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Table 1. Calculated and experimental parameters of various nonlinear optical materials.

o eV Zhr it £ %/ pm- vt RIE/E)
Hig S Hig P Hig S
B-BaB204 6.30 6.56 dpg = —1.38 dao = —1.60 0.114 0.113
LiB3Os 8.10 8.01 dgz = 0.84 dgz = 1.05 0.047 0.041
KBe2BO3F2 8.32 8.45 dip =0.41 di1 =0.49 0.065 0.077
KHPO4 6.95 7.10 dgg = 0.42 dzs = 0.39 0.035 0.041
KSrCOsF 6.25 6.35 daa = 1.01 daa = 0.50 0.105 0.105
AgGaSs 2.76 2.73 dgg = 14.1 dgs = 13.0 0.053 0.034
AgGaSes 1.41 1.83 dge = 45.2 dss = 33.0 0.048 0.044
BaGayS7 3.31 3.58 ds3 = 16.6 dsz = 12.6 0.063 0.04
BaGaySer 2.70 2.32 diy =238 diy =24.3 0.071 0.07
ZnGePs 2.00 1.92 dse = 65.14 dse = 70 0.037 0.05
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Table 2. Contribution of respective ionic groups to optical properties in BBO and LBO.

BBO LBO

(B30g)3~ Ba?t (B307)5~ Lit

7100 1.528 1.2396 1.564 1.408

FIEIES no10 1.528 1.2392 1.578 1.052
n001 1.414 1.2390 1.607 1.051

RYEENE 0.116 0.0004 0.043 0.004
doo = —1.5 —0.36 d31 = —0.496 —0.008

ZHr ARt R /pm- VL

d32 = 0.571 0.002
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Fig. 2. (a) Schematic of crystal structure of langasites: three-dimensional framework, viewed along b axis; the local
distorted polyhedron of different cation sites, including decahedral A site, octahedral B site, tetrahedral C' site, and
tetrahedral D site; (b) the structure-composition-property maps of langasite family structures with different elemental
composition on A and B sites; (c) the relationship between SHG coefficients and flexibility index of (MOg) groups in
LGS, LGT, LGN, and LGSn; (d) powder SHG response of LGSn at 2090 nm, LGN is taking as a reference [41],
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Fig. 3. Schematic of the coordinated environments around oxygen atoms in (a) KBBF and (b) NaBeB3Og; the

density of states for (c) KBBF and (d) NaBeB3Og [*8].

o O
BPO, StB,0;
100 nm

152 nm

o o
BasPs0y  [BazP305,Cl
177 nm

BO./PO,

200 nm 266 nm

K4 ESEARFRDIRERE T AR BRSNS b

Fig. 4. Deep ultraviolet transparent edge of nonlinear optical materials containing various functional units.
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Fig. 5. Phase-matching capabilities for (a) NaBeB3Og and (b) KBBF [48],
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Fig. 6. Comparison of electronic densities between-
ABBF and KBBF [53],
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Fig. 7. (a) Diagram of structural evolution from KBF-I to KBF-II; (b), (c) diagram of crystal

structure of KBF-11[62],
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Fig. 9. Crystal structures: (a) Sphalerite (a-ZnS); (b) wurtzite (8-ZnS).
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Fig. 10. Family tree of normal diamond-like chalcogenides. the red boxes represent the DL structures that

have been synthesized in experiments; the green boxes represent the potential DL structures which have

been not synthesized yet, but have similar DL oxides or chalcogenides discovered in experiments; the cyan

boxes represent the possible DL structures which are waiting for synthesis in experiments; the dotted boxes

represent the repeated DL structures which are the same as other DL structures (791,
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Fig. 11. Comparison of crystal structure: (a) AgGaSa;
(b) HgGagS4.
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Fig. 12. (a) Band structure, (b) density of states, (c) electron localization function (ELF) map, (d) schematic
of highest occupied molecular orbitals (HOMO) of HgGasS4.
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Fig. 15. Flow chart for the molecular design system of nonlinear optical crystals based on first-

principle theory.
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Abstract

Nonlinear optical (NLO) crystal is one of the important opt-electrical functional materials that can convert laser
frequency and obtain wide band tunable coherent sources, thus it possesses crucial strategic and application value in
military and civil fields. On the basis of more than 30 years’ efforts, the NLO crystals in visible and near infrared region,
including p-BaB20O4 LiB30s and KTiOPOy, have been basically mature. However, there are still many shortcomings
for those NLO crystals used in deep ultraviolet (DUV) and mid/far-infrared (IR) regions, thus putting forward more
requirements for high performance crystals. For DUV KBe:BO3F; (KBBF) crystals, the main shortcomings are the
use of toxic BeO raw materials and strong layer growth tendency. Wide transparent region and high second harmonic
generation (SHG) effect are also expected in new developed DUV NLO crystals. More importantly, a large enough
birefringence is highlighted to satisfy the phase-matchable condition and DUV harmonic generation capacity below
200 nm. On the other hand, the main requirement for mid/far-infrared NLO crystals is to maintain the balance between
high laser damage threshold and strong SHG response. Indeed, it is a very difficult task to search for good NLO
crystals through the traditional “trial and error” experimental methods. Theoretical studies, especially first principles
calculations, can provide an efficient way to investigate and design new NLO materials with superior properties. In
this paper, the recent progress of deep-UV and mid-IR NLO crystals is summarized. In addition, the crucial role of
first principles calculations in new material exploration and design is highlighted by introducing several typical new
NLO crystals, including defect diamond-like compound AgZnPSy, trigonal alkaline metal fluorooxoborate KB4OgF and
alkaline earth fluorooxoborate SrB5;O7F3s. Moreover, some advanced analysis tools are introduced, such as real space
atomic cutting method, SHG-weighted mapping, flexible dipole moment model, and non-bonding atomic orbitals analysis,
and used to investigate the structure-property relationship in langasite LazSnGasO14, metal cyanurate Caz(C3N3O3)2,
vanadium-carbonate K3[V(0O2)20]COs, etc. Further, the flow chart of high-throughput first principles calculations of
NLO crystal is proposed. According to the known or predicted crystal structure, we can obtain the chemical stability,
band gap, NLO coefficient, birefringence and phase-matchable capacity quickly, thus easily judging the research potential
of a new NLO material. On the basis of these ideas, a great blueprint for NLO crystal “material genome engineering” is
highly put forward. Finally, the difficulties in research and challenges in NLO material investigations are discussed, and

the direction of future research priorities based on first principles calculations are pointed out.

Keywords: nonlinear optical materials, first principles, density functional theory
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