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Calculation Methodologies

Looking back to the invention of KBBF, the ab initio algorithm joined with anionic group
theory proves an effective way to insight study of the optical properties of anionic moiety in
crystals.! The DFT-energy band approach was carried out to calculate the macroscopic
coefficient of SHG through high performance computer.?? Literature study reveals that the first
principle calculations got remarkable achievement to obtain the NLO properties and elucidate
the relationship among the microstructure and macro-NLO properties. As compared to the
conventional empirical approach that requires much time, trial along with error, researchers are
agreed to subsume themselves in convenient, controllable, efficient efforts to design and search
novel functional NLO structures. To fulfill these objectives, a theoretical approaches offer
efficiently to evaluate and determine the DUV-NLO performance including band energy gap,
SHG coefficient, birefringence and phase matching output wavelength of designed NLO
crystals.

Accurate Band Gap Evaluation

The system energy was treated iterated till a tolerance of 2 x 10”7 eV/atom was achieved for
electronic relaxation. The Monkhorst Pack k point meshes in the Brillouin zone was set as 3 %
3 x 3 for CsBe2B307. The key pre-requirement for short wavelength region is the extremely
high E,. In consequence, the accuracy in the calculation of E, is of great importance with respect
to material designing and predicting their NLO properties. Although the plane wave-DFT
method is an excellent way to predict the optical properties such as SHG coefficient,
birefringence and phase matching, but the GGA as a correlation function usually severally
underestimates the E..*° To calculate the precise calculation of E,, the non-local exchange
hybrid functional (HSE06) as implemented in PWmat code is used because HSE06 offers much
better description of E,. Owing to the non-availability of the experimental E, so the difference
between the two E-HSEO06 and E, -GGA was used as a scissors operator for calculating the

optical properties.



Effect of Refractive Index Dispersion on PM Condition
In NLO crystal, the ability of PM is the key because it regulates the applied shortest PM-SHG

A and SHG efficiency of the material. Dispersion of the refractive index is the crucial factor for
PM in SHG. Small dispersion is preferred over large because it will provide short SHG A.°
The linear optical properties were calculated by first principles calculation based on DFT with
GGA and kept the default values of CASTEP on the aspects of the other calculation
convergence criteria and parameters. The linear optical properties were calculated by dielectric
function through following formula:

(o) =¢/(w)+ie,(w)

Where ¢i1(w) is the real and ex(w) are the imaginary dielectric function. The &(w) can be

calculated by,
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Where ‘<C|e.q|V>‘ presents the optical transition from the valance state (v) to conduction state

(c). while e and q are the photon polarization direction and electron momentum operator
respectively. On contrary, the real part of the dielectric function &1(w) could be calculated from
the imaginary part &(w) based upon the Kramers- Kroning transform and resultantly
birefringence (An) and refractive index was calculated respectively.

Historically, the SHG coefficient calculation uses band theory which suffers from a sever
explicit deviation in the static limit but according to Aspnes the divergent terms are vanished
for cubic crystal.”” Additionally, the Ghahramani et al. attain the divergence free general
formulation by using the sum rule that improved through systematic separation of inter an intra
band contribution.!” Next, the Aversa and Sipe suggested the length gauge rather of velocity
gauge to contribute expression which prevent from unphysical divergences.!! Afterwards, the
local field effect and general mixing frequency dependent formulation were proposed.'*!3
Currently, various approaches such as summation of state which is based on perturbation theory,

density functional perturbation theory, wannier and Bloch orbital based theory and berry phase



method has been used to calculate the SHG coefficient.!®'®2! However, in term of structural
chemistry, the obtained SHG coefficient is not sufficient for distinguishing and identifying
underlying response mechanism. Contribution identification from specific cation or anion
group can be determined through the real space cutting through semi empirical parameters.>??
The particular bonds contribution assessed with localized bond charge model based on bonding
characteristics.?® Currently, the extended Bloch functions are usually used to calculate SHG
response which arises from virtual electrons (VE), virtual hole (VH) process and two band

transition process that later show exactly zero frequency. The static limit SHG coefficient,
Ziﬁ’y = Zj{[)’;/ (VE)+ Ziﬁ';/(HE)
The contribution of V(E) and V(H) are calculated by following Formula:
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While a, f and y refer to the Cartesian components, P(afy), p*; and hw; denote the full
permutation, momentum matrix element and band energy difference respectively; v/v and c/c
are the valance and conduction bands respectively. The calculated SHG coefficient by means
of this process is well matched with the experimentally calculated value when DFT- Ej is
corrected by scissor operator. The phenomenological anionic theory is suggested that the NLO
effect is dominated by the contribution of anionic group in crystal.

In order to evaluate more instinctively demonstrated the electronic orbitals contribution towards
the SHG effect, influence to the SHG coefficient of all the occupied and unoccupied band and
SHG weighted-charge-density analysis scheme was summed up through the “band-resolved”

scheme while the band charge density was determined by SHG weighted factor and visualized

in the real space. Hence, the dominated orbitals contribution is displayed while those orbitals



which shows less contribution are not highlighted and the theoretical approaches have been

used successfully to analyze the SHG coefficient of NLO crystal as mentioned in literature.

Table S1. Properties of some borates based deep-ultraviolet nonlinear optical crystals.

24,25

Crystal Space group E,; (eV) Ayv(nm) An (nm) Apm (nm)  SHG (x KDP)
NaBe;BO:F; 2 8.07 154 0.091 at 200 185 1.40
KBe:BO:F; R32 8.45 147 0.077at1064 161 1.26
RbBe;BO;F, R32 8.18 152 0.073 at 1064 170 1.15
CsBe;BO:F; R32 8.23 151 0.058at1014 202 1.28

NH.Be;BO;F; R32 8.12 153 0.057 at 400 174 1.20
NH.B,OF Pna2, 7.87 156 0.117at1064 158 3.0
CsBe;B;0, R32 6.45 192 0.108 at 1064 192 0.8
This work

Table S2. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement

Parameters (A2x10%) for 247622-ICSD. Ueq is defined as 1/3 of the trace of the orthogonalised

U tensor.
Atom X y z U(eq) BVS
Csl 0 0 0 11.23(18) 1.319
F1 0 0 7349.3(17) 10.9(8) 1.176
01 3096(10) 0 5000 6.5(10) 2.007
Bel 0 0 8071(4) 8.2(15) 2.039
B1 0 0 5000 4.4(16) 2.976

The bond valance sum is calculated by bond-valance theory (S; = exp[Ro,-Ri/B], where R, is an

empirical constant, R; is the length of the bond in angstroms), and B = 0.37).



Table S3. Fractional atomic coordinates (x10%), equivalent isotropic displacement parameters
(A%x10%) and the bond valence sum (BVS) for each atom in the asymmetric unit for CsBe2B307.

Ugq is defined as 1/3 of the trace of the orthogonalised Uj; tensor.

Atom X y z U(eq) BVS
B1 6666.7 33333 10785.5 0 2.737
04 0 0 7121.8 0 1.856

Bel7 0 0 8199.7 10.77 2.216
018 0 0 7780.5 35.64 1.939
Cs 0 0 0 45.76 1.005
B29 0 0 5000 24.39 2.968
032 -3120.9 -0 5000 37.15 2.096

The bond valance sum is calculated by bond-valance theory (S; = exp[R,-Ri/B], where R, is an
empirical constant, R; is the length of the bond in angstroms), and B = 0.37).

Global Instability Index (GII)
The Global Instability Index (GII) is used as a standard quantitative structural reliability

parameter to verify chemical stability and distortion in the crystal. The GII can be calculated

by,

(ELACE Sy - V)
N
Where N is the number of atoms in the formula unit. The GII is calculated for CBBF and

GII =

CsBexB3O as 0.139 and 0.147 respectively; both values are lower than 0.2, indicating the

rationality of the structure.



Table S4. Interpretation of GII.

GII Value Structural Meaning

<0.10 Very stable and relaxed structure
0.10— 0.2 Slight strain or negligible experimantal error
0.20-0.3 Noticable structural distortion

>0.3 Higly strained or incorrect structure

In short,
Low GII = Stable and accurate structure

High GII = Disorder, highly stress and incorrect atomic positions

Evolution of the Stability of CsBe2B307
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Fig. S1: Phonon dispersion spectra of CsBe2B307.
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Fig. S2: Calculated HOMO LUMO gap and polarizability anisotropy of [BO2] and [BO3] units
derived from our designed structure (CsBe:B3O7) and [BOs] units from LiB3Os. The
polarizability anisotropy of [BO2] unit is greater than [BOs] and [BO4] units, thus the large
birefringence can be expected.

Table SS. Natural bond orbital summary.

NBO Occupancy Energy
Molecular Unit Orbital
1 BD(1)B1-02 1.99936 -0.72041
2 BD(1)B1-03 1.99936 -0.73537
3 BD(2)B1-03 1.99904 -0.06818
4 BD@B3)B1-03 1.99904 -0.06818
5 CR(1)B1 1.9999 -6.41649
6 CR(1)02 1.99985 -18.58035
7 CR(1)O3 1.99985 -18.57786
8 LP(1)O2 1.96727 -0.38896
9 LP(2)0O2 1.72699 0.00995
10 LP(3)02 1.72699 0.00995
11 LP(1)O3 1.96745 -0.38436
12 RY*(1)B 1 0.03218 0.70775
13 RY*(2)B 1 0.00105 0.63501



14 RY*(3)B 1 0 0.63431

15 RY*4) B 1 0 0.63431
16 RY*(1) 02 0.00096 1.27311
17 RY*(2) 02 0.00096 1.27311
18 RY*(3) 02 0.00057 1.20601
19 RY*(4) 02 0.0001 1.9173
20 RY*(1) O3 0.00102 1.27229
21 RY*(2) O3 0.00102 1.27229
22 RY*(3) 03 0.00057 1.2022
23 RY*(4) O3 0.0001 1.91717
24 BD*(1)B1-02 0.01598 0.87937
25 BD*(1)B1-03 0.01642 0.89363
26 BD*2)B1-03 0.27198 0.33824
27 BD*(3)B1-03 0.27198 0.33824

Table S6. Bond distances and Mulliken population for characteristic atomic pair in [BOz],

[BOs] and [BeOsF] in CBBF.

Sr. No. Value atom/pair Bond distance (A) Bond population (e)

1 Be-F 1.525 0.440
2 Be-O 1.632 0.390
3 B-O 1.374 0.820

Table S7. Bond distances and Mulliken population for characteristic atomic pair in [BOz],

[BO3] and [BeO4] in CsBe2B307.

Sr. No. Value atom/pair Bond distance (A) Bond population (e)
1 B-O in [BO2]" unit 1.252-1.258 1.07-1.15
2 B-O in [BOs]* unit 1.374-1.375 0.810

3 Be-O 1.598-1.6 0.36-0.42




Table S8. Bond distances and Mulliken population for characteristic atomic pair in [BOs3] in

LiB30s.

Sr. No. Value atom/pair Bond distance (A)  Bond population (e)

1 B-O 1.364-1.489 0.610-0.870
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