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ABSTRACT: We performed a comprehensive ab inito
calculation to investigate the influence of substitution of
Ca®" (180 pm) by larger Sr** (200 pm) in MZnSO (M = Ca
or Sr) on the structural properties and, hence, on the linear
and nonlinear optical properties. The substitution of Ca** by
Sr** in MZnSO causes a band gap reduction resulting in an
influence on the photophysical properties and enhances the
optic activity toward the visible region. The observation of
linear optical properties reveals a band gap reduction on
moving from Ca to Sr, and the whole spectral structure shifts
toward lower energies. The substitution of Ca®* by Sr**
introduces an obvious enhancement in the anisotropy

between the extraordinary and ordinary tensor components, as confirmed by the uniaxial anisotropy and birefringence
favoring an important role in second harmonic generation (SHG) and optical parameter oscillator due to better fulfilling of
phase-matching conditions. The calculations show that SrZnSO exhibits larger SHG and microscopic first hyperpolarizability

(By) than CaZnSO.

1. INTRODUCTION

Nonlinear optical (NLO) crystals are essential materials for
generation of coherent light and are used in laser frequency
conversion, optical parameter oscillator (OPO), and other
optical and photonic devices.' '’ The role of NLO crystals is
to generate tunable laser beams covering the various optical
spectra regions by means of frequency conversion. The
commercially available crystals are capable of harmonic
generation in the region from UV to near-IR. Efforts have
been made to grow high-quality crystals to improve their laser
performance in practical applications and to discover new
crystals to extend the spectra coverage into deep-UV and mid-
IR region. Borate crystals have attracted considerable interest
due to their important application in second harmonic
generation (SHG).'”"” Usually, a noncentrosymmetric struc-
ture consisting of asymmetric or polar structural units exhibits
a large SHG response.'® For example, the large SHG effects of
f-BaB,0,"” and LiB;O;>° are mainly contributed by the planar
polyanions (B;04)*” and (B;0,)", respectively.
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Kang et al.”' have used the first-principles theory for
designing two novel NLO carbonates KBeCO;F and
RbAICO;F,. The investigated crystals are structurally stable,
and they possess very large energy band gaps and considerable
optical anisotropy. They reported that KBeCO;F and
RbAICO;F, are very promising deep-UV NLO crystals
alternative to potassium beryllium fluoroborate (KBBF). The
recent experimental results on MNCO,F (M = K, Rb, Cs; N =
Ca, Sr, Ba)** suggest that the synthesis of the KBeCO,F and
RbAICO;F, crystals is feasible. Liang et al.”* have investigated
the usage of metal sulfides with diamond-like (DL) structure
for NLO applications in the mid-IR spectral region. The linear
and NLO properties of the DL-metal sulfides are analyzed on
the basis of first-principles calculations. It has been found that
it is relatively easy to achieve good balance between the band
gap and the NLO performance. Moreover, the moderate
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birefringence An (~0.03—0.10) is crucial for practical mid-IR
NLO applications. They reported that several metal sulfides
with normal DL and defect DL structures show excellent mid-
IR NLO properties. These studies provide useful information
for the design and discovery of novel materials possessing good
mid-IR NLO performance. Lin et al.** have reported that the
ab initio approaches have the ability to accurately predict the
optical properties of NLO crystals and that the developed
analytic tools are very important to explore their intrinsic
mechanism. This microscopic understanding is crucial for
designing novel crystals with large NLO properties. It is
expected that the first-principles approaches will deeply
enhance the search efficiency and help the researchers to
save resources in the exploration of novel NLO crystals with
good performance.

Sambrook et al.”® have synthesized a pure CaZnSO
compound that crystallized in a noncentrosymmetric hex-
agonal space group (P63mc) with two formula per unit cell.
The reported lattice constants are a = 3.75726(3) A and ¢ =
11.4013(1) A. They have measured the powder SHG level
using a 1064 nm laser radiation. The efficiency of CaZnSO is
approximately 100 times that of @-SiO,, and the piezoelectric
coefficient is as high as 38 pm V™. They reported that the
substitution of Ca®* (180 pm) by larger Sr** (200 pm) in
CaZnSO introduces a different chemical pressure, which can
change the structural polarity and energy band gap. At the
same time, they reported that is it not possible to synthesize an
analogue SrZnSO. Very recently, Liu et al.”® successfully
synthesized a novel polar SrZnSO compound crystallized in a
noncentrosymmetric hexagonal space group (P63mc) with
lattice parameters a = 3.90442(6) A, ¢ = 11.6192(2) A, and Z
= 2. They have found that SrZnSO is isostructural to CaZnSO
and is less polar than CaZnSO, but they did not measure the
SHG signal of SrZnSO. We should emphasize that the previous
study” reported the SHG value for the CaZnSO powder
without taking into account the influence of the packing
structural units. We would like to highlight that, on the basis of
anionic group theory,”” the overall SHG response of a crystal is
the geometrical superposition of the second-order susceptibil-
ities. Therefore, the packing of the MS;0; octahedra and
ZnS;0 tetrahedra structural units may also affect the
macroscopic SHG coefficients.”® The large SHG is due to
the strong interactions between the MS;0; octahedra and
ZnS;0 tetrahedra.”® Thus, the reported values of the SHG
have been only estimated for powder samples without taking
into account the influence of the packing of the MS;0;
octahedra and ZnS;0 tetrahedra structural units. Hence, we
have addressed ourselves to calculating the SHG of the
MZnSO (M = Sr or Ca) single crystals, taking into account the
influence of the packing of the MS;0; octahedra and ZnS;0
tetrahedra structural units using the full-potential method. We
emphasize that in full-potential method, the potential and
charge density are expanded into lattice harmonics inside each
atomic sphere and as a Fourier series in the interstitial region.
This has a profound effect on the electronic structure as well as
on linear and nonlinear optical properties and needs to be
studied. Therefore, we thought that it would be interesting to
perform full-potential calculations using the recently modified
Becke—Johnson potential (mBJ)*” and investigate the
influence of Ca*" substitution by Sr*" on the linear and
nonlinear optical properties and microscopic first hyper-
polarizability of sulfide oxide MZnSO (M = Ca or Sr).

2. STRUCTURAL ASPECT AND METHODOLOGY

The structural features of MZnSO (M = Sr or Ca) consist of
close-packed sulfur and oxygen layers in hc stacking: M in
octahedral and Zn in tetrahedral voids. The infinite layers of
edge-linked MS;0; octahedra and infinite layers of vertex-
linked ZnS;0 tetrahedra share sulfur—sulfur edges and oxygen
vertices to form a three-dimensional framework.”>*® The
crystal structure of MZnSO (M = Ca or Sr) has polar layers in
the ab plane sharing ZnS;O tetrahedra that are separated by M
ions of the MS;0; octahedra.”® It is clear that the substitution
of Ca by larger Sr causes an influence on the bond lengths
(Figure 1a), and this may lead to an influence on the electronic
properties. The distribution of the electron clouds around the
neighboring atoms is shown in Figure 1b,c). In Figure lc, it is
shown that Sr shares the outer shells with ZnS;0 tetrahedra.
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Zn-0 1.8996(5)[1.8993 |O-Zn-S 113.84(3) 113.82
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Figure 1. (a) Crystal structure of MZnSO (M = Ca or Sr) and (b, c)
distribution of the electron clouds around the neighboring atoms.
Figure lc shows that Sr shares the outer shells with the ZnS,;0
tetrahedra. Thus, ZnS;0 tetrahedra can be the source of the large
birefringence in SrZnSO. Furthermore, Figure lc shows a high
electron density configuration and strong anisotropy for ZnS;O
groups, which indicates the main contribution of the ZnS;O
tetrahedra to the optical anisotropy. It is well known that the
birefringence determines partly whether an NLO material has the
value of study.
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Figure 2. (a, b) Calculated £3(w) (dark solid curve, black color online) and £X(w) (light long dashed curve, red color online) along with calculated
et (w) (light dashed curve, green color online) and e}(w) (dark solid curve, blue color online); (¢, d) calculated refractive indices nt(w) (dark
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Figure 2. continued

solid curve, black color online) and n"(w) (light dashed curve, red color online); (e, f) calculated birefringence An(w); (g, h) calculated absorption
coefficient I*(@) (dark solid curve, back color online) and I'(w) (light dashed curve, red color online), the absorption coefficient in 10* cm™. In
semiconductors, the square of the absorption coefficient I(w) is linear with energy for direct optical transitions in the absorption edge region. Data
plots of MZnSO for [I(w)]* versus wavelength (nm) in the absorption edge region are shown in the inset of Figure 2ij. The inset show [I(w)]?
versus energy is nearly linear. These features suggest that the absorption edges of CaZnSO and SrZnSO are caused by indirect transitions.

Thus, ZnS;0 tetrahedra can be the source of the large
birefringence in SrZnSO. Furthermore, a high electron density
configuration and strong anisotropy for ZnS;O groups are
evident in Figure lc, which indicates the main contribution of
ZnS;0 tetrahedra to the optical anisotropy.’’ It is well known
that the birefringence determines partly whether an NLO
material has the value of study.’' ~**

The environment configurations of Sr** (Ca®*) and Zn**
make both sites highly electrically polar; the noncentrosym-
metric distributions of S and O around Sr** (Ca**) and Zn**
cations, the equal negative charges of S and O, and the
different sizes of S and O force the cations away from their
charge barycenters. Therefore, due to spatial restrictions, Sr**
(Ca*") and Zn** will move toward the side where the O atoms
are situated.”® Therefore, to investigate the linear and
nonlinear optical properties of MZnSO (M = Ca or Sr), ab
initio first-principles calculations are <performed utilizing the
full-potential method (WIEN2k code®®) within the generalized
gradient approximation (PBE-GGA)®® to optimize the
experimental structural geometry of MZnSO (M = Ca or
Sr). The obtained structural geometries are used as input data
for performing the photophysical properties calculations. The
linear and nonlinear optical properties are obtained using the
recently modified Becke—Johnson potential (mBJ).”” The
other parameters used in these calculations are the basis
functions in the interstitial region and are expanded up to Ry
X K = 7.0 and inside the atomic spheres for the wave
function. The I, = 10 and the charge density is Fourier-
expanded up to G, = 12(a. u. )7". The self-consistency is
obtained using 4000 k points in the irreducible Brillouin zone
(IBZ). The self-consistent calculations are converged since the
total energy of the system is stable within 0.00001 Ry. We have
used 50,000 k points in the IBZ for calculating the linear and
NLO properties. The input required for calculating the linear
and NLO properties are the energy eigenvalues and
eigenfunctions, which are the natural outputs of a band
structure calculation. Therefore, from the band structure
calculation, the photophysical properties are calculated. The
linear optical properties are calculated using the optical code
implemented in the WIEN2k ackage;35 for more details, we
refer readers to the users’ guide’” and ref 38. The formalism for
calculating the nonlinear optical properties is given else-
where.”" ™"

3. OBTAINED RESULTS AND THE DETAILS
DISCUSSION

To investigate the influence of substitution of Ca** (180 pm)
by larger Sr** (200 pm) in CaZnSO on the structural
properties and hence on the linear and nonlinear optical
properties, we have performed a comprehensive ab inito
calculation. It has been reported that substitution of Ca** by
Sr** in CaZnSO introduces a different chemical pressure,
which can change the structural polarity and the energy band
gap resulting in influence on the optical properties.”” The
calculation shows that substitution of Ca** by Sr** causes a

band gap reduction from 3.7 eV (CaZnSO)* to 3.1 eV
(SrZnSO),*® which is in good agreement with the experimental
data®*° and results in enhancing the optic activity toward the
visible region. As the Ca-homologue is proved to be strongly
nonlinearly active,” thus, it is important to highlight that the
Sr homologue is isostructural to the Ca homologue.”® From
the electronic band structure (Figure Slab), the spectral
features of the complex first-order linear optical dielectric
functions are obtained.

The imaginary and real parts of the interband optical
dielectric functions for MZnSO (M = Ca or Sr) are shown in
Figure 2a,b. The band gap reduction occurs on moving from
Ca to Sr, which is in good agreement with the experimental
data,”*”® and the whole spectral structure shifts toward lower
energies, indicating that the fundamental absorption edge shifts
toward the visible light region. The dispersive part of the
optical dielectric functions can give information about the
energy gaps since the calculated static electronic dielectric
constant &,, = £,(0) is inversely related to the energy gap, as
explained in the Penn model.”® The dispersive parts of the
optical dielectric functions vanish at an energy of about 7.5 eV
and present negative values, and this corresponds to the energy
loss of a fast electron traversing in the material (Figure S2a,b).

Moreover, as seen in Figure 2a,b, the substitution of Ca** by
Sr** in CaZnSO induces an obvious enhancement in the
anisotropy between the extraordinary and ordinary tensor
components. The uniaxial anisotropy (8¢) can be calculated
from the zero frequency value of the dispersive part of the
optical dielectric functions. It is found that both compounds
exhibit a negative S¢ (Table 1). The enhancement of

Table 1. Calculated Energy Band Gap in Comparison with
the Experimental Value

parameter CaZnSO SrZnSO
E, (eV) 3.7, 374 3.1,3.1°
£1(0) 4.138 4.070
£1(0) 3.681 3.447
e —0.116 —0.165
wy(w) 7.877 7.850
wl(w) 7.768 8.830
nt(0) 2.034 2.017
n'(0) 1.918 1.856
An(0) —0.116 —0.161
An(w) at A = 1064 nm —0.121 —0.168

“Ref 25 (experimental work). bRef 26 (experimental work).

anisotropy in the linear optical dielectric tensor favors an
important quantity in SHG and OPO due to better phase-
matching conditions controlled by birefringence. Therefore, we
expected that the SrZnSO will exhibit higher SHG than
CaZnSO. The birefringence can be obtained from the
differences between the extraordinary and ordinary tensor
components of the refractive indices (Figure 2c—f). It is clear
that both compounds exhibit negative birefringence (Table 1).
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It is well known that the birefringence determines partly Furthermore, to investigate the influence of substitution of
whether an NLO material has potential utility.”" Ca® by Sr** on the optical properties, we have calculated the
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Table 2. Calculated I){(iji)(a))l and B of CaZnSO, in pm/V at Static Limit and at A = 1064 nm”

CaZnSO
tensor components ;(fji)(o) dy. = 0.5;(,(]%()((1)) at static limit )(gi)(m) at A = 1064 nm iy = 0.5;(,(]%)(w) A = 1064 nm
I)((lﬂ(“’)l 0.239 dis = 0.1195 0.371 dys = 0.1855
Wi (@) 0.146 dyy = 0.073 0201 dy, = 01005
WiB(o)! 0.299 dyy = 0.1495 0.460 ds, = 02300
B3 0.0443 X 107 esu 0.0694 X 107 esu

“Where 1 pm/V = 2.387 X 1077 esu. It has been found that the obtained value of dy; at A = 1064 nm is about 0.23 pm/V.

Table 3. Calculated bfiji)(w)l and B of SrZnSO, in pm/V at Static Limit and at A = 1064 nm*

SrZnSO

tensor components )(i(ji)(O) dy. = 0.5 )([(ﬁ)(a)) at static limit
(o) 0.574 dys = 0287
()] 0.08 dy, = 0.04
(@)l 138 dss = 0.66
Pass 0.2062 X 107 esu

2P (w) at 2 = 1064 nm dyg = 05 7 (w) A = 1064 nm

1.101 dis = 0.5505
0.131 dy, = 0.0655
2.531 dys = 1.2655

0.4206 x 107" esu

“Where 1 pm/V = 2.387 X 107 esu. It has been found that the obtained value of ds; at A = 1064 nm is about 1.27 pm/V, which is almost 1/10 of
the experimental value of the well-known KTiOPO, (KTP) single crystals, which exhibits an SHG value of about 13.7 [ref 47] at A = 1064 nm.

4rk(w)

A
to the energy band structure of solids (Figure Slab).**
Therefore, deep insight into the electronic structure of the
materials can be further obtained from the o(w) (Figure
S2¢,d). From o,(w), the value of the plasma energy can be
obtained, and these are ha)f,‘(a)) = 7.877 (7.850) eV and
hwll,l(w) = 7.768 ( 8.830) eV. The calculated 6(w) depicts the
conduction induced by the electrons, which move from the
valence band to the conduction band upon absorption of
incident light. Since o(@) appears as a result of absorption, the
features of the curves in Figure S2¢,d and Figure 2a,b are
closely related and the peaks represent optically induced
electronic transitions between different states of the occupied
valence band and the unoccupied conduction band. The
absorption level of CaZnSO (SrZnSO) (Figure 2g—j)
exhibited an obvious enhancement in the visible light region,
and it shows that the absorption edge shifts from 4 = 335 nm
(CaZnSO) to 400 nm (SrZnSO), which corresponds to a
direct band gap of 3.7 (3.1) eV and well matched with the solar
spectrum. In semiconductors, the square of the absorption
coefficient I(w) is linear with energy for direct optical
transitions in the absorption edge region.”*® The data plots
of MZnSO for [I(w)]* versus wavelength in the absorption
edge region are shown in the inset of Figure 2ij. The inset
shows that [I(w)]* versus energy is nearly linear. These
features suggest that the absorption edges of CaZnSO and
SrZnSO are caused by direct transitions. As evident in Figure
S2e,f, where the reflectivity spectra of CaZnSO and SrZnSO
are shown, the small value of reflectance 0.10—0.15 in the
range of 0.0—3.0 eV ensures the material applications as
transparent coatings in the UV and visible regimes.

Based on the calculated electronic band structure, the SHG
properties can be obtained using the formalism given
elsewhere.””™* Since CaZnSO and SrZnSO crystallize in
hexagonal symmetry, therefore, only three nonvanish tensor

components are completely identifying the SHG. These are

(@) = (@) = 13 (@) = ¥3(@), ¥ () = 13 (o), and

12 (w) according to Kleinman’s symmetry. The calculated
I)(iji)(a))l for CaZnSO and SrZnSO are given in Figure 3a,b,
which show considerable anisotropy between the three tensor

components. The values of U(Ezlé(w)l, b(gzl)l(a))l, and D(g%(a))l at

optical conductivity (o(w) = ), which is directly related

27177

static limit and at the wavelength 1064 nm are listed in Tables
2 and 3. Following Figure 3a,b and Tables 2 and 3, one can see
that ly2}(@)l is the dominate tensor component, which
exhibits bigger value for SrZnSO. It has been found that the
obtained value of d;; for CaZnSO at 4 = 1064 nm is about 0.23
pm/V. While the obtained value of ds; for SrZnSO at A = 1064
nm is about 1.27 pm/V, which almost 1/10 of the
experimental value of the well-known KTiOPO, (KTP) single
crystals, which exhibits an SHG value of about 13.7*" at 1 =
1064 nm. It is clear that the SHG of SrZnSO is larger than that
of CaZnSO. The relation is attributed to the fact that Sr shares
the outer shells with ZnS;0 tetrahedra and it makes this
configuration the main source of large birefringence in StZnSO
and, hence, large SHG. As it has been mentioned before, (i)
the birefringence determines partly whether an NLO material
has potential utility,”" (ii) the enhancement in the anisotropy
in the linear optical dielectric tensor favors an important
quantity in SHG due to better fulfilling of phase-matching
conditions, determined by birefringence, and (iii) the require-
ment for obtaining good NLO materials is achieving the
deli(;%tfs balance between the SHG response and energy band
gap.™”’

Sambrook et al.”> reported that the SHG value of CaZnSO is
approximately 100 times that of @-SiO,, and we should
emphasize that this value is for a powder without taking into
account the influence of the packing structural units. Hence,
we have calculated the SHG of the CaZnSO and SrZnSO
crystals taking into account the influence of the packing
structural units. According to the anionic group theory,” the
overall SHG response of crystal is the geometrical super-
position of the second-order susceptibilities. Therefore, the
packing structural units may also affect the macroscopic SHG
coefficients.”® The large SHG is due to the strong interactions
between the structural units.”®

The condition for getting good SHG performance is a small
energy band gap (CaZnSO > SrZnSO), which limits the
transmittance in the ultraviolet (UV) region. Therefore, the
requirement for obtaining good NLO materials is achieving the
delicate balance between the SHG response and energy band
gap.*® Based on our obtained SHG values, we can say that
CaZnSO is a good NLO material in the UV region, whereas
SrZnSO is a good NLO material in the visible region.*~>'

DOI: 10.1021/acs.jpcc.9b08766
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Thus, the substitution of Ca®>* by Sr** in CaZnSO tunes the
material to be efficient in the visible region.

Furthermore, to understand the origin of SHG in CaZnSO
and SrZnSO, the imaginary and real parts of the dominate
tensor component are investigated, as shown in Figure 3c,d.
The influence of the packing structural units (Figure 1) on the
spectral features of the imaginary and real parts of 22(w) is
clearly shown. Therefore, the substitution of Ca** by Sr**
causes a significant influence on the resulting SHG, which is
attributed to the fact that the NLO properties are more
sensitive to small changes in the band structure than the linear
optical properties. Figure S2gh illustrates the contributions of
the 2w and w inter/intraband transitions. It is clear that the 2@
inter/intraband transitions in CaZnSO (SrZnSO) start to
oscillate at energy values of about 1.85 (1.55) eV, whereas the
o inter/intraband transitions oscillate at 3.7 (3.1) eV, the value
of the fundamental energy band gap. To gain more details
concerning the origin of the spectral features of the SHG, the
absolute value of the dominate tensor component |)(333(w)| is
compared to the spectral features of &,(w) and &,(w/2), as
shown in Figure 3e,f. Due to the presence of 2w term in the
spectral structure of Iy (@)! that makes it difficult to use the
electronic band structure to identify the origin of the spectral
features in |)(33 (w)! therefore, we have associated the spectral
features of &,(w) and &,(w/2) with U((Z) (w)! for better
understanding. The spectral features of Iy (@)l in CaZnSO
(SrZnSO) between 1.85 (1.55) eV and 3.7 (3.1) eV are
formed by the 2@ resonance only, whereas the spectral features
of |)(333(a))| in the energy region between 3.7(3.1) eV and 7.0
eV come from the 20 and @ resonance. The spectral structure
from 7.0 eV to 14.0 eV is formed from the @ resonance only.
Furthermore, from the calculated values of y{2(w), )(311(0)),
and y2)(w), the microscopic first hyperpolarizability, B >
the vector component along the dipole moment direction, can
be obtained (Tables 2 and 3).

In the recent years, due to the improvement of the
computational technologies, it has been proven that the first-
principles calculation is a strong and useful tool to predict the
crystal structure and properties related to the electron
configuration of a material before its synthesis.***>*~

4. SUMMARY

Using the reported X-ray diffraction data reported by
Sambrook et al. for CaZnSO and Lin et al. for SrZnSO, a
comprehensive ab inito calculation is performed to investigate
the influence of substitution of Ca** by Sr** on the structural
properties and, hence, on the linear and nonlinear optical
properties. The calculation reveals a band gap reduction
toward the visible region on moving from Ca to Sr, which is in
good agreement with the previous experimental data. The
enhanced anisotropy (Ca — Sr) favors an important quantity
in second harmonic generation (SHG) and optical parameter
oscillator (OPO) due to better fulfilling of phase-matching
conditions. The substitution of Ca by larger Sr causes an
influence on the bond lengths, and this may lead to an
influence on the electronic properties. The calculation shows
that SrZnSO exhibits larger SHG and f; than CaZnSO.
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