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The photophysical properties of the noncentrosymmetric haloid borates KzBgO10X (X = Cl or Br) are
calculated using density functional theory within the recently modified Becke—Johnson potential. The
calculated electronic band structure reveals that the theoretical direct band gaps, 5.21 eV (K3BgO10Cl)
and 4.85 eV (K3BgO1oBr), are in good agreement with the previous calculation for KzBgO1oCl (5.16 eV)

Received 12th April 2017, and experimental data for KsBgO;0Br (4.86 eV). The calculated absorption coefficients, refractive

Accepted 26th June 2017 indices, and birefringence are also in good agreement with the experimental data. The calculated nonzero
DOI: 10.1039/c7cp02364b second harmonic generation (SHG) coefficients, dsz, da, (= —d21), and dis(= ds» = dz), show good agree-

ment with the experimental values. Furthermore, we have obtained the microscopic first hyperpolarizability
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1. Introduction

The role of nonlinear optical (NLO) crystals is to generate tunable
laser beams covering various optical spectra regions by means
of frequency conversion. Currently, 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 spectral coverage into
the deep-UV and mid-IR regions. Borate crystals have attracted
considerable interest due to their important application in
second harmonic generation (SHG)."™® Due to the excellent
properties of alkaline metal borates and haloid borates, the
combination of an alkaline metal and halogen with borate in
the same crystal is expected to produce a new class of novel
materials with nonlinear optical properties (NLO). Also, it has
been reported that combinations of alkaline metal borates and
haloid borates with wide transparency and a sufficiently large
NLO coefficient are promising materials for efficient SHG from
the infrared to ultraviolet spectral ranges.'””'® The NLO alkaline
metal borates and haloid borates have, therefore, played an
important role in laser science and technology, and in the
search for novel NLO materials for deep-UV applications. It is
well known that the crystalline structure of most alkaline metal
borates and haloid borates is similar to the perovskite structure.
The perovskite structure is considered as a good candidate for a
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for the dominant tensor component of the SHG.

noncentrosymmetric structure type because it is susceptible
to distortions which lead to large SHG.'® It has been reported
that the introduction of halogen and alkali metal atoms can
widen the transparency range of borates in the UV region.?’ >
As K3Bs0;0X (X = Cl or Br) materials possess a perovskite-like
structure, we expect them to have a large SHG response and wide
transparency, which makes them promising candidates for deep
UV-absorption edge materials. K;Bs0;0X (X = CI or Br) shows
transparency from the deep-UV to middle-IR regions.>*

There are several reports concerning the synthesis and electronic
properties of K3Bs010X (X = Cl or Br).>>° However, we are not aware
of any comprehensive theoretical study of the linear and nonlinear
optical properties. Therefore, we were motivated to investigate
comprehensively the optical properties using the full-potential
method within the recently modified Becke-Johnson potential
(mB]J) to treat the exchange correlation potential in order to get
an energy gap close to the experimental energy gap. We should
emphasize that the reported values of the SHG of K;3B¢0;,Cl
and K;B¢0,,Br were measured for a powder without taking into
account the influence of the packing structural units.>*27:273
Hence, we decided to calculate the SHG of the K;B¢0;,Cl and
K3BsO10Br crystals, taking into account the influence of the
packing structural units using the full-potential method. According
to the anionic group theory,** the overall SHG response of a
crystal is the geometrical superposition 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.>* Therefore,
the novelty and aim of this work is to present qualitative and
quantitative investigations of the SHG values and details of the
SHG tensors of K3Bs0;0Cl and K;BsO40Br single crystals, taking
into account the influence of the packing structural units.
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2. Calculation methodology

The haloid borates K3B¢0;0X (X = Cl or Br) crystallize in the
noncentrosymmetric space group R3m with three formula units
in a unit cell.>**® The experimental crystallographic data for
K3B010X (X = CI or Br)***® are used as input data for the
geometrical relaxation of the atoms in the unit cell. The
geometrical relaxation is achieved within the Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-GGA).**
We see that Br (1)/Cl (1) and O(3) atoms occupy the 3a sites,
while K(1), B(1), B(2), and O(2) atoms occupy the 9b sites, and
O(1) atoms occupy the 18c sites. Fig. 1 shows the crystal
structure of the relaxed geometry for K;B50,,Cl and K3BsO;(Br.
Following Fig. 1, we can see that the K atoms bind with Br or Cl
atoms to form a 3D-network. A distorted octahedron (CIK4 or
BrK) is formed by the coordination of Cl or Br with six K atoms.
Each K atom is surrounded by six O atoms and two Br or Cl
atoms in the coordination sphere. The three BO, tetrahedra are
joined together through corner-sharing of an O atom. The three
BO, tetrahedra are connected with three BO; triangles to form a
compact hexaborate unit (B¢O;3) which inserts in the K-Cl or
K-Br network. Fig. 1(e and f) show that the charge localizes
mainly between B and the neighboring O atoms, indicating
a strong covalent bonding which defines the structure of the
borate units [BO;] and [BO,].

Using the obtained relaxed geometry, the linear and non-
linear optical properties and the first hyperpolarizability are
calculated using the all-electrons full-potential linear augmented
plane wave (FPLAPW+lo) method as embodied in the Wien2k
code,* utilizing the modified Becke-Johnson potential (mBJ) to
treat the exchange correlation.>® The mB]J is a local approximation
of an atomic “exact-exchange” potential and a screening term
which allows the calculation of band gaps with accuracy similar to
the expensive GW calculations.*® We would like to mention here
that in our previous work®”*?> we have calculated the linear and
nonlinear optical susceptibilities using the FPLAPW method
within mBJ on several systems whose linear and nonlinear optical
susceptibilities are known experimentally. In these calculations, we
found very good agreement with the experimental data. Thus, we
believe that our calculations reported in this article will produce
very accurate and reliable results.

For K3B0;0Cl and K3B¢O4(Br, the muffin-tin radii (Ryr) of
the K, B, O, Cl, and Br atoms were chosen in such a way that
the spheres did not overlap. The values of Ry are taken to be
2.46 a.u. (K), 2.5 a.u. (Cl), 1.13 a.u. (B), and 1.31 a.u. (O) for
K3Bs040Cl and 2.41 a.u. (K), 2.5 a.u. (Br), 1.18 a.u. (B), and
1.37 a.u. (O) for K3B¢04,Br. To achieve the total energy conver-
gence, the basis functions in the interstitial region (IR) were
expanded up to Ryt X Kpax = 7.0. The Ryt X Kpax determines
the matrix size (convergence), where K.x is the plane wave
cut-off, and Ry is the smallest of all atomic sphere radii. The
maximum value of I was taken as I, = 10, where [., is the
maximum value of the angular momentum for the expansion in
spherical harmonics of the product of two orbitals and the
generated potential inside the atomic spheres. The charge density
is Fourier expanded up to Gy = 12 (a.1.) "}, where G,y is the
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magnitude of the largest vector G in the Fourier expansion
of the product of two orbitals and the generated potential in
the interstitial region. Self-consistency is obtained using 400 k
points in the irreducible Brillouin zone (IBZ). The self-consistent
calculations are converged when the total energy of the system is
stable within 0.00001 Ry. The linear and nonlinear optical proper-
ties and the microscopic first hyperpolarizability calculations
are performed with 1834 k points in the IBZ. The linear optical
properties are calculated using the optical code implemented in
the WIEN2k package.*® For more details about FPLAPW, we refer
the reader to well-known ref. 43 and 44. The nonlinear optical
properties are calculated using the NLO code®® which is compa-
tible with the WIEN2k package.

3. Results and discussion

3.1. Salient features of the electronic structure

To understand the origin of the linear optical properties and the
source of the large SHG of K;Bs0,,Cl and K;B¢0,,Br, the electronic
band structure is calculated and presented in Fig. 2(a) and (b)
along with the optical transitions depicted on the generic band
structure. The calculated electronic band structure reveals the
nature of the band gaps of K;Bs0;,Cl and K;BsO;,Br. It was found
that the valence band maximum (VBM) and the conduction band
minimum (CBM) are located at the center of the Brillouin zone
(i.e. direct band gap). The VBM consists of O-2p and CI-3p (Br-4p)
states, whereas the CBM is mainly composed of B-2p states of the
B1 atom. The calculated energy band gaps are 5.21 eV (K3Bs0;0Cl)
and 4.85 eV (K3B¢O;0Br), which are in good agreement with the
previous calculation for K;Bg040Cl (5.16 €V)*® and experimental
data for K;B¢O;0Br (4.86 €V).”® A material with such an energy
band gap value is expected to possess a high laser damage
threshold.***” It was noticed that replacing Cl by Br reduces the
energy band gap by 0.36 eV, which has a significant influence on
the linear and nonlinear optical properties. We should emphasize
that the nonlinear optical properties are much more sensitive to
the value of the energy band gap compared to the linear optical
properties. The reduction in the energy band gap could be
attributed to the fact that the atomic radii of Br (115 pm) are
greater than those of Cl (100 pm), which influences the bond
length and pushes the conduction band towards the Fermi level
(Eg). Analyzing the electronic distribution is an important factor to
investigate the origin of optical properties.*®*’ Deep insight into
the electronic structure can be obtained from analyzing the
electron cloud of the BO; and BO, groups (Fig. 1e and f). The
electron cloud of the BO; groups exhibits a planar shape with
conjugated electron orbitals. Fig. 1e shows a high electron density
configuration and strong anisotropy for B-O groups, resulting in
contributions to the optical anisotropy of the BO; groups.

3.2. Complex first-order linear optical dispersion and
birefringence

The imaginary part of the dielectric function &; () and e5(w) of
K3B010Cl and K3BsO;oBr shown in Fig. 3 are calculated from
the momentum matrix elements between the occupied and
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K3BeO10Cl KsBsO10Br

(a) Three building blocks of K3B¢O,Cl: (b) Three building blocks of K;B¢O,(Br:
BO; triangle, BO, tetrahedron and CIK¢ octahedron  BOj triangle, BO, tetrahedron and BrK octahedron

* &

Each K atom is surrounded by six O atoms and two Br or Cl atoms in the coordination sphere.

A A

BO; triangles BOj tetrahedra BO; triangles BOj tetrahedra
©

(d) Here we have removed the K and Cl (Br) atoms to visualize the structures of the
BO3, BO4 and BgO;3. The three BO, tetrahedra are joined together through corner-
sharing of an O atom, also the BO, tetrahedra are connected with three BO;

triangles to form BsO3 the compact hexaborate unit in K3B¢0,0Cl and K3BsO(Br.

40,0000
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(e) BOs (HBO4
These B—O units possess strong electron cloud overlap.

Fig. 1 (aand b) The crystal structure of the relaxed geometry of the noncentrosymmetric haloid borate KsBsO10X (X = Cl or Br) with three formulae per
unit cell. It is clear that the Br(1)/Cl(1) and O(3) atoms occupy the site 3a, while K(1), B(1), B(2), and O(2) atoms occupy the 9b position, and O(1) atoms
occupy the site 18c. We can see that the K atoms bind with Br or Cl atoms to form a 3D-network. Each Br or Cl atom is coordinated by six K atoms
(KClg or BrKg) in distorted octahedra. In K3BgO10Cl and KzBgO10Br each K atom is surrounded by six O atoms and two Br or Cl atoms in the coordination
sphere, the three BO, tetrahedra are joined together through corner-sharing of an O atom, and the BO, tetrahedra are connected with three BOz
triangles to form Bg¢O13 (compact hexaborate unit) which inserts into a K-Cl or K-Br network; (c) BOs triangles and BO, tetrahedra; (d) here we have
removed the K and Cl (Br) atoms to visualize the structures of the BO3z, BO4, and BgO;3. (e and f) The borate units [BOz] and [BO4] which form BgO;3
(compact hexaborate unit). These B—O units possess strong electron cloud overlap. The high electron density configuration and strong anisotropy of
B—-O groups indicate the main contribution of BOs and BO,4 groups to the optical anisotropy; (g) thermo-scale.

18418 | Phys. Chem. Chem. Phys., 2017, 19, 1841618425 This journal is © the Owner Societies 2017



Paper

10— z
=
[ ]
| pruatin i
2 3
o
Q
=
m
- == = b E
A —H
Sk .
=
10
C
7 & ~p ]
1A %1= A" A1) Y2
105 M K T A
(a)

PCCP
15
10
= —— I /;;
== —
T sHIH T
>
2o
L
=
m
o E
0 = : F
E—
Sk =
™ — e =
‘ ‘ —
bl 4 A* Al A°J =
-10r M K r A

(b)

Fig. 2 The optical transitions depicted on a generic band structure of the noncentrosymmetric haloid borate KzBgO10X (X = Cl or Br).

unoccupied electronic states. The real part of the dielectric
function &i () and &j(w) can be evaluated from &5-(w) and &)(w)
by using the Kramer-Kronig relation.’® The diagonal elements
of the calculated optical dielectric tensor ¢* of K3BgO;0Cl
(K3B¢O10Br) are listed in Table 1. The mBJ results show better
agreement with the experimental data. Due to substitution of CI
by Br and the reduction in the energy band gap, there is a
significant influence on the optical transitions and hence the
spectral features of the imaginary and real parts of the dielec-
tric function. The BO3; and BO, groups are the main building
blocks of the borate crystals. Therefore, the high electron
density configuration and strong anisotropy of the B-O groups
are the main contributors to the optical anisotropy of the BO;
groups. As K3B¢O,,Br possesses a smaller energy band gap than
K3BO4,Cl, we expect larger values for ¢ (0) and 82(0) This
could be explained on the basis of the Penn model.”* Penn
proposed a relation between ¢(0) and Ej, £(0) ~ 1 + (iwp/Ey)*. Ey
is an averaged energy gap which could be related to the real
energy gap. Hence, a larger E, yields a smaller ¢(0). There are
other features in the optical spectrum, such as plasmon oscillations,
which are associated with inter-band transitions. The plasmon
maximum is usually the most intense feature in the spectrum
and this is at an energy level where ¢ (w) and &)(w) cross zero.
The plasma frequencies [cupl and w‘}‘,) of K3B¢040Cl and K;BcO0;,Br
are presented in Table 1.

The other important feature is the uniaxial anisotropy
(e = (e — &5 )/ex™), which can be calculated from &i(0) and
6!(0) It was found that K;BzO0,,Cl and K3;BzO,oBr exhibit
negative d¢, as shown in Table 1. Therefore, K3;B¢O;0Cl and
K3Bs0,(Br are negative uniaxial optical crystals (n, > n.), which
agrees well with the experimental findings.***’

Furthermore, with the aid of the imaginary and real parts
of the dielectric function, we obtained the imaginary and real
parts of the optical conductivities of K3BsO10Cl and K3BsO;,BTr,
and this is shown in Fig. 3c and d. It is clear that the imaginary

This journal is © the Owner Societies 2017

parts of the optical conductivity between 0.0 and the values of
wp and w'}‘, exhibit overturned features of &5 (w) and &y(w),
whereas the real parts show features similar to those of &3 (@)
and &)(w).

Fig. 3e and f represent the loss function peaks of K3B0,,Cl
and K3BeO;0Br. The loss function peaks were initiated at
the values of the plasma frequencies w; and w‘}‘, and represent
the negative parts of & () and &)(w). The calculated optical
reflectivities of K;BzO;0Cl and K;3;BgO,(Br are shown in
Fig. 3g and h. It is clear that in the low energy region both
compounds show low reflectivity. The main reflectivity minimum
is situated at around 12.0 eV, confirming the occurrence of a
collective plasmon resonance in concordance with our observa-
tion in Fig. 3a and b. At higher energies, the region between
12.5 and 14.0 eV reflectivity shows a lossless region.

The frequency-dependent absorption coefficients of K3B¢01,Cl
and K3BsO;Br (Fig. 3i and j) can be divided into four regions.
These are the low absorption region, high absorption region,
lossless region, and high transparent region. The calculated
fundamental absorption edges of I (w) and I'(w) for K3B¢0;0Cl
(K3BgO10Br) occur at 5.15 eV (4.85 eV), which is in good
agreement with the experimental data.>®>® The optical band
gap can be obtained by noting that the square of the absorption
coefficient I(w) is linear with energy (E) for direct optical
transitions in the absorption edge region, whereas the square
root of I(w) is linear with E for indirect optical transitions.”*"
As the calculated electronic band structure of K;B¢0;,Cl and
K3Bs010Br confirms the direct nature of the band gap, the data
plots of [I(w)]* versus E are shown in the inset of Fig. 3i and j.
It is clearly shown that [I(w)]” versus E is linear in the absorption
edge region. Following Fig. 3i and j, we can conclude that
the absorption edges of K;BsO;,Cl and K3;BsO40Br occur at
A =237.9 nm and 4 = 255.6 nm, and the optical band gaps
are estimated to be 5.21 eV and 4.85 eV for K;B¢O,,Cl and
K3B6010Br, respectively.

Phys. Chem. Chem. Phys., 2017, 19, 18416-18425 | 18419



PCCP

The calculated refractive indices of K;Bs0;,Cl and K;BsO;,Br
are shown in Fig. 3k and 1. Following Fig. 3k and ], the values of the
birefringence (An(w) = ne(w) — ny(w)) can be obtained, where n.(w)
is the index of refraction for an electric field oriented along the
c-axis, Le. n'(w), and nq(w) is the index of refraction for an electric
field perpendicular to the c-axis, ie. n*(w). This is shown in
Fig. 3m. The calculated values of n*(w), n'(w), An(0), and An(w)
at A = 1064 nm are given in Table 1. Our calculated refractive

K3B6010Cl

4
K3BsO1Cl

5Emzr,gy (eV)10
(©)

K3B6010Cl /

5Energy (eV)1 ¢
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Fig. 3 (continued)
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indices are in concordance with measured ones and previous
calculations.”** Zhang et al.®>’ reported that the measured
birefringence value of K;B¢O;,Br is about 0.046-0.049 between
404.7 nm and 694.3 nm. The birefringence of K;Bs0,(Br (An =
0.046, 1064 nm) is comparable to that of LiB;O5 (LBO), CsB;05
(CBO) and BaAIBO;F, (BABF) crystals,>®® which indicates that
K3B¢0;0Br may have good phase-matching properties.”® Following
Table 1 and the experimental measurements,?®*"*°*% we can

K3BsO10Br A

K3BsO10Br

0 SEnergy (eV)'" 15
(d)

K3BsO10Br

5Energy (eV)10
®)

0.5
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Fig. 3 (aand b) Calculated &5(w) (black solid curve), &(w) (red long dashed curve) and &5°(w) (green dotted dashed curve) along with calculated &(w) (blue solid
curve), &(w) (brown dashed curve) and &(w) (violet solid curve) for KzBgO10X (X = Cl or Br); (c and d) calculated ¢5*(w) (black solid curve), ¢%(w) (red dashed
curve) and o5 (w) (green dotted dashed curve) along with calculated ¢71*(w) (blue solid curve), ¢¥(w) (red brown dashed curve) and a5%(w) (violet solid curve) for
K3BeO10X (X = Clor Br); (e and f) calculated loss function L*(w) (black solid curve), *¥(w) (red dashed curve) and L%(w) (blue dotted dashed curve) spectrum for
K3BeO10X (X = Clor Br); (g and h) calculated R*(w) (black solid curve), R”¥(w) (red dashed curve), and R¥(w) (blue dotted dashed curve) for KsBgO;0X (X = Clor Br);
(i and j) calculated absorption coefficient /(w) (black solid curve), /¥ (w) (red dashed curve) and () (blue dotted dashed curve) spectrum for KsBgO10X (X = Clor
Br), the inset show the data plots of the [/(w)]? versus E. The absorption coefficient in 10* cm™; (k and 1) calculated refractive indices "*(w) (black solid curve),
¥(w) (red dashed curve) and n“*(w) (blue dotted dashed curve) spectrum for KsBsO;0X (X = Cl or Br); (m) calculated birefringence An(w).

. . Table 1 The calculated energy band gaps of KzBgO10Cl and KzBgO10Br in
conclude that K3Bs0;0Cl and KzBeO4,Br exhibit relatively large  comparison with the experimental data?® and the previous calculation,?®

birefringence. Based on the discussion of Bian et al.> regarding  &(0), £(0), 3z, o (@), o), n*(0), n'(0), An(0) and Anw). In this work the
the electron cloud of BO; anionic groups which exhibit a planar ~ parameters are calculated within mBJ
shape with conjugated electron orbitals, which also make the

A ) e K3B6040Cl K;3B40;Br
BO; anionic groups the main source of the large birefringence ~
in Pb.BO.F ¢ BO. to be th £ the 1 Eq (eV) 5.21, 5.16“ 4.85, 4.86
in Pb,BO,F, we expec 5 to be the source of the large 1.937 2.054, 2.3°
birefringence in K3BsO;,Cl and K3BsO40Br. It is well known el(0) 1.802 1.910, 2.8°
that the birefringence determines partly whether a material has ¢ —0.0361 —0.0363
) . . . . L
interesting NLO properties.”® The calculated linear optical ~@p (©) 12.802 12.857
properties show considerable anisotropy between the parallel Z’E(((g)) 123'310 124?26
and the perpendicular components, which favors an important /(o) 1.342 1382
quantity in SHG and optical parametric oscillation (OPO) An(0) —0.049 —0.051
or amplification (OPA) due to better fulfillment of the phase- A7(®) at 4 =1064 nm —0.045 —0.044
matching conditions determined by birefringence. “ Ref. 25. © Ref. 26. ¢ Ref. 28 using Quantum Espresso package within LDA.
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3.3. Complex second-order nonlinear optical dispersion

K3B6010Cl and K3;Bs01,Br belong to the point group 3m. Using
Kleinman symmetry,®® there are three independent nonzero
SHG coefficients: these are ds3, dy, = —dsq, and dy5 = dsy = d34,
respectively. The trigonal BO; anionic group possessing a
conjugated © orbital is one of the most active NLO clusters in
borate crystals. The unit cell of K3B¢0,0X (X = Cl or Br) contains
BO; triangles, BO, tetrahedra, and KOgBr, or KO¢Cl, polyhedra.
The major component of SHG in K3;B¢01,X (X = Cl or Br) comes
mainly from the BO; triangles and to a large degree from the
polarization of the CIKy or BrKe octahedra, whereas KOgBr, or
KO4Cl, polyhedra and BO, tetrahedra contribute less.®' The
B atom has two types of hybridized orbitals, the planar sp>
and the three-dimensional sp®, to coordinate three or four O
atoms forming BO;>~, BO;*~ or BO,>~ clusters. Further, these
clusters can comprise several different typical B,O, groups, and
therefore various types of borate crystals can be constructed
based on these infrastructures. This is a very attractive pheno-
menon discovered in inorganic borate crystals. Therefore, it is
very interesting to study the influence of BO;*", BO;*" or
BO,>" clusters on the second-order nonlinear optical response
of various types of borate crystals, so as to get some useful
information while searching for efficient nonlinear optical
materials.®

Fig. 4a and b show the absolute values of |3(w)|, |1 (®)|
and | X%)s(wn for K;B¢0,,Cl and K;B¢O;,Br. We note that
there is considerable anisotropy between the three tensor
components. A definite enhancement in the anisotropy going
from the linear optical properties to the nonlinear optical
properties is evident. It was found that |7$%,(w)| is the domi-
nant tensor component for K;B¢O;,Cl and K;BsO;(Br at the
static limit and at 4 = 1064 nm. In Tables 2 and 3 we give
the values of all tensor components at the static limit and at
A = 1064 nm. The obtained values of d,,, d;;, and dz; for
K3B6010Cl and K3;BsO4Br at A = 1064 nm show good agreement
with the reported measured values.>®?° It has been reported
that K3Bs0;0Cl and K3;B¢O,0Br show a relatively large effec-
tive SHG coefficient of about three times that of KDP.?%?72%31
It was found that K;BsO,0Br (E, = 4.85 €V) gives a larger SHG
than K;Bs0,,Cl (Eg = 5.15 eV). A smaller energy gap gives better
SHG performance but limits the transmittance in the UV
region. Thus, NLO materials used in the UV region are
governed by a delicate balance between the SHG response
and band gap.*®®

PCCP

The imaginary and real parts of the dominant tensor com-
ponent for K3B¢O40Cl and K3;BsO4,Br are shown in Fig. 4c and
d. The 2w terms start oscillating at energy which is about half
the energy gap and the o terms start to oscillate at the value of
the energy gap, while the tail of the imaginary part originates
from the w terms only.

The imaginary and real parts are further separated into 2w/w
inter-/intra-band contributions, which oscillate around zero
and exhibit considerable anisotropy, as shown in Fig. 4e and
f. The spectral features of the dominant tensor component
| /(ZZZ]Z(w)| for K3Bs0,,Cl and K;3B¢O,,Br are analyzed in order to
understand the origin of the SHG. To achieve this, we have
associated the spectral structures of the dominant tensor
component with the absorptive part of the corresponding
dielectric function ¢,(w) as a function of both w/2 and w as
shown in Fig. 4g and h. For simplicity, we proposed dividing
the spectral structures in |5%,(w)], () and &,(w/2) into three
spectral regions. The spectral region which is confined between
the half value and the fundamental value of the energy band
gap is mainly formed by the 2w resonance, which is associated
with the first spectral structure of &,(w/2). The second spectral
region from the fundamental value of the energy band gap up
to 7.5 eV is associated with interference between 2w and w
resonances, which is associated with the second part of the
spectral structure of ¢,(w/2) and the first part of the spectral
structure of &,(w). It is clear that in this region the w terms start
to oscillate and contribute to the spectral structure of |y52,()|
in addition to 2w terms. The third spectral structure from 7.5 eV
to 13.5 eV is mainly due to w resonance which is associated with
the second spectral structure in g(w).

3.4. Microscopic first hyperpolarizability

The microscopic first hyperpolarizability, f;,°* the vector
component along the dipole moment direction, at the static
limit and at 4 = 1064 nm, can be obtained from the calculated
| XEJZ,Q(@)L The f;; term cumulatively yields a bulk observable
second-order susceptibility term, which in turn is responsible
for the strong SHG response.®®> We should emphasize that
going from Cl to Br a band gap reduction occurs, hence
changing the SHG value; therefore, we expected that K;B¢0,,Cl
and K;3B0;Br possess different f;; terms. The values of f; for
K;B¢010Cl and K;B¢O,,Br are calculated for the dominant
component at the static limit and at 4 = 1064 nm, as listed in
Tables 2 and 3.

Table 2 Calculated Ix,ﬁ)(w)l and B of KzsBeO10CL in pm V1 at the static limit and at 2 = 1064 nm, where 1 pm V™! = 2.387 x 107° esu

K3B6010C1
dyi = 0.57() at 1) at dyr = 0.577(o) at dy (previous calculations)
Tensor components X&},Q(o) static limit A =1064 nm A =1064 nm at A = 1064 nm
|7525()] 0.701 dy, = 0.350 0.981 o = 0.9 PRy
X%)1(w)| 0568 d3 = 0.284 0.638 d3; = 0.319 Not available
|X823)3(w)| 0.569 d;; = 0.285 0.755 dss = 0.378 ds, = 0.03°
P22z 0.593 x 10*° esu 0.828 x 10 *° esu

“ Ref. 53 theoretical (under pressure).
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Table 3 Calculated |y ()| and S of KsBgO10Br, in pm V™' at the static limit and at 4 = 1064 nm, where 1 pm V™! = 2.387 x 107° esu

K;3Bs010Br

dy‘k = 0.5){5}2((0)

d!‘/‘k = 0.5){5}2((})) dg‘/‘k (EXP.)

Tensor components XEJ.ZIQ(O) at static limit ygjzk)(w) at A = 1064 nm A =1064 nm at 2 = 1064 nm
|75%5(e)] 0.978 dy, = 0.489 1.4 dyp = 1.2 dyy = 1.23 + 0.01°
dy, = 0.83°
dys = 1.5645°
|7 Zh(@)] 0.413 ds; = 0.207 0.423 ds; = 0.212 ds; = —0.2756°
255 0-729 d3; = 0.365 1.0 ds3 = 0.5 ds3 = 0.43 £ 0.01°
dss = 0.51”
ds3 = —1.1564°
P22z 0.836 x 10 esu 1.175 x 107 esu

“ Ref. 52. ” Ref. 26 (experimental data). ¢ Ref. 26 (calculated).

4. Conclusions

Based on the calculated electronic band structures, the linear and
nonlinear optical properties of the noncentrosymmetric haloid
borates K3Bs0,0X (X = Cl or Br) are calculated and discussed in
detail. The all-electron full-potential method within the recently
modified Becke-Johnson potential is used to calculate the band
structures and the linear and nonlinear optical properties. The
calculated electronic band structure reveals that the theoretical
direct band gaps 5.21 eV (K3Bs01,Cl) and 4.85 eV (K3Bs0,0Br) are
in good agreement with the previous calculation for K;BsO;,Cl
(5.16 eV) and experimental data for KsBsO;Br (4.86 €V). The energy
gap value confirms that K3;B¢0;0X (X = Cl or Br) exhibits an
exceptional laser damage threshold. The calculated absorption
coefficients, refractive indices, and birefringence are in concordance
with measured values. The three calculated independent nonzero
second harmonic generation (SHG) coefficients, ds3, d,; = —d», and
dys = dz, = d3q, also show good agreement with the measured values.
Furthermore, we have obtained the microscopic first hyperpolariz-
ability for the dominant tensor component of the SHG.
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