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We perform a computational search for promising nonlinear optical materials by screening crystal structure
databases. We selected non-centrosymmetric, thermodynamically stable and low-energy metastable borates,
with large expected band gaps. For these structures, we performed density functional computations of the
gap values, birefringence and nonlinear susceptibilities. Our search revealed four potentially efficient nonlinear
borate materials with large band gaps, moderate birefringence and high nonlinear coefficients: KzBgO10Cl,

CangOgF, SI‘B4077 A14(B205)3.
DOI: 10.1134/50021364024605074

Introduction. With the development of laser tech-
nologies, novel nonlinear optical (NLO) effects were dis-
covered [1] and some of them were further employed for
the design of promising devices. For instance, second
harmonic generation (SHG) allows changing the radi-
ation frequency. In many cases, this effect is used to
obtain laser radiation of good quality at a wavelength
for which a stable high-quality source simply does not
exist.

Although nonlinear optical materials have been
studied since the 1960s, there are only several practi-
cal materials like KBe;BO3sFo (KBBF) that is used as
active media in laser devices for laser generation in the
deep ultraviolet (DUV) spectrum range (effective non-
linear coefficient deg = 0.49, birefringence An = 0.08,
absorption edge Acutof = 150nm) [2-4] and KHoPOy
(KDP) — one of the oldest nonlinear materials whose
properties are widely used as a reference for compari-
son (degg = 0.384 pm/V, An = 0.033, Acut of = 200 nm).
The issue is that the UV (and especially deep UV, for
short DUV) nonlinear materials must simultaneously
meet the requirements for relatively high second-order
susceptibility, DUV transparency, and high enough bire-
fringence for phase matching [5]. To be transparent in
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the DUV region the material should have a wide band
gap. At the same time the relation between the value of
band gap and refractive index is inverse. And according
to Miller’s Rule the nonlinear susceptibility coeflicient
is proportional to (n? — 1)3 [6]. This makes the search
for nonlinear materials for the DUV spectral range chal-
lenging.

In crystals with favorable NLO-active structural
units, which appear in high density and optimal mu-
tual alignment, a combination of large NLO coefficients
and birefringence can be achieved. There are different
groups of crystals that exhibit their properties in the
ultraviolet wavelength range. The most famous group
of DUV nonlinear materials are borates, especially
BPOy, and phosphate crystals that are well-investigated
and show excellent performance as NLO crystals [7].
Among them BizTeBOg (BTBO) is a crystal with the
strongest SHG response equal to 20x KDP [8,9]. Also,
the largest birefringence value for DUV transparent ma-
terials was found among borates: Ca(BO3)z crystal pos-
sesses the birefringence value of 0.124 [10]. Frequently
used KBe3BO3F; (KBBF) crystal can directly gener-
ate laser light with wavelength shorter than 200nm
by second harmonic generation (SHG), despite the fact
that its further industrial applications are severely con-
strained by a few drawbacks: it contains highly toxic
beryllium and it is difficult to grow its large crystals
due to the platelet-like shape of the crystals, in addi-
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tion to the existence of many polytypes which also neg-
atively contributes to KBBF’s NLO properties [11]. This
structure has an effective nonlinear optical coefficient of
0.49pm/V (about 1.3x KDP) and birefringence equal
to 0.08 [2-4].

Other interesting groups of materials include fluo-
rooxoborates and fluorophosphates, they show promis-
ing properties in terms of polarizability anisotropy, hy-
perpolarizability, and band gap, but often there is a
problem with growing them as a bulky crystal. Com-
pared to borates, partial substitution of O with F atoms
reduces the symmetry and thus improves the ability to
achieve a non-centrosymmetric phase [12].

Alternatives, such as carbonates and nitrates have
also attracted researchers’ attention in recent years, be-
cause they exclusively consist of m-conjugated groups
[13]. This group of crystals shows high SHG efficiency
(up to 3.5x KDP), but have phase-matching (PM)
wavelengths close to 200 nm, which hinders their ap-
plication in the DUV region.

Additionally, PN2Oy tetrahedron [14] as an active
NLO unit was discovered recently. Using USPEX code
two structures were predicted, one stable and one low-
energy metastable. Both predicted structures have rela-
tively wide band gaps greater than 6.2 eV, large birefrin-
gence (>0.151 at 1064 nm) and SHG coefficients (about
6-9 times that of KDP).

Many borates have not been studied in terms of their
nonlinear properties [15-17], but may be excellent can-
didates for the use in ultraviolet solid-state lasers. In this
work we perform a computational search of promising
NLO materials among the borates by screening exist-
ing crystal databases and performing density-functional
computations of their NLO properties.

Computational methods. The investigation of
the optical properties of borate materials was performed
in frames of the density-functional theory (DFT) using
the projector augmented wave (PAW) formalism [18]
as implemented in the VASP software [19,20]. Struc-
tural relaxation was carried out with use of the Perdew—
Burke-Ernzerhof (PBE) [21] exchange-correlation func-
tional. The cutoff energy of 600 eV was used for the ex-
pansion of the electronic wave functions. The k point
grids with reciprocal-space resolution of 27 x 0.04 A1
were used for Brillouin zone sampling. Cell parameters
and ionic positions were optimized with the conjugated-
gradient algorithm until the forces were converged to
10meV/A.

After geometry optimization, the band gaps E,,
birefringence An and second order susceptibility tensors
Xg,)c were calculated. Since the PBE functional is known
to underestimate the band gaps, the Heyd—Scuseria—

Ernzerhof (HSE06) [22] hybrid functional was used to
obtain the E; values.

Birefringence was calculated for the wavelength of
1064 nm, which is commonly employed in various optical
applications. For doing this, the frequency-dependent
dielectric tensor was calculated within the independent-
particle approximation from the electronic band struc-
ture [23]. The dielectric tensor was diagonalized when
required and the refractive indices were computed. Bire-
fringence was obtained as the difference between the
largest and smallest refractive indices.

Second-order susceptibility tensors Xz(f,l were calcu-
lated within the independent-particle approximation.
The method used in this work to calculate xgll was
first developed in [24], and then further modified and
discussed by [25], where calculations on GaAs, GaP, and
wurtzite GaN and AIN have shown excellent agreement
with other ab initio methods. Moreover, further discus-
sion of the accuracy of this method against experimental
results was conducted in [26]. A scissor shift has been
applied to the band gap according to the above men-
tioned HSEO6 results. Since the computation of optical
properties requires a denser k point grid, the smaller
k point spacing of 27 x 0.02 A~! was used at this step.
The number of conduction bands was set to be ~ 5 times
higher than the number of valence bands.

Results and discussion. The identification of
novel NLO borates was based on the screening of 2
crystal structure databases for structures with a com-
bination of high nonlinear optical response, high bire-
fringence, which is essential for phase matching, and a
wide band gap, ensuring transparency within their oper-
ational UV wavelength range. We screened the Materi-
als Project Database (MP) [27] and The Open Quantum
Materials Database (OQMD) [28, 29| for crystals of 3 or
4 elements focusing on borates of Li, Na, K, Rb, Cs, Be,
Mg, Ca, Sr, Ba, Al, Sc, Y or La, and allowing extra an-
ions of F, N, Cl or I. The materials had to fulfil a set of
conditions: we searched for non-centrosymmetric, ther-
modynamically stable and metastable structures with
the energy not more than 10 me/atom above the con-
vex hull, with expected band gap value more than
6eV. Given the systematic underestimation associated
with the PBE functional used in the Materials Project
database, we included structures with calculated E, val-
ues greater than 4 eV, to account for this underestima-
tion.

The described filtering criteria were applied, re-
sulted in a selection of 33 potentially promising can-
didates from the MP database and another 33 poten-
tially promising candidates from the OQMD database.
We then excluded structures that has been well investi-
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Fig. 1. (Color online) Crystal structures of (a)

gated for their NLO properties, such as CsB305 (CBO),
Ba(BO2)2 (BBO), LiB3O5; (LBO), BesBOsF (BBF),
SI‘3B6011F2 n A15B09, among others.

For the rest of candidate structures, we performed
density-functional computations of linear and nonlin-
ear optical properties as described in the methods sec-
tion and revealed 4 promising NLO borate materials:
K3B601001, Ca5B309F, SI‘B407 and Al4 (B205)3. Their
crystal structures are shown in Fig. 1.

K3BsO10Cl (KBOC) crystallizes in the noncen-
trosymmetric polar rhombohedral space group R3m.
The crystal structure comprises hexaborate [BgOig]
units and [CIKg] octahedra. The hexaborate units con-
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v"..

- K3Bs010Cl, (b) —

Ca5B309F, (C)
c-axis. B and O atoms are illustrated by small green and red spheres in all structures, respectively. K and Cl are shown
by violet and light-green in (a). Big and small grey spheres represent Ca and F in (b), respectively. Sr is shown by large
light-green spheres in (c). Al is shown in grey in (d)

— SI“B407, and (d) — A14(B205)3, along

sist of three BO4 tetrahedra connected via shared oxy-
gen vertices and three BOj triangles. Experimental
studies conducted by Wu et al. revealed that KBOC
powder samples exhibit a SHG efficiency that is four
times higher than that of KDP. The greatest contribu-
tion to the nonlinear effect is formed due to BO3 and
BO4 nonlinear units. The structure also has a desired
low cutoff wavelength equal to 180 nm [30]. However,
there have been no publications indicating the exact
values of the components of the nonlinear susceptibil-
ity tensor.

Cas(BO3)sF crystallizes in the monoclinic C'm space
group. The structure features CaOsF octahedra, where
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Table 1. Structural information, band gap values Eg, calculated at the PBE and HSEO6 levels of theory, absorption edge, birefringence

An and phase-matching wavelength \p s

Chemical Space Cell parameters Cell
composition  group  (optimized at PBE level) volume
=10.16 A -
KsBsO10Cl  R3m “ : 810.5 A3
c=9.07TA
a=819A
b=16.22 A .
CasB3OgF Cm 6 o 466.2 A3
c=3.5TA
B =179.23°
a=17314A ..
SrB4O P3 1112.2 A3
TR c=429A4
a=11.58A .
Aly(B20O R3 . 757.6 A3
4(B205)3 c=6.53A

each Ca?* ion is coordinated by five O?~ ions and
one F~ ion, forming a network of edge- and corner-
sharing polyhedra. Additionally, the structure contains
BO3 units, which play a significant role in enabling the
SHG effect. This compound has been examined both
experimentally and theoretically in studies by Fletcher
and Lei [31, 32]. However, its optical properties includ-
ing the SHG tensor have not been investigated before.

SrB4O7 crystallizes in the trigonal P3 space group.
BOj triangles and BO4 tetrahedra are arranged in a 1:1
ratio on this structure. Both mentioned units will affect
the second harmonic response. Compared with the other
known polymorph of the same compound, a-SrB4O7,
this trigonal phase has two types of nonlinear active
units instead of one, which may lead to higher SHG re-
sponse. The a-SrB,O7 phase is 0.007 eV /atom above the
convex hull and has shown impressively low optical ab-
sorption edge (~ 130nm) and high nonlinear coefficient
[33,34]. 5-SrB4O7 studied here has a 0.002eV/atom
higher energy, and both these phases have been observed
experimentally. For the purpose of this study, we cal-
culated the SHG tensor and the birefringence of both
phases. Ab initio calculations for a-SrB,O7 showed two
times higher value of the SHG tensor’s maximum com-
ponent compared to 5-SrB4O7, however, a-SrB4O7 ex-
hibits low birefringence of 0.0038 making it unsuitable
for NLO applications.

Al4BgO15 crystallizes in the trigonal R3 space group.
The structure consists of edge-sharing AlOg octahedra
and the diborate B5Os unit, where the two boron atoms
are all triangularly coordinated by oxygen atoms. Bo-
rate groups and Al octahedral framework share oxygens,
resulting in two types of three-membered ring units:
one octahedron and two triangles and two octahedrons
and one triangle [35]. The calculation of the second har-
monic response of this material by means of a different
approach (density-functional perturbation theory) was

E,; (PBE), E4 (HSE06), Absorption An APM,
eV eV edge, nm nm
5.38 6.76 184 0.049 310
4.25 5.94 209 0.048 475
5.17 6.80 182 0.043 355
5.81 7.57 164 0.047 290

described in [36]. The ab initio method which we use in
this study to calculate SHG tensor, is different and re-
sults in lower (likely more correct) values of SHG tensor
components, due to the effect of the scissor operator.

The calculated band gap, absorption edge, birefrin-
gence and phase-matching wavelength values of the 4
structures are presented in Table 1, along with a sum-
mary of their chemical compositions, space groups and
unit cell parameters.

Phase matching wavelengths were evaluated from
the frequency dependences of refractive index eigen-
values. For example, for generating laser in the DUV
range a material should have phase matching wave-
length Apps < 200nm, in addition to the absorption
edge Acutoft < 200nm and large SHG tensor compo-
nents d;; > 0.38pm/V. Our results suggest that all
four compounds should be very efficient in near UV
(Ca5B309F and SYB407) and middle UV (K3B601001
and Aly(B20s5)3) ranges.

After the calculation of electronic bands, birefrin-
gence, absorption edge and PM wavelength, the non-
linear susceptibility tensors XS,)C were computed. In the
literature on nonlinear optics, however, a more common
quantity is the matrix of nonlinear coefficients, that are
defined as d;j; = ;XS/)C The calculated coeflicients d, in
units of pm/V, written in Voigt notation are:

dCangOgF =
0.000  0.000 0.000 0.000 —0.027 0.919 ]
0.919 -0.919 0.000 -0.027 0.000 0.000
| —0.027 —0.027 0.437 0.000 0.000  0.000 |
dCa5B309F =
[ 0218 —0.701 0.100  0.000 0.474 0.000
0.000  0.000 0.000 —0.507 0.000 —0.701
| 0.474 -0.507 -0.013 0.000 0.100 0.000
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dsrB,0, =
—0.025 0.025 0.000 0.000 —0.004 —-0.458
—0.458 0.458 0.000 -0.004 0.000 0.025 |,
—0.004 —-0.004 0.019 0.000 0.000 0.000
dA1,(B20s5)s =

0.388 —0.388 0.000 0.000 0.648 0.018

0.018 —0.018 0.000 0.648 0.000 —0.388

0.648 0.648 —0.928 0.000 0.000 0.000

If those results are to be compared with the bench-
mark of DUV optical crystals - KHyPO, (KDP), that
has dsg = 0.38 pm/V, we can then summarize results as
follows:

for KgBﬁolocll

|d§<63BGOIOCl| — |d£<13BGOIOCl|

= |dKsBeO0Cl — 9 49  KDP,
|dis PO = 1.15 x KDP,
for Ca5B309F:

|d{5ePsOoF | = |dg@sPsOF) = 1.84 x KDP,

|d§2eBsOoF | = |agpsPsO9F| = 1.25 x KDP,
|d5asBaOoF | — |gasBaOaF) — 1 33 % KDP,

for SrB4O7:
dig™ 07| = 1d5i™ 7| = [d55™ 7| = 20 x KDP,
and for Aly(B30Os3)s:
|d5at(B299)3| = 9 441 70 x KDP,

|d1A514(B205)3|=|d?114(B205)3|=|d3A214(B205)3|:1.70 « KDP,
|84 (B205)s || AL (B20s)a) | gALa(B20s)a) _ 9  KDP.

Conclusions. In summary, we performed the search
for promising nonlinear optical materials by screening
the Materials Project database and The Open Quantum
Materials Database for borate crystals. Among them, we
have chosen non-centrosymmetric, thermodynamically
stable and low-energy metastable structures, with ex-
pected band gap values more than 6 eV, and not deeply
studied before. For the collected and pre-filtered struc-
tures, the band gaps, birefringence, absorption edge and
PM wavelength and non-linear susceptibilities were cal-
culated within the framework of DFT. The resulting
promising borate crystals are K3BgO1¢Cl, CasB3OgF,
SI’B407, and A14(B205)3.
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The findings of this study highlight the critical im-
portance and urgency of leveraging structure prediction
algorithms to enhance databases with novel, stable, and
low-energy metastable materials. Serving the goal of ac-
celerating the discovery of innovative and promising ma-
terials, particularly in the field of nonlinear optics.

Here, we identified four promising borate NLO ma-
terials by screening large databases of inorganic crystal
structures. Looking at phosphates, a few more materi-
als may be found, but further discoveries in this field
demand a broad application of smart crystal structure
prediction algorithms, capable of finding unknown sta-
ble compounds and their crystal structures.
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