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Although optical phenomena in crystalline materials are different, they are all generated from the polariz-
ation processes of microscopic structural units under a photoelectric field. Thus, the development of
simple and effective models that can evaluate the polarization ability of optical materials is crucial for their
structural screening and mechanism analysis. Herein, we applied the “flexibility (F) index”, a model pre-
viously used to investigate the structural origin of second-order nonlinear optical responses in unitary and
binary diamond-like materials. We demonstrated that this index has a negative correlation with their band
gap and a positive correlation with their first- and second-order polarizabilities. Remarkably, the first-
order polarizability showed a linear-function correlation with the F-index, while the second-order polariz-
ability exhibited a cube-function correlation with the “projected-flexibility (F,) index”. These polarizability-
order-dependent correlations validated the feasibility of the F-index in characterizing specific optical pro-
perties. The results of this study prove the universality of the F-index to describe optical polarization,
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10th anniversary statement

which serves as a quick and efficient tool to evaluate the optical response in crystalline materials.

I have been publishing articles in Inorg. Chem. Front. since 2015, and now, after 10 years, I am delighted to witness this journal ranking among the top three

in the field of inorganic chemistry in the Journal Citation Reports (JCR) Q1 of Chinese Academy of Sciences (CAS). During the submission process, the editor
processed this manuscript in a timely manner, and the comments by the reviewers were professional and pertinent, significantly improving the level of our
research. I hope that this journal will continue to maintain its efficiency, cutting edge and professionalism and become a flagship academic journal that

leads the development of inorganic chemistry internationally.

1. Introduction

Optical responses, such as refraction,” second harmonic gene-
ration (SHG),” two-photon absorption® and Raman scattering,*
are ubiquitous and have been key concepts in both fundamen-
tal science and advanced engineering research. Although these
optical responses in solids differ from one to another, their
fundamental physics relies on an induced polarization under a
photoelectric field, which can be mathematically described by
the polarization equation, as follows:

P=Py+yWE+yPE2 4 yCp ¢ ..
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where P and P, are the induced polarization with and intrinsic
polarization without a photoelectric field, respectively, # is the
n-th polarizability, and E is the photoelectric field. Accordingly,
optical responses are exclusively governed by the polarizabilities
(e, 7Y, 4%, #9...). Rationally evaluating the polarization capability
of materials is the key to understanding their optical properties,
which has a long research history due to its great significance in
disclosing the related mechanism and performance prediction.>®
All the relevant studies to date can be roughly divided into two cat-
egories. First are those studies that benefitted from the develop-
ment of computational software and computational algorithms,
and a great deal of exact optical properties have been well com-
puted by algorithms based on quantum chemistry,” density func-
tional theory (DFT),® lattice dynamics,” and the recently booming
artificial intelligence."® The second category is based on funda-
mental physical and chemical perspectives, and structural che-
mists and physicists are continuously searching for simple and
feasible descriptors to characterize the polarization capability of
materials."* ™ As a typical representative among them, the bond
parameter method developed by Levine once served as the most
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popular method to compute the nonlinear optical susceptibility."®
However, the large-scale simulation on the exact optical properties
has strongly promoted the exploration of novel materials and
mechanism elaboration, which is becoming the mainstream
approach in the field of polarization-relevant materials. In this
case, it is necessary to develop models that are as simple as poss-
ible and can grasp the most fundamental physics and chemistry
of polarization, while still clearly helping researchers in the struc-
ture screening of a large number of alternative materials.

In our previous study, based on the bond valence theory, we
proposed a “flexibility (F) index” model of chemical bonds in in-
organic crystals and clarified that their nonlinear optical response
arises from the compliance of their dipole in response to external
perturbation from a photoelectric field, rather than the static
dipole moment.'® Since the proposal of the F-index, it has been
widely utilized in mechanism explanation and performance pre-
diction in the field of nonlinear optical crystals."”™® Given that
only two parameters, the quantities of bond electrons and exerted
Coulomb force, are considered in this model, we postulate that it
will be a general descriptor for the polarization capacity, and
besides the nonlinear optical response, other polarization-relevant
optical properties can be explained and described by this model.
Herein, unitary and binary inorganic crystals with diamond-like
structures were chosen to verify this hypothesis. The selection of
this crystal system is based on the consideration that the number
of intrinsic bond parameters predominantly governs their polariz-
ation and other interfering components is low due to the two
structural characterizations (with the representative structure of
zinc sulfide displayed in Fig. 1), as follows: (1) only one type of
bond is contained in the lattices of these crystals and (2) all the
constituent atoms are four-fold coordinated with each other, and
the spatial orientation of the bonds in the lattice are similar.
According to our calculation, the F-index was shown to have a pro-
nounced negative correlation with the band gaps and positive cor-
relation with the fundamental optical properties, including refrac-
tive index, polarizability, and nonlinear optical coefficient. Our
work confirms the capacity of the F-index model as a general
descriptor of polarization response ability in inorganic crystalline
materials.

2. Computational method

In total, 69 unitary and binary diamond-like semi-conductors
and insulators screened from the Materials Project database
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Fig. 1 Crystal structure viewed along (a) c- and (b) b-axis of the repre-
sentative material zinc sulfide with a diamond-like structure.
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were considered in this study.?® The calculation of the refrac-
tive indices, polarizabilities, and SHG coefficients were
implemented by DFT based on the plane-wave pseudopotential
method,”" utilizing the CASTEP package.>* The Perdew-Burke-
Ernzerhof (PBE) functionals in the form of the generalized gra-
dient approximation (GGA)** were employed to describe the
exchange and correlation terms in the Hamiltonian.** The
electron-ion interactions were modeled using norm-conser-
ving pseudopotential,® which allowed a relatively small plane-
wave basis set without compromising the computational accu-
racy. A plane-wave basis set with an energy cutoff of 1000 eV
and Monkhorst-Pack k-point grids with a spacing of less than
0.015 A™" in the Brillouin zone were adopted.?® Prior to the
property calculation, to get the theoretical optimal geometry
configurations with the lowest energies, all the structures were
optimized with both lattices and atomic positions relaxed by
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme, with
the convergence criteria of 5.0 x 107 eV per atom, 0.01 eV A™%,
0.02 GPa, and 5.0 x 10™* A for energy, maximum force,
maximum stress and maximum displacement, respectively.””

By considering that the band gaps are often underestimated
by standard functionals,?® scissor operators were used to raise
the conduction bands (CB) to match the calculated band gaps
with the experimental values.>® Based on the scissor-operator-
corrected band structures, the imaginary part of the dielectric
function can be calculated from the matrix elements of the
electronic transitions from the valence band (VB) to CB, and
the real part of the dielectric function, i.e., refractive index,
could be determined using the Kramers-Kronig transform-
ation.® The SHG coefficients were calculated using the
formula in length-gauge developed by our group.®" The static
(f ~ 0) and optical (f ~ o) polarizabilities were calculated
using the linear response method.*> In the linear response
algorithm, for an insulating system, polarization is computed
by the derivative of the total energy with respect to a given per-
turbation of electric field, and further the polarizability can be
obtained by differentiating the polarization with respect to the
exerted electric field.

The formula to calculate the F-index is expressed as
follows:"®

_ expl(Ry -~ R)/3 )

(VCa + VCy)* /R
where the numerator represents the bond valence charge
derived from the bond valence model,*® in which R is the
length of the concerned bond, R, is the ideal bond length
when the bonding atoms perfectly contribute a unit valence,**
and B is an empirical constant (typically 0.37 A).*®> C, and C,
are the charges of the atomic cores formed by the bonding
atoms losing the outer-shell electrons.

The even-order polarizability magnitude depends on the
bond orientation governed by macroscopic symmetry,*® which
is exemplified by the fact that SHG coefficients are completely
zero in the centrosymmetric lattice with large odd-order polar-
izability. To account for the contribution of the bond orien-
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tations, a “projected flexibility (F;,) index” was calculated using
the following formula:

n
> F; cos 6;
=" 2
p =1 — 2)
where F; is the F-index of the i-th bond calculated using
formula (1). 6; is the angle between the i-th bond and the

highest-order symmetric element of the lattice.

3. Results and discussion

Three macroscopic symmetries with the space groups, namely,
Fd3m (for diamond, silicon and germanium), F43m (for zinc
blende structures) and P6zmc (for wurtzite structures) were
included in these 69 structures. All the discussed data are
listed in Table S1.f

Firstly, the band gap was the focus, given that it is the most
crucial and general parameter determining the optical pro-
perties in a crystal.®” By considering that the band gaps cannot
be well theoretically reproduced by one universal functional
for all the investigated structures with their experimental
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Fig. 2 Distribution of experimental band gaps versus F-index. The dark

and light red regions represent the 95% confidence interval and 95%
prediction interval, respectively.
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values spanning a wide range (0.66 eV-10.6 eV), here the
experimental values (listed in Table S11) were directly used for
correlation with the F-index. As plotted in Fig. 2, a pronounced
negative correlation was observed for the dependence of the
band gap on the F-index, with a small confidence interval (less
than 1.94 eV) for the confidence value of 95%. The band gap
characterizes the energy barrier that an electron in the bound
state needs to overcome to transit to the free state.’® In the
formula of the F-index, the denominator describes the binding
force exerted on the unit bond charge from the bonding
atoms, coincidently corresponding to the force in the classical
sense that an electron should overcome to escape from the
bond constraint. The negative correlation between these two
quantities intuitively indicates that the band gap engineering
lies in the regulation of the binding force of the valence elec-
trons from the lattice by controlling parameters such as the
atomic valence state and radius. The negative correlation
between the F-index and band gap gives confidence to further
discuss the exact optical properties.

Now, we focused on the optical properties relevant to the
first-order polarizability. Fig. 3a shows the dependence of the
calculated refractive indices (values at the wavelength of 1 pm)
on F-index. It can be seen that the refractive indices positively
depend on the values of the F-index, and a linear dependence
with the confidence interval less than 0.45 for the confidence
value of 95% can be fitted. More finely, positive correlations
are clearly observed for the three branch systems separately as
well. The static (frequency, f ~ 0) polarizability and the polariz-
ability at optical frequencies limit (f ~ o) are shown in Fig. 3b
and c, respectively, and the evident increasing tendencies of
the polarizabilities versus F-index are observed as well. In the
polarizability calculation by the linear response method,*?
besides the electron contribution, the contribution from
atomic cores (i.e., phonon) is involved. It should be that in the
F-index model,'® the bonding electrons are bound by the
atoms, and conversely the bonded atoms are bound by the
bonding electrons via the same force as well. From this per-
spective, actually, the atomic contribution is also included in
the F-index, and the F-index can also characterize the magni-
tude of atomic displacement under the perturbation of an
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Fig. 3 Distributions of (a) refractive indices, (b) static polarizabilities and (c) optical-frequency polarizabilities versus F-index. The dark and light red
regions represent the 95% confidence intervals and 95% prediction intervals, respectively.
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tion interval, respectively.

exerted photoelectric field. The prominent positive linear cor-
relations between the F-index and refractive index, static polar-
izability and optical-frequency polarizability validate the feasi-
bility of the F-index in describing the first-order polarizability.

Given that even-order polarizability is forbidden in centro-
symmetric structures,*® in the case of the SHG coefficient, only
the non-centrosymmetric zinc blende and wurtzite materials
were the focus here. By considering that the macroscopic SHG
response depends on the bond orientation in the lattice,*’
here, a “projected flexibility (F,) index”, the average values of
the projection of the F-index onto the highest symmetric
elements (four-fold axes for zinc blende and six-fold axes for
wurtzite, respectively) in the constitute bonds are used. Fig. 4
shows the variation of the calculated SHG coefficients versus
Fpindex, and accordingly, an increasing tendency is also
observed. It should be noted that different from the band gap
and first-order polarizabilities described by the linear relation,
the dependence of the SHG coefficients on the Fy-index is well
fitted by a cubic function. The SHG response is a second-order
polarization process in a crystal, and according to the Miller
rule derived from the Lorentz model based on the anharmonic
perturbation theory,""** the second-order nonlinear suscepti-
bility is proportional to the cube of the refractive index in a
material. The cube correlation between Fj,-index and SHG
coefficient is well consistent with the conclusion deduced in
the Lorentz model, which verifies the description of the Fj,-
index on the second-order polarizability.

4. Conclusion

In summary, to generally model the photoelectric-field polariz-
ation capacity in crystalline materials, the F-index based on
the bond valence theory, which was previously used to clarify
the origin of the second-order nonlinear optical response, was
utilized to relate the polarizability in unitary and binary
diamond-like materials. The negative correlation between the
experimental band gaps and F-index verified the general feasi-
bility of the latter to grasp the fundamental essence of the
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polarization process. The fitted linear positive correlation
between the F-index and first-order polarizability, including
refractive index, static polarizability and optical-frequency
polarizability, confirmed the capacity of the F-index to qualitat-
ively describe the exact optical properties. Moreover, to
account for the role of the bond orientation in determining
the macroscopic second-order polarizability, the Fy-index was
proposed. Its cube correlation with the SHG coefficients
agreed with the conclusion deduced from the Miller rule,
further verifying its applicability to (semi-) quantitatively evalu-
ate the polarizability. This work provides a simple and
effective descriptor to universally model the polarization
process and evaluate the polarizability in crystalline materials,
which can be used to perform quick structure-screening and
structure-property relation analysis, and then help promote
studies on polarization-relevant functional materials.
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