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Abstract

With the development of laser technology and related scientific fields, understanding of the
structure—property relationships in nonlinear optical (NLO) crystals is becoming more and
more important. In this article, first-principles studies based on density functional theory, and
their applications to elucidate the microscopic origins of the linear and NLO properties in
NLO crystals, are reviewed. The ab initio approaches have the ability to accurately predict the
optical properties in NLO crystals, and the developed analysis tools are vital to investigating
their intrinsic mechanism. This microscopic understanding has further guided molecular
engineering design for NLO crystals with novel structures and properties. It is anticipated that
first-principle material approaches will greatly improve the search efficiency and greatly help
experiments to save resources in the exploration of new NLO crystals with good performance.

Keywords: first-principles studies, nonlinear optical crystals, structure—property relation,

molecular engineering design

(Some figures may appear in colour only in the online journal)

1. Introduction

Half a century ago Franklin first observed optical second
harmonic generation (SHG) signals in SiO, [1] almost
immediately after the invention of the laser at the beginning
of the 1960s. Since then materials exhibiting large nonlinear
optical (NLO) responses have attracted more and more
attention because of their wide applications in laser sciences
and technology. Now the NLO materials have played an
important role as a key device in the all-solid-state lasers used
in areas such as ultrafine spectrum analysis, precise micro-
manufacturing, large screen displays, remote communications,
and medical diagnosis [2-8]. The search for new NLO crystals,
particularly for the ultraviolet (UV) and infrared (IR) spectral
regions, is very active [9-17], even though intensive efforts in
this field have been in progress for more than three decades.

0022-3727/14/253001+19$33.00

The performance of an SHG crystal is mainly determined
by its abilities to double the frequency of a laser beam. To
achieve noticeable SHG output, an NLO crystal must have a
large enough birefringence An to achieve the phase-matching
condition. Strictly speaking, the phase-matching condition
requires an appropriate wavelength dispersion of refractive
indexes ny, ny, and ng, i.€., Nmax (A) — Amin (A/2) > 0 [18],
where nyax (min) 1S the largest (smallest) refractive index and
A is the wavelength of the fundamental wave. This means
that the birefringence An = npax (A) — nmin (A) must be
larger than the difference between npi, (A/2) and iy, (A).
Usually the dispersion curves of refractive indices are steep
in the UV region but flat in the IR region. Thus, typically the
birefringence that satisfies the SHG phase-matching condition
becomes larger and larger as the harmonic wavelength varies
from IR to UV regions. In general, the birefringence should be

© 2014 I0P Publishing Ltd  Printed in the UK
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larger than 0.06 for a UV SHG crystal (and larger than 0.075 for
deep-UV SHG), while it could be much smaller (e.g. ~0.03)
for an IR NLO crystal. A too large birefringence, however,
is not desirable either, since it would cause destructive
optical behaviours such as self-focus and large walk-off effect
in the conversion process [19]. It should be emphasized
that actually the harmonic generation can also be fulfilled
by the quasi-phase-matching method [20,21], which can
significantly reduce the requirement of birefringence, but the
very complicated manufacturing and operating processes in
this technique heavily hinder its practical applications; the
relevant NLO materials will not be considered in this review.
Under the non-depleted pump approximation, the SHG
conversion efficiency n of a crystal is given by the following
expression if the phase-matching condition is satisfied [22]:

P 2nd%LP

P, 8061’1%?12)\%14

n (1

where d. is the effective SHG coefficient of the crystal in the
phase-matching direction, L is the optical path in the crystal,
&o is the vacuum permittivity, c is the speed of light in vacuum,
n; is the refractive index of light with wavelength A;, A is the
sectional surface area of the laser with the fundamental wave,
and P; is the corresponding power of the A; beams. Formula
(1) shows that in order to obtain high SHG output P, two key
factors (besides the birefringence) should be considered, as
follows.

(i) High power density of input fundamental wave, P;/A.
This requires the NLO crystal to possess high laser damage
threshold (LDT). It is well known that the magnitude of
LDT is closely associated with the energy bandgap in a
crystal (see figure 1), mainly due to the effects of two-
photon absorption or multi-photon absorption. Thus, a
larger energy bandgap is beneficial to the acquirement
of higher LDT. Meanwhile, a larger energy bandgap can
obtain a shorter SHG wavelength and hence expand the
frequency conversion range in an NLO crystal.

(ii) Large ratio of der /A,. This indicates that a larger effective
NLO coefficient can result in higher SHG conversion
efficiency. In addition, for NLO applications in different
spectral regions the requirement of the magnitude of the
effective SHG coefficient is different. In order to obtain
the same conversion efficiency, the SHG coefficient for
a crystal in the IR region (1, > 900 nm) should be one
or even two orders of magnitude larger than that in the
deep-UV region (A, < 200nm). In general, an SHG
coefficient approximately equal to that of KH,PO4 (KDP,
dzs = 0.39pm V™) is enough for practical applications
in UV and deep-UV regions, but the NLO effect should be
comparable to that of KTiOPO,4 (KTP, degy ~ 3 pm v
or ~ ten times that of KDP in the IR region. It should be
of note that in general an increase of bandgap would result
in a decrease in the SHG coefficients (see section 2), and
their balance needs to be evaluated in the search for and
design of NLO materials.

Therefore, the three conditions of wide transmission window
(large energy bandgap), moderate birefringence, and strong
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Figure 1. Tendency curve showing how the LDT and energy
bandgap are related for the NLO crystals. The LDT is normalized to
about 100 MW cm~2 for a nanosecond laser (indicated by a red
arrow), which is enough for almost all academic and commercial
purposes. Figures reprinted with permission from [48], Copyright
2013 The Royal Society of Chemistry.

SHG effects are commonly considered as basic for a good
NLO material. In addition, good mechanical and chemical
stabilities and easy growth habit are also very important for
the practical applications of an NLO crystal [23].

Thorough elucidation of the structure—property relation-
ship between NLO effects and microstructure is necessary for
the exploration of new NLO crystals with good performance.
It is indeed a very difficult task to discover a good NLO ma-
terial from an enormous number of compounds just by the
‘trial and error’ method in experiments. Understanding of
the mechanisms by which microscopic structures determine the
macroscopic optical properties in materials will significantly
enhance the searching efficiency. Quite a few theoretical mod-
els, such as Miller’s rule [24], anharmonic oscillator models
[25-27], the bond parameter and charge model [28,29], the
charge transfer model [30-32], and anionic group theory [33],
have been proposed along with the discovery of various NLO
materials. These models have successfully given intrinsic in-
sight into the structure—property relation in specific types of
crystals and greatly prompted the development of NLO mate-
rials. However, the calculations of SHG effects by these mod-
els were based on the empirical or semi-empirical approximate
methods, which rely more or less on the experimental data.

Since the end of the 1990s, with the rapid development
of computational methods and supercomputer facilities, the
first-principles studies on the optical properties of crystals
have been widely applied in the NLO materials [34—37]. The
studies focus not only on the SHG coefficients, but also on
other important optical parameters of NLO crystals, such as
energy bandgap, refractive indices, and birefringence. The
ab initio methods make it possible to predict the optical
properties without any experimental data. Moreover, with
the development of computational tools the microscopic
mechanism for the linear and NLO properties can be explicitly
deduced. These studies definitely have significant implications
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for molecular engineering for the search for and design of good
NLO crystals.

In this article, our first-principles studies on the NLO
crystals are reviewed. In section 2 the applications of
the density functional theory (DFT) to NLO crystals are
presented. The development of first-principles methods and
their application to the prediction and design of new NLO
crystals are introduced in sections 3 and 4. Finally, the
conclusion and future prospects for first-principles studies on
NLO materials are given.

2. Applications of DFT to NLO crystals

DFT [38] is the most successful first-principles method to
accurately predict the properties of materials [39], especially
those determined by the electronic ground states. The optical
properties, on the other hand, are usually determined by the
electronic excited states, which is very difficult to deal with
by DFT [40]. A most notorious case is the energy bandgap
prediction; the local density approximation (LDA) [41] and
generalized gradient approximation (GGA) [42] in the standard
DFT usually underestimate the energy bandgaps, by even more
than 40% for wide-gap insulators due to the discontinuity
of exchange—correlation (XC) energy [43]. It is gratifying
that various XC functionals beyond LDA and GGA have
been developed, which have made substantial progress in
solving this problem. These XC functionals commonly include
HF (exact exchange, but no correlation), HF-LDA (exact
exchange, plus LDA correction), sX (screened exchange, but
no correlation), and sX-LDA (screened exchange, plus LDA
correlation) forms [44], and hybrid functionals with B3LYP
(combination of HF exchange with DFT XC) [45] and PBEO
(combination of Perdew—Burke—Ernzerhof (PBE) functional
with a predefined amount of exact exchange) [46] forms. We
have tested these XC functionals on many typical UV and
IR NLO crystals. It was found that for the UV and deep-
UV NLO crystals the calculated bandgaps with the hybrid
B3LYP and PBEO functionals are in very good agreement
with experimental values (usually the relative error is less than
5%) [47], while for IR crystals the sX-LDA functionals can
generally obtain satisfactory predictions [48]. These results
actually demonstrate that the DFT calculations can give us a
trustworthy way to predict the energy bandgap, which is very
important for NLO materials engineering.

The linear and NLO properties of a material can
be deduced by first-principles electronic band structure
calculations. On the basis of the electronic structures, the
imaginary part of the dielectric function ¢, is calculated from
the electronic transition between the occupied and unoccupied
states caused by the interaction with photons [49]:

2me?

& (hw) = Qeg

(W1 - Fly) | 8(ES — EY — ho)
k,v,c
)

where €2 is the volume of the elementary cell, v and ¢ represent
the valence and conduction bands (CBs), respectively, w is the
frequency of the incident light, and i is the vector defining
the polarization of the electric field of the incident light;

|(\I/,f|ﬁ 7 |\IJ]§’)| under supercell geometry (periodic boundary
conditions) can be expressed as the momentum matrix element
between a CB and a valence band (VB) at a given k-point in
the first Brillouin zone. Since the dielectric constant describes
a causal response, the real and imaginary parts are linked
by a Kramers—Kronig transform. Thus the real part of the
dielectric function, &, (w), and then the refractive index n and
birefringence An, can be obtained.

The NLO properties of a crystal are mainly determined
by the magnitudes of the static limit of the SHG coefficients
x @ (0), which plays the most important role in the applications
of SHG crystals. Therefore, the formula originally proposed
by Rashkeev er al [50] was adopted and improved, and the
second-order susceptibility x /¥ is represented as [51]

X7 = xUH(VE) + xVE(VH) + ¥ (two bands)  (3)

where x/*(VE) and x“%(VH) denote the contributions
from virtual-electron processes and virtual-hole processes,
respectively, and x /¥ (two bands) gives the contribution from
two-band processes to x®. The formulas for calculating
x7%(VE), x"/*(VH) and x/* (two bands) are the following:
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Here, i, j and k are Cartesian components, v and v’ denote VB,
and ¢ and ¢’ denote CB. P (ijk) denotes full permutation. Past
experience shows that this two-band term makes an extremely
small contribution and can be neglected in any practical
analysis; recently, it has been proven rigorously that the term
is in fact precisely zero [52]. The band energy difference and
momentum matrix elements between the electronic states m
and n are denoted as fiw,,, and pj; , respectively, and they are
all implicitly k-point (k) dependent. By this sum-over-states
formula (3), the SHG coefficient component d;j; (=1/2)"*)
is determined. Normally, d;;; is abbreviated as d;; with the
following subscript relationship between jk and I: 11 — 1;
22 — 2;33 - 3;23,32 - 4; 13,31 — 5; and 12,
21 — 6. It should be emphasized that the refractive indices
and SHG coefficients can be accurately obtained by DFT in
principle because these optical properties are determined by
the virtual electronic excited processes which are described by
the first- and second-order perturbations, respectively, on the
ground state wavefunctions. Thus, the very precise electronic
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Figure 2. Convergence tests on the SHG coefficient and
birefringence for KBBF with respect to (a) the number of empty
bands and (b) the energy cutoff.

structure is necessary in order to accurately determine the
optical properties of a crystal. For the strongly correlated
systems containing transition or rare earth metals, however, it is
still difficult to obtain the correct electronic properties without
adjusting the parameters. The development of the relevant
DFT methods is anticipated to overcome this problem.

Our further studies revealed that, although the energy
bandgaps predicted by sX-LDA, B3LYP or PBEO function-
als are very accurate, the calculated linear and NLO properties
are usually much smaller than the experimental data since the
valence and CB widths are overestimated [47]. LDA or GGA,
on the other hand, can well predict the optical properties by
including a scissors operator [53] that shifts all the CBs to
agree with the measured value of the bandgap. Therefore, the
sX-LDA, B3LYP or PBEO energy bandgap predictions com-
bined with the scissors-corrected LDA or GGA calculations
can provide an ab initio path to predict the refractive indices and
SHG coefficients without introducing any experimental data.

In our DFT simulations the electronic structure calcula-
tions have been performed by the plane-wave pseudopotential
method [54] implemented in the CASTEP package [55]. The
gc-tuned optimized norm-conserving pseudopotentials [56] in
the Kleinman—Bylander form [57] for the elements were usu-
ally used, which ensure a small plane-wave basis set without
compromising the accuracy required by our study. Kinetic
energy cutoffs of 900 eV and Monkhorst—Pack k-point meshes
[58] spanning less than 0.04 A=3 in the Brillouin zone were
typically chosen. For the optical properties the number of
CBs was chosen as three times the number of VBs. Our trial
results showed that the above computational parameters are
sufficiently accurate for present purposes; an explicit example
of the convergence tests for KBBF is shown in figure 2.

We have successfully applied the DFT method to many
NLO crystals, ranging from UV and deep-UV borates to IR
chalcogenides and halides, such as BBO (8-BaB;0,) [51], the
LBO famlly (LiB305 (LBO), CSB305 (CBO) and CSLiBgOm
(CLBO)) [59], the KBBF family (KBe,BOs;F, (KBBF),
RbBe,BOsF, (RBBF) and CsBe,BOs;F, (CBBF)) [60], the
SBBO family (Sr,Be;B20; (SBBO), K,Al,B,0; (KABO),
BaAl,B,07(BABO) and BaAIBOs;F, (BABF)) [61,62],

BiB3;0¢ (BIBO) [63], YAI;(BO3)4 (YAB) [64], AgGaX; [65],
LiGaX,(X = S, Se or Te) [66], and Cs,HgI,Cl, [17]. The
calculated linear and NLO coefficients are listed in tables 1
and 2, respectively, and exhibit a good agreement with the
experimental values. This clearly demonstrates the validity
of DFT theory for the NLO crystals. It is worth noting that
recently semiconductor based NLO materials such as GaAs,
AlGaAs, AIN and GaP have gained wide interest due to their
compatibility with on-chip integration. In particular, some
of these semiconductors are wide-band and can operate in
the UV spectrum [67-69]. Similar DFT studies on these
semiconductors have been performed [70].

3. Development of the first-principles studies on
new NLO crystals

It is far from enough to just accurately predict the linear
and NLO properties; elucidations of the structure—property
relationship are more important for searching for and designing
new NLO crystals with good performances. For this
purpose we have developed several useful tools, including
the real-space atom-cutting technique [51], SHG density
scheme [64,71], non-bonding state analysis and modified
bond valence sum (MBVS) method [72]. All these tools
have provided us with very efficient ways to investigate and
understand the microscopic structural origins which determine
the macroscopic optical properties in NLO crystals.

3.1. Real-space atom-cutting technique

The real-space atom-cutting technique [51] is used to analyze
the contribution of the respective ions (or groups) to the optical
properties. In this methodology, the real space is separated into
individual zones (usually spheres), and each zone contains one
ion. If the contribution to the overall optical properties of an
ion (or a group) needs to be considered, the wavefunctions in
the zones belonging to the other ions (or groups) are set to
zero (which we refer to as ‘atom-cutting’). In this way, the
electronic transition elements involving the unconcerned ions
(or groups) are removed and the contribution of the focusing
ions (or group) is extracted. For instance, the contribution to
the nth polarizability of group X is x" (X) = x” (all the atoms
are cut except X). In the real-space atom-cutting method, the
determination of cutting radii in general follows the rule that the
radii should be contacting and not overlapping with each other.

We have adopted the real-space atom-cutting technique
to study the microscopic structural origin of various NLO
crystals. In the following subsection, some typical examples
are given.

3.1.1. Borates containing the alkaline and/or alkaline earth
A-site cations. The borates in which the A-site cations are
alkaline and/or alkaline-earth cations usually transmit in the
UV or even deep-UV spectral regions. So far almost all
important UV and deep-UV NLO crystals are this type of
borate (the only exception is KDP), e.g. BBO [73], the LBO
family [74-77], the KBBF family [78-80] and the SBBO
family [81-84]. In these crystals, the fundamental building
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Table 1. Comparison of the experimental and calculated refractive indices and birefringence of (a) uniaxial and (b) biaxial NLO crystals.

Experimental Calculated
(a) Ny Ne An ny Ne An
BBO?* 1.656 1.543 0.113 1.676 1.562 0.114
CLBO® 1.485 1.436 0.049 1.516 1.457 0.059
KBBF¢ 1.477 1.400 0.077 1.478 1.413 0.065
RBBF* 1.478 1.407 0.071 1.4883  1.4295 0.059
CBBF* 1.501 1.443 0.058 1.5126  1.4570 0.056
BABF! 1.619 1.557 0.042 1.6664  1.6227 0.044
BABO* 1.570 1.517 0.053 1.5757 1.5257 0.050
KABO® 1.560 1.492 0.068 1.559 1.5071 0.052
LiGaTe!, — — — 2.8101 2.8421 0.032
AgGaS;5 24486  2.3954 0.0532 2.5840 2.5530 0.031
AgGaSe 2.8932  2.8452 0.048 29798 2.9358 0.044
AgGaTe; 2.9859 3.0047 —0.0188 32678 3.2799 —0.0115
YAB" 1.7585 1.6881 0.070 1.7698  1.7011 0.0687
Experimental Calculated
(b) Ny ny n, An ny mny n, An
LBOP 1.566 1.590 1.607 0.041 1.585 1.599 1.632 0.047
CBO® 1.519 1.550 1.578 0.059 1.558 1.581 1.611 0.053
BIBO! 1.7585 1.7854 1.9190 0.1605 1.8391 1.7792 1.8717 0.0925
LiGaS?} 2.0674 21048 2.1073 0.0399 2.1972 2.1403 2.14 0.0572
LiGaSel, 22373 22849 2.2882 0.0509 23356 2.3258 2.3423 0.0165
* Ref. [51].
® Ref. [59].
¢ Ref. [60].
d Ref. [62].
¢ Ref. [61].
[ Ref. [66].
& Ref. [65].
h Ref. [64].
i Ref. [63].

Table 2. Experimental and calculated SHG coefficients in NLO crystals (unit: pm V™).

Experimental Calculated Experimental Calculated
BBO* dy ==£1.60(1+£0.05) dyp =-1.38 LiGaS} d; =5.8 dy =—-3.8
dy; < (0.07£0.03)d,,  d;3 =0.056 dy =5.12 dyp =-3.1
dzz = 10.7 dy =72
LBO® dy; = 70.98 dy = —0.72 LiGaSel,  ds3 =10 d3 = —6.25
d32 ==+1.05 d32 =0.84 d32 =177 d32 =—-46
dzz = £0.059 dzz; = —0.02 dyz; = —18.2 dyz; = 13.45
CBOP dyy = £0.75 diy = —0577 LiGaTel d3 =42 dye = —50.4
CLBO®  d3 = +0.67 dse = 0.546 AgGaS; dye = 11.0,12.5 dse = 14.1
KBBF®  d;; =0.49 dy =041 AgGaSe5  dss =33 dys =452
RBBF¢  d;; =0.50 dy; =040 AgGaTe; — dys =99.5
CBBFL d1| == 050 dll == 038 YABh d]] == 170 d]] = 1657
BABFd d22 = 110 d22 == 070 BIBO‘ d22 = :t253 d22 == —295
BABO® d;; =0.75 dy = 0.745 dig ==£2.8 dig = —2.55
KABO® d;; =0.45 dy = —0.32 diy =224 diy =—1.16
* Ref. [51].
b Ref. [59].
¢ Ref. [60].
4 Ref. [62].
¢ Ref. [61].
[ Ref. [66].
¢ Ref. [65].
b Ref. [64].
I Ref. [63].
i Ref. [47].
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Figure 3. The crystal structure of (a) BBO, (b) LBO, (¢) KBBF and (d) KABO.

blocks are composed of the B—O anionic groups, such as planar
anionic (B30¢)’~ rings (figure 3(a)), continuous networks
of (B307)°~ groups (figure 3(b)), and (BO;)>~triangles
interconnected by BeO3F or AlOy tetrahedra (figures 3(c) and
(d)), while the A-site alkaline and/or alkaline earth cations are
located in the interstices. The real-space atom-cutting analyses
for these crystals are listed in table 3, and several conclusions
can be deduced, as follows. (i) Although the A-site cations
(especially for Rb*, Cs*, Sr**, and Ba?") have considerable
contribution to the refractive index, even comparable to that
of the B—O anionic groups, they almost contribute nothing to
the optical birefringence due to their strong iconicity. (ii) The
birefringence is mainly contributed by the B—O groups, such as
(B30¢)>~ in BBO, (B307)°>~ in the LBO family, and (BO3)3~
in the KBBF family and SBBO family. (iii) The contribution
from the A-site cations to the SHG coefficients increases as
theirradius increases. Forinstance, the Li* ions only contribute
1% to the largest component d3; in LBO, while for CBO the
contribution of the Cs* ions to d4 is around 15%. However,
these A-site cations contribute no more than 20% to the overall
SHG effects. (iv) The anionic groups predominantly determine
the magnitude of SHG coefficients in the UV and deep-
UV borate crystals. In BBO and the LBO family (B30g)>~
and (B307)>~ contribute more than 80% to the largest SHG
coefficients, while in the KBBF family and SBBO family
the combined contribution from (BO3)*>~ and other anionic
groups such as (BeO3F)*~ in the KBBF family and (BeO4)>~
or (AlO4)>~ in the SBBO family accounts for more than 75%
of the overall SHG effects. The above observations originate

from the fact that the sphere-like shape of the A-site cations
is almost optical isotropic and the responses of conjugated
orbitals in the anionic groups to the incident light are strongly
anisotropic. Our real-space atom-cutting results confirm and
support the conclusions from the anionic group theory [33]:
i.e., the microscopic second-order susceptibilities of the B-O
anionic groups determine the macroscopic SHG coefficients in
the UV and deep-UV NLO borates.

3.1.2. BIBO and YAB. One may ask if the conclusion
that the B-O groups determine SHG effects in borates is
valid, as the A-site cations are not alkaline or alkaline earth
cations. To investigate this point in depth, two borates, BiB3Og
(BIBO) [85,86] and YAl;(BO3)4 (YAB) [87] with ‘the A-
cations’ Bi and Y, respectively, were chosen to perform the
atomic level analysis. In BIBO the BOj; triangles and BO4
tetrahedra in a ratio of 2: 1 are linked by the four-coordinated
bismuth cations to form a three-dimensional hinge structure
(figure 4(a)), while in YAB the coplanar BOj3 triangles are
connected with the AI3* cations to construct a network with the
linkage of six-coordinated Y cations (figure 4(b)). Detailed
first-principles electronic structure calculations revealed that
the charge densities around both Bi and Y cations are not
spherical but form significant covalent chemical bonds with the
neighbour O anions, establishing the (BiO4)*~ quadrangular
pyramids [63] and deformed (YOg)°~ octahedra [64],
respectively.

The real-space atom-cutting results for BIBO and YAB
are listed in table 4, from which some conclusions can be
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Table 3. Calculated and experimental values of the optical properties and the contributions of the respective groups in BBO, the LBO
family, the KBBF family, and the SBBO family.

BBO no Re An(no —ne)  dn dsi ds3
(B30¢)*~ 1.5280 14114  0.1166 —1.50 —-0.039 —-0.030
Ba* 1.2396 1.2392 0.0004 —0.36 —0.059 0.045
Total 1.6851 1.5695 0.1156 —1.86 —0.098 0.015
Experimental  1.69267 1.66736 0.12471 +1.60 (1 £0.05) ~0 ~0
LBO ny ny n; An(nm;\x - nmin) d3| d32 d33
(B307)%~ 1.564 1.578 1.607 0.043 —0.496 0.571 —0.008
Li* 1.048 1.052 1.051 0.004 —0.008 0.002 —0.034
Total 1.557 1.575 1.605 0.045 —0.505 0.582 —0.044
Experimental  1.566 1.591 1.606 0.041 +0.67 +0.85 +0.04
CBO ny ny n; An(nmax - nmin) d14

(B;07)°~ 1.360 1.373 1.414 0.054 —0.342

Cs* 1.279 1.280 1.285 0.006 —0.098

Total 1.557 1.575 1.605 0.048 —-0.577
Experimental  1.519 1.551 1.578 0.059 +1.04

CLBO no Ne An(n, —ne) dsg

(B307)°~ 1.419 1.357 0.062 —0.222

Li* 1.0290 1.0287 0.0003 —0.006

Cs* 1.125 1.124 0.001 —0.138

Total 1.513 1.455 0.058 —0.546

Experimental  1.485 1.436 0.049 +0.95

KBBF ny ne An (ng —ne) dy

(BO3)*~ 1.3183 1.2242  0.094 0.376

(BeO3F)*~ 1.3088 1.2626 0.046 0.113

K* 1.0874 1.0879 —0.0005 0.014

Total 1.4694 1.4069 0.063 0.41

Experimental  1.477 1.400 0.077 0.49

RBBF no Ne An(n, —ne) dy

(BO3)*- 1.3551 1.2766 0.079 0.369

(BeO3F)*~ 1.3458 1.3113 0.035 0.126

Rb* 1.1884 1.1928 —0.0044 0.030

Total 1.4883 1.4295 0.059 0.40

Experimental  1.478 1.407 0.071 0.50

CBBF ne Ne An(n, —ne) dy

(BO3)*- 1.4221 1.3607 0.061 0.124

(BeO3F)*~ 1.3690 1.3371 0.032 0.359

Cs* 1.4532 1.4270  0.026 0.128

Total 1.5126 1.4570  0.056 0.38

Experimental ~ 1.501 1.443 0.058 0.50

BABO no Ne An (n, —ne) dy

(BO3)*~ 1.3423 1.2711 0.071 0.348

(Al0,)>~ 1.3876 1.3818 0.006 0.267

Ba* 1.1616 1.1492 0.012 0.115

Total 1.5757 1.5257 0.050 0.75

Experimental  1.698 1.636 0.062 0.745

KABO ny ne An (ng —ne) dy

(BO3)*~ 1.311 1.256 0.055 —0.152

(A104)3~ 1.367 1.349 0.018 —0.283

K* 1.125 1.124 0.001 —0.012

Total 1.527 1.478 0.049 —0.425

Experimental  1.560 1.492 0.068 —0.317

BABF no Ne An(n, —ne) dpn

(BO3)*- 1.4490 1.3799 0.0691 0.323

(AIF,03)%~ 1.5081 1.4899 0.0182 0.233

Ba? 1.2612 1.2507 0.0105 0.092

Total 1.7698 1.7152  0.0546 0.702

Experimental 1.619 1.557 0.042 1.10
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Figure 4. The crystal structure of (@) BIBO and (b) YAB.

deduced: (i) In BIBO the birefringence mainly originates from
the coplanar (BOs3)3~ groups as in the case of section 3.1.1.
However, the anionic (BiO4)*~ group contributes more than
90% to the two large SHG coefficients d;; and dj¢. This means
that the NLO response in this crystal predominantly stems from
the (BiO,4)*~ group rather than from B—O anionic groups. This
is because the (BiO4)>~ groups are distorted tetragons and the
bismuth cations carry the parallel oriented lone-pair electrons,
which results in a much greater contribution to the SHG effects
compared with the (BO3)?>~ group. (ii) In YAB, the AI**
ions almost contribute nothing to both the linear and NLO
properties. The (BO3)3~ group contributes more than 90%
to the birefringence, but its contribution to the NLO effect is
much smaller than that of the (YOs)°~ group, which exceeds
80% in the overall SHG coefficients. The detailed structural
analysis shows that the (YOg)?~ group is heavily distorted
from the regular octahedron and the resulting second-order
Jahn-Teller effect [88] causes large microscopic second-order
susceptibilities, similar to the (NbOg) and (TiOg) groups in
LiNbO3; and BaTiO3, respectively [89,90]. The real-space
atom-cutting technique, therefore, clarifies that the NLO effect
in these crystals does not mainly originate from the B-O
anionic groups, and the contribution from the Bi-O or Y-O
groups is even more important.

3.1.3. LiGaX, and AgGaX, (X = S, Se or Te). We further
investigated the origins of linear and NLO properties in LiGaX,
[91,92] and AgGaX, (X =S, Se or Te [93-95]), two series of
important IR NLO crystals, using the real-space atom-cutting
technique. In both crystal families, all gallium atoms are four
coordinated with X atoms and the lithium (or silver) cations
are embedded in the cavities formed by the GaXy tetrahedra
(see figure 5). It is interesting that the LiGaX, crystals have
larger energy bandgaps and birefringence but smaller SHG
coefficients compared with the AgGaX, crystals.

The atom-cutting analysis (see table 5) reveals that the
Li* cations contribute almost nothing to the refractive indices,
while the contribution of Ag* cations is considerable. On the
other hand, the linear optical anisotropy, i.e. the birefringence,
is predominantly determined by the GaX, tetrahedra and the
contribution from the Li or Ag cations is negligibly small,
mainly due to the fact that the Ga—X chemical bonds are much
more covalent than the Li—X (or Ag—X) bonds. This conclusion
is also available for the NLO effect: i.e., the Ga—X groups
contribute much more than the Li or Ag cations to the SHG
coefficients.

The electronic structural calculations show that in LiGaX,
the outer-shell electronic orbitals on Li cations contribute
almost nothing to the VB, while in AgGaX, quite a few
Ag d orbitals are located at the top of the VB and raise the
energy level of the VB maximum, resulting in the narrower
energy bandgaps in the latter crystals [65, 66]. Since the SHG
coefficients are approximately inversely proportional to the
fifth power of the energy bandgap (see formula (3)), the SHG
effect in LiGaX, is smaller than that in AgGaX,. In addition,
the larger birefringence in the LiGaX, compared with AgGaX,
is because the GaX, groups in the former are more deformed
from the regular tetrahedral shape compared with those in
the latter, although the Li cations contribute less than the Ag
cations to birefringence.

3.2. SHG density analysis

Through the atom-cutting technique, one can quantitatively
obtain the contribution of the respective ions or groups to
the linear and NLO properties in the crystals. In order to
more intuitively identify the orbitals that contribute to the SHG
effect in the real space, we developed a SHG-weighted charge
density analysis tool [64, 71]. In this method, the considered
SHG coefficient is ‘decomposed’ onto the respective orbital or
band according to a ‘band-resolved’ scheme [96], and then the
SHG-weighted bands are used to sum the charge densities of
all occupied or unoccupied states. Thus, the electronic states
irrelevant to SHG are not shown in the occupied or unoccupied
‘SHG densities’, and the orbitals vital to SHG are highlighted
in real space.

Figure 6 displays the charge density and SHG density on
the plane of the B;Og group in BBO. It is clearly demonstrated
that, although there are considerable charge densities present
around the Ba cations, their SHG densities are much smaller
than those on the B3O¢ groups. The SHG effects in BBO
are mainly contributed by the oxygen 2p orbitals with a
figure-of-eight shape and the nonlocal orbitals in the B3Og
groups, consistent with the real-space atom-cutting results.
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Table 4. Calculated and experimental values of the optical properties and the contributions of the respective groups in BIBO and YAB.

BIBO n, n, n, An dyp pm V™Y dig (pm V™Y dyy (pm VT dy (pm VT
Experimental 1.7585 1.7854 1.9190 0.1605 +2.53 +2.8 +2.4 F1.3
Origin 1.8391 1.7792 1.8717 0.0925 —-2.95 —2.55 —1.16 —1.17
(BO3)*~ 1.5514 1.5242 1.5991 0.0749 —0.233 —0.628 0.372 0.243
(BO4)>~ 1.4014 13782 1.4240 0.0458 —0.118 —-0.334 0.391 0.050
(BiO4)>~ 1.6922 1.6388 1.6746 0.0534 —2.829 —2.090 —1.412 —1.182
YAB ne I, An dy; (pmV~)

Experimental 1.6881 1.7585 0.070 1.70

Origin 1.7011  1.7698 0.0687 1.657

A 1.0483 1.0525 0.0042 —0.001

(BO3)*~ 1.3666 1.4362 0.0696 0.685

(YOg)** 1.4290 1.4385 0.0095 1.421

GaX,(X=S,5¢e)

GaX,(X=S,Se,Te)

(b)

Figure 5. The unit cell of (a) LiGaX; and (b) AgGaX.

The SHG densities on the BO3 and Y-Al planes in YAB
are shown in figure 7, which reveals that the orbitals on
both the BO3; groups and the Y cations (or the Y-O groups)
have significant contribution to the SHG effect, while the

contribution from the A1** cations should be negligibly small.
This is also confirmed by the atom-cutting method (see table 4),
where the contribution of (YOg)?~ groups (1.42pm V') to
the SHG coefficient d; is very large, even larger than that of
(BO3)3~ groups (0.68 pm V.

Therefore, it is concluded that the SHG density analysis
provides a visualized tool to directly identify the orbitals on
which ions or groups contribute to NLO properties and further
to investigate in depth the intrinsic origins of the SHG effect
in crystals.

3.3. Non-bonding state analysis and MVBS method

As mentioned above, apart from the SHG coefficients and
birefringence, the energy bandgap (or short wavelength cutoff)
is a key factor to determine the application range of an NLO
crystal. Therefore, accurate prediction of the energy bandgap
is vital for the discovery of new NLO crystals with good
performance. However, it is usually very difficult to grow
crystals with high optical quality in experiments so as to
accurately measure the energy bandgap at the initial stage of
materials discovery. On the other hand, the DFT methods with
the LDA and GGA XC functionals seriously underestimate the
energy bandgap (see section 2). Recent attempts have been
devoted to solving this problem by using the higher level XC
functionals such as the GW approximation, exact exchange
[97], hybrid and screened-hybrid functionals (e.g. PBEO and
B3LYP) [98], time-dependent DFT [99], and the A-sol method
[100], but these methods are quite computational resource
consuming and only simple unitary and binary semiconductors
were considered in these studies. Therefore, it is necessary to
develop a rapid and effective method to predict the bandgap in
NLO crystals.

‘We focus on the energy bandgap prediction in the borates
which transmit a wavelength less than 200 nm (corresponding
to the energy bandgap E, > 6.2eV) due to their very
important NLO applications in the UV and deep-UV spectral
regions. Based on the DFT electronic structure calculations
with PBEO XC functionals which have the ability to predict the
energy bandgap with high precision [47], we have analyzed
the electronic states that determine the energy bandgap and
proposed a very effective empirical method, i.e. the MBVS
method, to accurately predict the energy bandgaps in the UV
borates.
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Table 5. Calculated and experimental values of the optical properties and the contributions of the respective groups in LiGaX, and AgGaX,

(X =8, Se, and Te) crystals.

LiGaS, Li+ GaS; Origin Experimental
Ny 1.1234 2.1798 2.1972 2.0674
ny 1.1226 2.1250 2.1403 2.1048
n; 1.1181 2.1224 2.1400 2.1073
An 0.0053 0.0574 0.0572 0.0572
dy; (pmV~H 0.0 —3.80 —3.80 —5.80
dy (pmV~H 0.0 -3.10 -3.10 —5.12
dy; (pmV~H 0.0 7.01 7.20 10.7
LiGaSe, Li* GaSe, Origin Experimental
My 1.1274 2.3190 2.3356 22373
ny 1.1268 23112 2.3258 2.2849
n, 1.1258 2.3257 2.3423 2.2882
An 0.0015 —0.0145 0.0165 0.0509
d;; (pm VY 0.0 —6.25 —6.25 10.0
dy (pm V- 0.0 —4.55 —4.60 7.7
dy; (pm VY 0.0 13.05 13.45 —18.20
LiGaTe, Li* GaTe; Origin Experimental
o 1.4611 2.7901 2.8101 —
Re 1.4504 2.8264 28421 —
An 0.0107 —0.0363 0.0320 —
dys (pm V™Y —0.70 —49.55 —50.40 —42
AgGaS, Ag* GaS; Origin Experimental
Mo 1.4373 2.3503 2.5840 2.4486
e 1.4341 2.3364 2.5530 2.3954
An 0.0032 0.0139 0.031 0.0532
dy (pmV~1) 052 14.84 14.10 11.0,12.5
AgGaSe, Ag* GaSe, Origin Experimental
o 1.4676 2.7355 2.9798 2.8932
ne 1.4630 2.7275 2.9358 2.8452
An 0.0040 0.0080 0.0440 0.048
dys (pmV~H  1.18 46.25 45.20 33
AgGaTe, Ag* GaTe; Origin Experimental
o 1.4442 3.0090 3.2678 2.9859
e 1.4497 3.0541 3.2799 3.0047
An —0.0055 —0.0451 —0.0115 —0.0188
dys (pm V1) 222 90.0 99.5 —

Four representative borate UV NLO crystals, BBO,
LBO, KBBF, and BABF, have been chosen for the DFT
electronic structure calculations, and the partial densities of
states (PDOSs) close to the forbidden band projected on the
constituent atoms are shown in figure 8. The PDOSs clearly
exhibit the strong hybridization between B and O orbitals in
the upper region of the VB, indicating their strong covalent
chemical bonds. More importantly, the energy range close to
the VB maximum is exclusively occupied by O 2p orbitals and
these electronic states have negligibly small hybridization with
any other orbitals, so forming non-bonding states or dangling
bonds. Accordingly, we introduce a parameter Rng, defined
as the ratio of the focused orbital total density of state (DOS)
at a given energy level, and the orbitals with Ryg > 0.9
are considered as the non-bonding orbitals [101]. Using this
parameter the non-bonding orbitals in the electron structures
are quantitatively identified, shown in the shaded areas in
figure 9. If these non-bonding states are eliminated, all energy
bandgaps of these crystals would approach about 9.0eV. In
the other words, the energy bandgap in the UV borates is
determined by the non-bonding states.

Figure 10 exhibits the charge densities of these non-
bonding states projected on real space in the four borate
crystals. Indeed the non-bonding states are located at
the oxygen atoms, but their magnitude strongly depends
on the local chemical environment around the oxygen
atoms. Thus, we slightly modified the bond valence sum
method, named as the MBVS method [72], to characterize
these local environments. In the MBVS method, the
modified bond valence of an oxygen atom is defined by the
sum of the bond valences of the bonds connected to the

atom:
VM = Z exp ( )

where R; is the bond length between the central oxygen atom
and the ith surrounding atom in a real crystal, Ry is a tabulated
parameter, expressing the ideal bond length when the ith atom
contributes exactly unit valence to the central atom, and b is an
empirical constant representing the variation of bond valence
with respect to bond length (typically 0.37 A for borates) [102].

Ro — R;

, “

10
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Figure 6. (a) Charge density and (b) SHG density on the plane of the (B;O¢) group in BBO.

S max

B @0 @Al ' Y

Figure 7. SHG densities on the (a) (BOs) groups and (b) Y-Al planes in YAB. Figures reprinted with permission from [64], Copyright 2011

American Institute of Physics.

Here we only account for the contribution from the neighbour
B-site cations, since the interactions between the A-site cations
and oxygen anions have no influence on the non-bonding states.
Clearly, the larger the Vy is, the fewer non-bonding electrons
remain on the oxygen. Thus, the smallest Vy(Vy (min))
identifies the highest number of the non-bonding orbitals
on oxygen atoms and determines the bandgap in a UV
borate.

Figure 11(a) displays the bandgap E, as a function of
VM (min) in several representative UV borates, which shows a
very strong linear dependence. Their relationship can be fitted
by the least square method as

E, = 1.83Vp(min) +4.41. 5)

To verify the generalization of the MBVS method, formula
(5) is used to predict the bandgaps of all UV borates whose
experimental values have been determined accurately. The
results shown in Figure 11(b) clearly demonstrate a very good
agreement between the predicted and experimental values with
the relative error less than 5%. It should be emphasized that
our studies ignore the UV borates in which the B—O units are
BO, groups exclusively; for these crystals formula (5) should
be re-fitted.

In summary, the non-bonding state analysis based on the
DFT electronic structure calculations provides understanding
of the origins of the energy bandgap difference in UV borates,
and the MBV S method further offers an effective way to predict
their energy bandgaps based on the structural features.
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4. First-principles prediction and design

In the above sections, first-principles methods have
been adopted to investigate the intrinsic origins of the
linear and NLO properties in NLO crystals from the
microscopic scale. Understanding of the structure—
property relationship can lead us to develop a molecular
engineering method for the design of new NLO materials in
experiments. In this section the materials applications for
the prediction and design of new NLO crystals by DFT are
exemplified.

4.1. Molecular engineering on new UV borates

Here MM'Be;sB,OgF (M = Na, M = Ca; M K,
M’ = Ca, Sr) [103] and LaBeB3;0O; [104] are presented as
two representative examples. The structure of MM'Be, B, O¢F
was deduced from that of SBBO, which contains (BegBgO15)
layers with parallel BO3 arrangement favourable to achieve

good NLO properties. However, SBBO has a serious structural
polymorphism problem due to the large size of Sr** cations
located between the layers and the relatively short Be—O bond
lengths connecting the neighbouring layers, as revealed by
the first-principles analysis [61,105]. Thus, we considered
using F~ anions to substitute the bridged O?>~ anions between
the layers in the SBBO structure. This is because the
Be—F bond length is larger than that of the Be—O bond,
and this would make the space between the adjacent layers
more flexible. Thus, the Be atoms are more ‘comfortably’
accommodated at their original sites, which may decrease
the occurrence of stacking faults in the SBBO-type crystal.
Meanwhile, the alkaline cations such as Na*, K*, and Ca*
cations are introduced into the SBBO structure to partially
or totally substitute Sr*>* cations for charge balance. As a
result, the series of new UV borates MM'Be;B,OgF M =
Na, M = Ca; M = K, M' = Ca, Sr) were successfully
synthesized in experiments through this molecular engineering
design. It was proven that the new structural features



J. Phys. D: Appl. Phys. 47 (2014) 253001

Topical Review

8.5 s P e i e iz |0
ok

S 80 5 * A& Aso -
4 L

3, /2
g 15 - 2,72 S L
20 / Tl
po il F 2

4

i il <

g 70 : * 70 8
— / TU
[ : PR 8
S 65 - Mk Y Jes §
£ ,’ 7 &
8= / ; s
;5_6.0 - N, 160 <
S @ 1{/ / (b); =

55 o O A R N VS ol -4 | o] A A O A vl O i 55
10 12 14 16 18 20 2255 60 65 70 75 80 85

V

M

Predicted band gap (eV)

Figure 11. (a) Relationship between the V);(min) parameters and the energy gaps in the representative UV borates. The straight line is fitted
from formula (5). (b) Experimental bandgaps versus MBVS predicted values. The dashed lines indicate the relative error boundaries of
+5%. Figures reprinted with permission from [72], Copyright 2013 American Institute of Physics.

overcome the polymorphism problem inherent in the SBBO
structure [103].

LaBeB3;0O; was deduced from SrB;O; (SBO), a NLO
borate with very low UV absorption edge (~130nm). The
microscopic units accounting for the optical anisotropy
in SBO are the tetrahedral BO,4 anionic groups, which
have birefringence too small to achieve the phase-matching
condition. In order to overcome this problem, we introduced
the Be?* cations into the SBO structure to partly replace the B
cations by forming the (BO,)>~ and (BeO4)®~ anionic groups
in a molar ratio of 0.5:0.5. Although both anionic groups have
relatively small birefringence [33, 106], the deformation of the
local environments around the BO4 and BeOy4 groups can result
in the enhancement of the overall anisotropy. Atthe same time,
the La®* cations were chosen to substitute the Sr** cations
due to their close ionic radius. By this molecular engineering
design, the new LaBeB3;0; compound was discovered, which
exhibits good phase-matching capabilities at the wavelength
of 1064 nm [104].

4.2. Prospect evaluation of the deep-UV NLO carbonate
crystals

For a long time, borates have been considered as the only
candidates for the deep-UV NLO crystals. Recently, Ye’s
group has discovered several fluoride carbonates, i.e., the
MNCO:F (M = K, Rb, Cs; N = Ca, Sr, Ba) family
[16], which exhibits promising potential as NLO crystals in
the deep-UV region. However, due to the limits of crystal
growth it is very difficult to obtain large crystals with high

quality and to thoroughly perform the experimental evaluations
in the current stage. The first-principles calculations, thus,
provide an effective and accurate way to investigate the
prospects of these NLO crystals in the UV and deep-UV
regions.

In particular, the fluoride carbonates with the formula
A;(CO3)F,, (A represents the alkaline and/or alkaline-earth
metal elements) invoke our specific interest because they
usually have very large energy bandgap and relatively large
NLO effect. We have explored all carbonates with the
A;(CO3)F,, formula in the Inorganic Crystal Structural
Database [107] and catalogued them into three classes
according to their structural features, as shown in figure 12.
In figures 12(a) and (b) the triangle planar (CO3)?>~ groups
are both flat lying with the orientation exactly parallel in the
former and partly antiparallel in the latter, while in figure 12(c)
the (CO3)?~ groups are standing on edge with respect to the
overall structural layering. Our first-principles linear and
NLO properties are in good agreement with the available
experimental results, demonstrating the validity of our first-
principles methods on the carbonate NLO crystals [108]. The
detailed comparison with the UV NLO borates reveals that the
fluoride carbonates with the flat-lying structures have larger
birefringence (An > 0.1) than that of UV borates (An ~ 0.07),
and they are suitable to be birefringent crystals which can
be used for polarizers, beam displacers and beam splitters in
the UV region. Moreover, these carbonates have a stronger
SHG effect than do UV borates, so they are very good
candidates for the harmonic generation of 266 nm coherent
light, which has important applications in industry, but the
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Figure 12. Crystal structures in the UV fluoride carbonates according to their structural features: (a) the triangle planar (COs) groups are
flat lying with the orientation exactly parallel, (b) the (CO3) groups are flat lying but partly antiparallel, (c) the (CO3) groups are standing on
edge with respect to the overall structural layering. Figures reprinted with permission from [108], Copyright 2013 American Chemical

Society.

available NLO crystals are still in great demand. However,
it should be emphasized that the energy bandgaps of all
known fluoride carbonates are less than 6.3 eV (wavelength >
195 nm), which is not large enough for deep-UV harmonic
generation. As comparison, the UV borates BABF and
KBBEF possess much shorter UV edges of 165 nm and 150 nm,
respectively.

In order to investigate if it is possible to find the
fluoride carbonates with large energy bandgaps, the non-
bonding state analysis presented in section 3.3 has been
performed in the known A;(CO;3)F, crystals. As shown
in figure 13, similar to the case of UV borates the O 2p
non-bonding states are located at the VB maximum and
determine the energy bandgap in the fluoride carbonates.
The elimination of these non-bonding states can be fulfilled
by modifying the local chemical environment around the
oxygen atoms. With the guidance of this idea, we consider
that the incorporation of lightweight metal cations from

groups ITA and IITA could improve the energy bandgaps in
carbonates [108].

Through systematically substituting Ca®*, Sr*>* or Ba®*
cations by Be?* or AI** atoms in MNCO;F, we theoretically
discovered two novel fluoride carbonates, KBeCOsF and
RbAICO;3F, [109], which are kinetically stable (i.e. have
a phonon spectrum without imaginary vibration frequency),
and their structures are plotted in figure 14. Our
first-principles calculations predict that both KBeCO;F
and RbAICO;s;F, possess very large energy bandgaps,
7.61eV (~164nm) and 8.21eV (~152nm), respectively.
Meanwhile, their birefringence and SHG coefficients are
larger than those in KBBF. The excellent linear and NLO
properties in KBeCOsF and RbAICO3F, demonstrate that
both crystals have very good deep-UV SHG capabilities
comparable to those of KBBF. Upon being obtained, these
crystals would be applied as excellent deep-UV NLO
materials.
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Figure 13. PDOS in a UV fluoride carbonate. The non-bonding
states are indicated by the shaded areas.

4.3. Selection and design of mid-IR NLO halide crystals

Low LDT is one of the major barriers in the practical
applications of the commercially used mid-IR NLO crystals
including AgGaS, [110], AgGaSe, [111], ZnGeP, [112], and
LiBC, (B = Al, Ga, In; C = S, Se, Te) [91,113]. Itis
known that the LDT is closely relevant to the energy bandgap
(E,) in crystals, but an increase of bandgap usually results in
a decrease in the SHG effect. Thus, the key issue in the search
for and design of good mid-IR NLO materials is to achieve
a balance between having a large bandgap and strong SHG
effects. In general, it is required that a good mid-IR NLO
material should have an energy bandgap larger than 3.0eV
(corresponding to about 100 MW cm ™2 for a nanosecond laser,
see figure 1) and SHG effects larger than 10(d.sr of KDP),
which are enough for almost all academic and commercial
purposes.

The halide-based materials attract our interest since they
exhibit wide IR transmission, reasonable SHG coefficients
and relatively high LDT [114-119]. However, systematic
investigation of the structural selections of the mid-IR halide
materials with good NLO performances is still lacking. The
first-principles studies, hence, give insight into structure—
property relations for the linear and NLO properties of mid-IR
NLO halides at the atomic level. We classify the halide crystals
into four types according to their fundamental structural units
[MX,], where M is the central metal cation, X is the halide
anion and k = 6, 4, 3, 2, i.e. [MXg] distorted octahedra,

[MX,] tetrahedra, [MX3] triangular pyramids and [MX;] one-
dimensional strings (see figure 15). To comprehensively
understand the influence of the halogen ions on the optical
properties, we also construct a series of hypothetical halide
crystals by substituting one type of halogen ion with another
in some known halides.

Figure 16 displays the distribution of energy bandgaps
with respect to the SHG effect in all the crystals studied. It
is clear that the increase of energy bandgap E, is usually
accompanied by a decrease of SHG coefficients d;;, confirming
thatitis indeed a key issue to seek a balance between E, and d;;
for finding good NLO mid-IR halides. In general, the fluorides
possess large energy bandgap but small SHG effect, while the
iodides possess large SHG effect but small energy bandgap,
so neither of them are suitable candidates for mid-IR NLO
applications. The halide crystals which satisfy the requirement
for being a good mid-IR NLO crystal, i.e. bandgap greater than
3.0eV and SHG effect larger than 10 x KDP (as shown by
the yellow region in figure 16), are the chlorides and bromides
containing [MX4], [MX3] or [MX5] units [48]. Itis convincing
that this atomic level insight based on the DFT calculations
will be significant in the search for and design of new wide-
gap NLO crystals with large SHG effect in the mid-IR spectral
region.

5. Conclusion and future prospects

NLO crystals are very important to development of laser
technology and related scientific fields. Explorations of new
NLO crystals with good performances in various spectral
regions are of perpetual interest in optoelectronic functional
materials. Unlike many technological applications, where
it is very hard to find properties at the microscopic scale,
NLO materials are a good field for first-principles predictions
since the key optical properties, including birefringence, SHG
coefficients, and even energy bandgaps, can be readily obtained
from the atomic level. It should be emphasized that, besides
the applications presented in this review, the DFT methods
can also be used to study other properties in the NLO
crystals, such as the crystal stability [105] and the influence
of impurities or defects on the optical properties in crystals
[120-123]. Therefore, first-principles simulations, as the third
research method apart from pure theoretical and experimental
investigations, can significantly prompt the discovery of NLO
crystals. Namely, the ab initio calculations can be employed
to judge if it is desired to perform further single-crystal growth
for precise optical measures at the initial stage of a new
compound discovery. Moreover, elucidation of the structure—
property relations and the structural selections deduced from
the first-principles simulations would guide the explorations
of good NLO materials in experiments. It is anticipated that
the first-principles studies not only significantly improve the
search efficiency, e.g. shorten the exploration period from
about 15years [3,124] on average to less than 6 years, but
also greatly help experiments to save huge human and raw
material resources. In fact, this computer-based molecular-
engineering research approach is consistent with the essence
of the Materials Genome Initiative [125] currently proposed
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