?) and inverse d;; (pm/V) piezoelectric constants of strontium and barium nitrate hydroxides. Electronic (el)

and nuclear (vib) contributions to constants are given

e d d
Crystal Method 2 2 0
el vib el vib el vib
PBE-D3 0.13 —0.29 224 —5.06 449 —10.13
SI'2NO3 (OH)3
PBEO 0.13 —0.29 230 —5.31 4.59 —10.62
PBE-D3 —0.08 0.25 -1.99 6.30 -3.97 12.61
Bay,NO3 (OH)3
PBEO —0.09 0.27 —2.32 7.15 —4.65 14.26
Table 11. Independent photoelastic pij constants for nitrate hydroxides
Crystal Method P11 P12 P33 P13 P31 P44
PBE 0.369 0.248 0.151 0.191 0.298 —0.124
Sr;NO3(OH); PBE-D3 0.371 0.248 0.152 0.179 0.303 —0.146
PBEO 0.295 0.221 0.198 0.222 0.260 —0.192
PBE 0.269 0.233 0.111 0.234 0.285 —0.049
Ba;NO;(OH); PBE-D3 0.269 0234 0.114 0.227 0.285 —0.094
PBEO 0.264 0.233 0.154 0.254 0.278 —0.065

respectively. Piezoelectric constants can be calculated in
Voigt notation as e;; = dP;/dn;|g = d0;/dE;]|,, where P,
E, n, o represent the electric displacement field, electric
field, strain tensor, stress tensor, respectively. Piezoelectric
strain constants are often used in the literature, denoted as
dyi = 0Py /307 = —0n/0E} |». They can easily be associ-
ated with constants e;; through constant compliance matri-
ces d;; = e;l x S;. Piezoelectric constants can be decom-
posed into contributions of electronic ,trapped ions* and
nuclear,,internal deformations® [60] e;; = efjl»amp + efsle,
The nuclear term measures the piezoelectric effect due
to relaxation of the relative positions of atoms caused by
deformation. The automated computational procedure is
described in Refs. [61,62]. The direct constant in the
standard piezoelectric material a-quartz e;; is 0.15C/m?
at room temperature and 0.07 C/m? at temperatures up to
5K [63]. The inverse constant dj; = 2.0 ~ 2.3 pm/V [64].

Direct and inverse piezo constants for nitrate hydrates are
listed in Table 10. The electronic and nuclear components
are listed separately. The total piezoelectric constants are
obtained by summation.

The value of the constant e;; = ey, measures the pola-
rization induced along x by deformation 7y,. Its maximum
value for the PBEO functional is 0.13 C/m? is for SNOH
and less than 0.09 C/m? is for BNOH. This piezoelectric
response is somewhat less than that of a-quartz. The inverse
constants are the result of the relationship between the direct
piezoelectric constants and the compliance constants S;;.
The inverse piezoelectric constant dj; = dyy is approxi-

mately the same for these compounds, and the constant dag
is greater in BNOH. The significant difference between the
electronic and vibrational components of the piezoelectric
constants is natural. For instance, it was found in a typical
ferroelectric SrTiO3; of symmetry Ima?2, according to data
from Ref. [60], that, for example, the electronic component
of the constant e1; is 0.02 C/m2, and the relaxed 9.28 C/m2.
The corresponding components are 0.02 and 33.51 pm/V for
the inverse constant d;;. The sign does not play a role here,
since the value of the constant modulus is determined in the
experiment [65].

As follows from Table 10, the effects of nuclear re-
laxation play an important role, up to a sign change.
Let’s take this as an example of SNOH. Calculated in
the CPHF/KS approximation with a PBEO functional, the
electronic piezoelectric tensor has a single nonzero compo-
nent ey = 0.13 C/m2. Taking into account the vibrational
structure of the crystal, the ionic component will be equal
to —0.29C/m?. The largest contribution (—0.335C/m?)
to its formation is made by the lattice symmetry mode
E’ with a wave number of 136cm™!, the intramolecular
mode at 1565cm~! (—0.163C/m?). Modes with wave
numbers 169 cm~!, 272 cm~! give a positive contribution of
0.101 C/m? and 0.109 C/m?, respectively. The contribution
of other fluctuations is less noticeable.

Thus, possessing a non-centrosymmetric lattice, nitrate
hydrates exhibit piezoelectric properties, with values of
direct constants no greater and inverse constants no less than
those in a-quartz, which is typical among such materials.

Physics of the Solid State, 2025, Vol. 67, No. 7
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Table 12. Independent piezo-optical 7z;; (TPa~') constants for nitrate hydroxides

Crystal Method T T2 33 T3 31 T44
PBE 3.170 0.761 0.300 0.630 1.960 —5.648
Sr;NO3(OH); PBE-D3 2.906 0.778 0.303 0.523 1.844 —6.299
PBEO 2.125 0.758 0.858 1.077 1.498 —7.707
PBE 2229 1216 —0.336 1.324 2408 —2.962
Ba;NO;(OH); PBE-D3 2074 1.193 —0.308 1.213 2.268 —-5.911
PBEO 2.007 1.157 0.218 1.517 2127 —3.619

9. Photoelastic properties

The change in the components of the inverse permittivity
tensor £ !, under the action of deformation, is determined
by deformation-optical coefficients (i.e., elements of the
fourth-rank elastic-optical or photoelastic Pockels tensor p):
Aei; L= Dijki X M. In Voigt’s notation, the photoelasticity
constants can be obtained as p;; = (8,"')/dn;). The piezo-
optical tensor of the fourth rank s, whose elements are
the stress-optical coefficients 77;;, can be obtained from
a photoelastic p and elastic as 7 =p xS or p=a xC.
Unlike the elasticity and compliance tensors, the tensors p
and s are not symmetrical, so the number of components
determined for optical stress and optical strain tensors
is greater than for elasticity tensors. The photoelas-
tic constants p;; are dimensionless, whereas the piezo-
optical constantss;; are usually expressed in Brewster units:
1Br=10""2Pa' = 1TPa"".

An automated scheme has been developed in
Refs. [20,66] for the theoretical calculation of the photoe-
lastic and piezo-optical tensor of the fourth rank of crystals
belonging to any spatial symmetry group, which requires
simultaneous determination of tensors of elastic stiffness C,
compliance S.

Table 11 shows the calculated independent components
of the photoelasticity tensor of metal nitrate hydroxides.

Experimental data on photoelastic constants are not
available, so the constants for a-quartz can be used for
comparison [67]. Other well-known materials for which cal-
culated and experimental data are available are CaWOy [68],
as well as for ionic MgO, NaCl [20]. The photoelastic
constants for Sr(NOj3),, Ba(NOs3);) were calculated earlier
in Ref. [40]. So for Sr(NOs3),, the experimental (calculated)
values of the constants are equal for p;; = 0.18(0.20),
p12 = 0.36(0.38), pag = —0.00(—0.01).

The photoelastic constants in the plane xy assume the
highest values. For the direction of z, the value of p3;
is about three times less than in the plane, and it is
slightly higher than the experimental and theoretical values
in quartz. The shear coefficients are negative and their
highest values are in SNOH crystals. The value of pa4
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in BNOH is comparable to quartz and significantly higher
than in barium nitrate.

The piezo-optical coefficients m;;, where i, j =1, 2,3,
describe the relationship between the main refractive indices
and the normal voltage (Table 12). They are called the main
coefficients. The coefficients 7;;, where i =1, 2, 3 and
j =4, 5, 6, relate the main refractive indices to tangential
stresses and are called shear coefficients. The piezo-optical
coefficients 77;;, where i =4, 5, 6, j =1, 2, 3 correspond
to the rotation of the optical indicatrix and are called
rotational. They are zero everywhere. The rotational-shear
coefficients correspond to the indices i =4, 5, 6, j =4, 5,
6. All crystals have a single crystal, but it is not listed in the
tables, as it is expressed in terms of s7y; and ;5.

The calculated photoelastic and piezooptical coefficients
indicate significant differences in the tensors of optical
stresses and optical deformations in hydrates of strontium
and barium nitrates.

10. Nonlinear optical coefficients

Polarizability «, first hyperpolarizability B, second
hyperpolarizability ycan be analytically evaluated using
the CPHF/KS [69,70] procedure.  The corresponding
tensors are related to the dielectric susceptibility of
the first () = 4ma/V, the second x® =2aB/V, and
the third x©®) = 27y/3V orders, which are the coeffi-
cients of the linear relationship between the polariza-
tion of the dielectric and the external electric field:
P =eo(xVE + xPE* + x¥E3 + . ... The first order elec-
trical susceptibility allows determining the refractive index
tensor () =n? — 1, the second order electrical suscepti-
bility allows determining the generation coefficient of the
second harmonic g = x®/2(a.u.) and the third order
electrical susceptibility allows determining the intensity of
the Raman spectrum.

The requirements for nonlinear materials include, in
particular, the presence of a large SHG coefficient and
moderate birefringence. For uniaxial hexagonal systems,
double refraction is the difference in the refractive indices
of ordinary and extraordinary rays, i.e. An=|n, —n,|.
Here, the index e corresponds to excitation by a polarized



1130

Yu.N. Zhuravlev, E.V. Gvozdikova

Table 13. Second harmonic generation coefficient g (pm/V)
and double refraction An, calculated with the functionals PBE-D3,
PBEO, B3LYP

Crystal g, An | PBE-D3 | PBEO | B3LYP
g 2.172 0.696 0.769
SI‘zNO3 (OH)3
An 0.143 0.125 0.126
g 0.597 0.282 0.341
Ba,NO3 (OH)3
An 0.062 0.060 0.061

electromagnetic wave, the electric field of which is parallel
to the optical axis of the crystal (axis c¢), and the index o
corresponds to excitation by a polarized electromagnetic
wave, the electric field of which is perpendicular to c.

The coefficients of second harmonic generation g and
double refraction An calculated using the functionals
PBE-D3, PBEO and B3LYP are shown in Table 13.

Experiments [12,13] show that SNOH and BNOH are
phase-consistent and the SHG coefficients are 3.6 and 4
KDP units at a wavelength of 1064 nm. According to data
from Ref. [2], the birefringence in BNOH is 0.082 at a
wavelength of 532 nm and it is equal to 0.080 at 589.6 nm.
The coefficients calculated in Table 13 are g higher for
SNOH than in BNOH, which contradicts the experiment.
On the contrary, the double refraction is smaller in BNOH,
and it is close to the experimental one [13]. The theoretical
results given here are indicated for the case of an infinite
wavelength. The dependences of the refractive index on
the wavelength and calculations of the efficiency coefficients
SHG at a wavelength of 1064 nm were also carried out.

The dispersion of the refractive indices n, and n, is
calculated in the range of 400—1200nm. It is shown
that the dependence n(A) is quite strong at relatively short
wavelengths and it is practically absent at long wavelengths.
In particular, at a wavelength of 532nm, the double
refraction in SNOH and BNOH will be equal to 0.174 and
0.063. The double refraction of An at a wavelength of 1064
nm is 0.148 and 0.063, respectively. For BNOH, there is a
low dispersion of refractive indices, which is required from
NLO materials. For a wavelength of 1064 nm, the SHG
coefficients in KDP units are 1.61 in SNOH and 1.57 in
BNOH. Thus, high values of SHG in strontium and barium
nitrate hydrates do not follow from the calculated data.

11. Conclusion

Calculations of the crystal structure and physical prop-
erties of strontium and barium nitrate hydrates have been
performed in the framework of the density functional theory
with PBE, PBEO, and B3LYP functionals in the LCAO basis.
Satisfactory agreement with the available crystallographic
and optical data has been obtained.

The layered structure causes the anisotropy of bonding
forces in crystals, which leads to specific features of elastic,
dielectric, piezoelectric, and photoelastic properties. The
volume compression modulus is two or more times greater
than the shear modulus, which makes the crystals plastic.
The different nature of atomic vibrations in the plane of the
layer and between layers leads to LO-TO phonon shifts and
provides a greater ionic than electronic contribution to the
dielectric constant and piezoelectric constants. Calculations
of the components of the polarizability, hyperpolarizability,
and second-order electrical susceptibility tensors make it
possible to calculate the second harmonic generation coeffi-
cients, which satisfactorily correlate with experimental ones
at a wavelength of 106 nm.

The established correlations between the structure and
the electronic, vibrational, mechanical, piezoelectric, and
nonlinear optical properties of the studied hydrates of
strontium and barium nitrates can be used to predict new
NLO materials.
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