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One of the most important nonlinear optical (NLO) effects is the second-harmonic generation (SHG), and
crystals with strong SHG effects are called NLO crystals. The traditional anion group theory has guided the
early discovery of NLO crystals, but the variety of NLO-active motifs discovered so far is limited. In this study,
material-type unbiased high-throughput first-principles calculations are performed to screen thousands of mate-
rials in a materials database for NLO crystals at target frequencies. The electronic, linear, and nonlinear optical
properties of these materials are calculated. Among them, 40 NLO crystals suitable for mid-infrared (MIR)
frequencies and 5 for deep-ultraviolet (DUV) frequencies are identified, from 229 materials to which scissors
correction is applied. As an extension, several NLO-active motifs that dominate the SHG response are identified,
and they all show good transferability among similar materials. Furthermore, for materials where scissors correc-
tion cannot be applied due to the lack of accurate bandgap value in the database, a recommendation list of NLO
crystals based on the scaling law of bandgap and SHG susceptibility is presented. The discovery of new NLO
crystals and NLO-active motifs beyond traditional methods will greatly accelerate the applications of NLO crys-
tals at DUV and MIR frequencies and enrich our understanding in the search and design of new NLO crystals.
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I. INTRODUCTION

Nonlinear optical (NLO) crystals, known for their strong
second-harmonic generation (SHG) effect, play essential roles
in both fundamental science and optical applications [1,2].
The SHG effect doubles the light frequency as it passes
through an NLO crystal. This frequency doubling greatly
broadens the range of laser frequencies, and can be used in
photodetectors [3], optical modulators [4], and pulsed lasers
[5]. Additionally, SHG serves as a noncontact probe for struc-
ture characterization with high spatial and time resolution [6].

Until now, commonly used NLO crystals, such as
β-BaB2O4 (β-BBO) [7], LiB3O5 (LBO) [8] and KBe2B2O6F2

(KBBF) [9], are all discovered with the guidance of the anion
group theory [10]. Anion group theory suggests that the pri-
mary contribution to static second-harmonic generation arises
from the optical response of the anion group [11]. Recent ab
initio calculations by Lei et al. reveal that orbitals from the
top valence bands significantly impact SHG coefficients [12].
Hence, identifying NLO-active motifs with substantial SHG
coefficients remains crucial in the search for NLO crystals.

However, the searching of NLO crystals in the deep-
ultraviolet (DUV; wavelength λ � 200 nm or energy
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h̄ω > 6.2 eV) and mid-infrared (MIR; wavelength 3 µm <

λ < 5 µm or energy 0.25 eV < h̄ω < 0.41 eV) frequencies
faces limitations. Firstly, materials satisfying the criteria of
NLO crystals working in DUV and MIR frequencies are rare
due to the conflict requirement of a substantial bandgap/laser
damage threshold and a large static SHG susceptibility
[13,14]. Furthermore, due to the strict criteria, the traditional
searching methods of NLO-active motifs based on chemi-
cal intuitions are inefficient. Even if an NLO-active motif is
identified in one specific material, the transferability of the
NLO-active motif among similar materials is not guaranteed.

As computational capacity rapidly increases, high-
throughput calculations at the ab initio level have become
an efficient method for predicting materials with desired
NLO properties. Recently, high-throughput NLO screening
has been applied to specific material types, such as borates
[15] and chalcogenides [16], to screen out new NLO candi-
dates, as many previously known NLO crystals are from these
two material types. Moreover, material-type unbiased high-
throughput calculations can lead to the discovery of diverse
NLO-active motifs [17].

In this work, we performed material-type unbiased high-
throughput first-principles calculations to study the electronic,
linear, and nonlinear optical properties of more than 2000
materials from the Materials Project (MP) database [18].
Based on high-accuracy calculations of 229 materials, we
screened out 5 NLO candidates working in the DUV
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frequencies and 40 NLO candidates working in the MIR
frequencies. The majority of these candidates are covalent
materials, oxides, and ionic crystals with mixed anions.
Furthermore, through ab initio calculations we identified sev-
eral novel NLO-active motifs in covalent materials, oxides
and mixed anion crystals with substantial SHG contribution
and good transferability. Additionally, we proposed an intu-
itive method to identify NLO-active motifs in ionic crystals,
which serves as a coarse filter for discovering new NLO-
active motifs. Finally, we presented a recommendation list for
NLO candidates screened from 2389 materials calculated at
medium accuracy based on a proposed NLO indicator. Our
NLO crystal screening approach will significantly accelerate
the experimental discovery of NLO crystals and our discovery
of NLO-active motifs with good transferability will enrich our
understandings of searching and designing NLO crystals.

II. METHODS

A. Electronic structure

We began with structures provided by the MP database
and conducted first-principles calculations with the pack-
age OpenMX [19,20] to obtain band structures and the
density functional theory (DFT) Hamiltonian. We adopted
the exchange-correlation functional in the Perdew-Burke-
Ernzerhof (PBE) [21] form and utilized norm-conserving
pseudopotentials proposed by Morrison et al. [22]. The
total energy is converged to within 3 × 10−8 hartree and
the k-mesh density for self-consistent calculations exceeded
803 Å3. In OpenMX, wavefunctions are spanned by a set of
pseudo-atomic basis. We verified that our basis sets for high-
throughput calculations yield similar band structures to those
provided by the MP database. The pseudo-atomic basis for
each element is listed in Table S6 within the Supplemental
Material [23] (see also Refs. [24,25] therein). The cut-off
energy for numerical integration is set to be 300 hartree.

B. Optical responses

Optical responses, including the linear susceptibility tensor
χ (1) and the second-order SHG susceptibility tensor χ (2), are
calculated using the HopTB package [26–28] based on the
DFT Hamiltonian obtained from OpenMX. The number of
bands we included in calculations is more than four times the
number of valence bands. Our tests also show that the k-mesh
density of 203 Å3 is enough for the convergence of static SHG
in most cases, while we also noticed that a denser k mesh is
necessary for the convergence of frequency-dependent SHG.
The relaxation energy h̄ε in the optical process was set to be
0.1 eV.

It is worth mentioning that as we did not include
spin-polarized materials and spin-orbit coupling in our calcu-
lations, spin-up and spin-down bands are doubly degenerate
in the whole Brillouin zone and contribute equally to SHG
susceptibility. As a result, we only labeled the spin-up bands
and their band-resolved SHG in plots of band-resolved SHG,
while the degenerate spin-down bands give exactly the same
result. The influence of spin-orbit coupling on SHG is left for
future investigation.

Due to the limitation of our computational method, we did
not include excitonic effects. Although excitons play impor-
tant roles on the linear and SHG susceptibility around the
bandgap energy, their influence on the linear and static SHG
susceptibility evaluated at ω = 0 eV is very weak. Therefore,
computed results of static linear and SHG susceptibility based
on the DFT method are still in good agreement with the values
measured in experiments [29,30].

III. RESULT AND DISCUSSION

A. Criteria for nonlinear optical crystal

NLO crystals as frequency doubling crystals must satisfy
the following criteria. First, a nonzero SHG response occurs
only in materials lacking inversion symmetry. This symmetry
can be broken either by the crystal structure or by the magnetic
structure [31,32].

Second, the bandgap energy Eg of a NLO crystal should
be at least twice the energy of the fundamental light [33,34].
Under this condition, the fundamental and second-harmonic
light are away from resonant adsorption. As a result, heat
generation is avoided and transmission is maximized.

Third, to obtain large SHG conversion efficiency, NLO
crystals should have large SHG susceptibility χ (2)(2ω; ω,ω)
[33]. As the dispersion of SHG susceptibility much below the
bandgap is weak according to the Kramers-Kronig relation,
the SHG susceptibility in the zero-frequency limit, namely,
the static SHG χ

(2)
0 , is commonly used to characterize the

SHG response below the bandgap. The SHG coefficients can
even be decoupled to each band, and the static SHG from the
nth band for the pure interband term is

χαβγ
e,n = e3

6h̄2 P(αβγ )
∫

d3k
(2π )3

∑
m,p

Re
{
rα

nmrβ
mprγ

pn

}

× ωm fnp + ωp fmn + ωn fpm

ωmnωpnωmp
, (1)

and for the mixed term is

χ
αβγ

i,n = − e3

4h̄2 P(αβγ )
∫

d3k
(2π )3

∑
m

fnm

ω2
mn

Im
{
rα

nmrβ
mn;γ

}
, (2)

where n, m, and p are band indices. Here α, β, and γ represent
Cartesian directions and P(αβγ ) denotes the full permutation
of indices α, β, and γ . fnm and ωnm are the occupation dif-
ference and energy difference between bands n and m. rα

nm =
i〈un|∂kα

um〉 is the interband Berry connection where |um〉 is the

periodic part of the Bloch function. rβ
mn;γ = ∂rβ

mn
∂kγ

− i[ξγ
mm −

ξ
γ
nn]rβ

mn is the general derivative, where ξ
γ
nn is the intraband

Berry connection [35,36]. The total response is given by the
sum of bands χαβγ = ∑

n(χαβγ
e,n + χ

αβγ

i,n ).
Fourth, NLO crystals need to exhibit a sizable birefrin-

gence �n(ω) to meet the phase matching condition [34].
The phase matching condition guarantees that the second-
harmonic light generated by dipoles in materials interferes
constructively so that the power of the SHG signal increases
linearly with the thickness of the crystal. The birefringence
is defined as �n(ω) =

√
χ (1)

max(ω) −
√

χ
(1)
min(ω), in which

χ (1)
max(ω) and χ

(1)
min(ω) are the maximum and the minimum
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eigenvalues of the linear susceptibility χ (1)(ω). The linear
susceptibility χ (1)(ω) is calculated by

χαβ (ω) = e2

h̄

∫
d3k

(2π )3

∑
n,m

fnmrα
nmrβ

mn

ωmn − ω − iε
, (3)

where h̄ε is a small relaxation energy. Similar to the SHG
susceptibility, the dispersion of �n(ω) is also weak below the
bandgap, and therefore the zero-frequency birefringence �n0

can serve as a good reference.
Aside from the four criteria, NLO materials should also

exhibit a large laser damage threshold, which is positively cor-
related with the bandgap, to be stable under laser illumination
and easy to grow into sizable crystals [37].

B. High-throughput workflow

Our high-throughput calculations are based on material
structures in the MP database which contains computed in-
formation, e.g., band structure calculated at PBE level, of
more than 140 000 known or predicted materials. To screen
out potential NLO crystals, we placed the following filters
to materials in the MP database. First, we selected materials
without inversion symmetry based on their space group. As
we only considered spin-unpolarized materials, we did not
include magnetic materials where the inversion symmetry is
breaking by their magnetic structures. Second, we selected
materials with calculated bandgaps larger than 0.1 eV, to en-
sure the nonadsorption working frequency range. Third, we
avoided elements with partially filled 3d orbitals, including
V, Cr, Mn, Fe, Co, and Ni, due to the difficulty in determin-
ing the ground state of materials containing these elements.
Fourth, we excluded materials reported with a nonzero mag-
netization in the database due to the difficulty in determining
the magnetic ground state. Fifth, we also excluded elements
from the lanthanide and actinium series due to the potential
problem of DFT in treating localized f orbitals. Lastly, we
only computed material with less than 20 atoms in a unit cell
due to our limited computation resources. Other than these,
we did not add any constraints on specific material types to
guarantee an unbiased searching. After applying the above
filters, 2389 materials from the MP database are selected for
spin-unpolarized high-throughput calculations.

In our spin-unpolarized high-throughput workflow, we per-
formed first-principles DFT calculations based on the local
atomic basis. As calculations based on the plane-wave basis
can scale with the number of atoms N as O(N3) while cal-
culations based on the local basis scale as O(N ), our method
is more suitable for calculations of large systems [19]. Then
the optical responses are calculated based on the DFT Hamil-
tonian under the nonorthogonal local atomic basis [27,28],
which can achieve a very dense sampling in the Brillouin
zone with high computation efficiency. Taking AgGaS2 (eight
atoms in the unit cell) as an example, our calculation based on
the local basis takes 0.6 CPU core hour, while our calculation
based on the plane-wave basis (using ABINIT [38]) takes 63
CPU core hour to get a similar convergence of static SHG
value. Therefore, the above combined methods show suffi-
cient accuracy and very high efficiency in the calculation of
nonlinear optical properties.

FIG. 1. High-throughput screening workflow. First, filters based
on symmetry, energy gap, number of atoms, magnetic properties,
and element types are placed. Then DFT calculations are performed
to extract the band structure and DFT Hamiltonian. After that, the
DFT Hamiltonians are used to calculate the optical responses of
229 materials with scissors correction and 2389 materials without
scissors correction. Finally, based on the NLO criteria and NLO
indicator, the target candidates are screened out and a PBE level
suggest list is given.

Our DFT calculations adapt the PBE-form exchange-
correlation functional which usually underestimates the en-
ergy gap and results in the overestimation of χ (1) and χ (2).
On the contrary, the bandgap value obtained from the hybrid
functional is closer to the experimental value at the expense
of a higher computation demand. Therefore, we applied the
scissors correction [39] to optical responses (both SHG and
birefringence) according to their Heyd-Scuseria-Ernzerhof
(HSE) [40] hybrid functional bandgap value reported in the
MaterialsGo [41] database. Due to the limited overlap be-
tween the MP database and the MaterialsGo database, 229
materials with a HSE bandgap larger than 3.0 eV adopted the
scissors correction. All calculations including the electronic
structure and optical responses are performed using an auto-
matic workflow, which is illustrated in Fig. 1.

C. Validation

To validate our calculation methods and results, we
compared our calculated bandgap, birefringence, and static
SHG with experimental measured values for ten most well-
studied NLO crystals, including AgGaS2 [42], AgGaSe2 [42],
ZnGeP2 [43], BiB3O6 [44], CsLiB6O10 [45], CsB3O5 [46],
KBBF [47], LBO [8], Li2B4O7 [48] and SrB4O7 [49]. As
shown in Figs. 2(a) and 2(c), calculations based on PBE ap-
proximation (red circles) generally underestimate the energy
gap by 1–2 eV and greatly overestimate the static SHG by
two to three times. In contrast, the energy gap obtained from
HSE calculations and the static SHG modified by scissors
correction according to the HSE bandgap (blue squares) give
better agreements with experimental values. A more detailed
comparison of experimentally measured and our calculated
frequency-dependent linear and SHG susceptibility and the
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FIG. 2. Comparison of our calculation results with experimental values of ten well-studied NLO crystals. The diagonal line is a guide
to the eye. The closer the data dots to the diagonal line, the better agreement between experimental and calculated values of energy gap
Eg, birefringence �n(ω), and static SHG χ

(2)
0 . (a) The HSE energy gap (blue squares) obtained from the MaterialsGo database [41] and our

calculated PBE energy gap (red circles) versus the experimental energy gap. (b) The calculated birefringence comparing with experimental
values at certain wavelengths. We presented results both at the long-wavelength limit ω = 0 (green triangles) and at experimentally measured
wavelength ω �= 0 (red circles and blue squares). For AgGaS2, AgGaSe2, and ZnGeP2 [42], �n are extracted at 5300 nm, and for the other
seven materials, �n are extracted at 1024 nm. Furthermore, blue squares and red circles indicate the birefringence with and without the
scissors correction. (c) The calculated static SHG comparing with experimental values. max|χ (2)| is the largest absolute value among all
allowed independent SHG tensor components. Blue squares and red circles indicate the largest absolute value of the allowed independent SHG
tensor max|χ (2)| with and without the scissors correction.

influence of scissors correction are included in Figs. S1–S4
of the Supplemental Material [23].

For the birefringence, we not only showed results with and
without applying scissors operation (red circles versus the
blue squares), but also demonstrated the influence of differ-
ent probing frequencies to the birefringence (green triangles
versus blue squares) in Fig. 2(b). Indeed, the influence of an
enlarging bandgap through the scissors operation is equivalent
to probing the linear susceptibility at a lower frequency, as
both lead to the increase of denominator in the linear sus-
ceptibility tensor by a constant, according to Eq. (3). While
increasing the denominator leads to the decrease of the lin-
ear susceptibility tensor, the influence on the birefringence
is more subtle, as �n is related to the difference in square
root of eigenvalues of the linear susceptibility tensor. In the
high-throughput workflow, we calculated the birefringence at
the static limit with HSE bandgap correction (green triangles),
and as Fig. 2(b) indicated, our calculated �n0 is generally
smaller than �n at finite frequency (blue squares) below
bandgap and therefore, our calculations have the tendency
to underestimate the birefringence compared to experimental
values. As the birefringence of NLO crystals has a lower
bound in our screening, our calculated birefringence results
are overqualified for the criterion of NLO crystals.

D. Screening for candidates working in the DUV frequencies

The criteria for DUV materials are max |χ (2)| >

0.78 pm V−1, Eg > 6.3 eV, and �n > 0.08 [50], where
max|χ (2)| is the maximum absolute value of the SHG tensor
components. Five materials are screened out, which are
KCN (mp-20134) [51,52], urea (mp-23778) [53–56], PNF2

(mp-560008) [57,58], BH6CN3F4 (mp-862539) [59] and PNO
(mp-36066) [60]. Their energy gap and nonlinear optical
properties are listed in Table S1 within the Supplemental
Material [23]. Different from the previous designed DUV
NLO crystals which are based on KBBF [61,62], these
five materials show very diverse structures. Notably, these
five materials all share the common features that they are
beryllium-free and their band-edge orbitals all form covalent
bonds. Among them, KCN, urea, and PNF2 are known NLO
crystals verified both by theory and experiments, which again
validates our calculations. The NLO properties of BH6CN3F4

have not been investigated in theory or in experiments before.
However, as BH6CN3F4 has been successfully synthesized
[59], the predicted NLO properties can be easily verified.

Additionally, PNO is also a promising candidate formed
by covalent bonds which has been predicted in theory re-
cently [60] and needs more experimental confirmations.
According to our calculations, PNO (mp-36066) has Eg =
6.39 eV, �n0 = 0.167, and the largest SHG component
χ

(2)
223 = 7.041 pm V−1 as shown in Fig. 3(b), which are also

consistent with the recent theoretical predictions [60]. Its
structure is composed of a three-dimensional network of tetra-
hedrons connected through N and O corners, with P at the
center of each tetrahedron as shown in Fig. 3(a). This struc-
ture is fairly stable with a tiny positive energy above hull
(0.003 eV/atom). The band-resolved SHG for the χ

(2)
223 com-

ponent in Fig. 3(d) shows that band edges (denoted by the
red circles) along with their neighboring bands make the most
contribution of χ (2) in PNO. Orbital projected band structure
shows that the band edge of the conduction band is com-
posed of 3p orbitals of P atoms and the valence bands near
the bandgap are formed by 2p orbitals of N and O atoms,
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FIG. 3. Atomic structure, band structure, and SHG of PNO.
(a) Atomic structure of PNO. (b) Allowed independent SHG tensors
and their values of PNO. (c) Element projected band structure of
PNO. (d) Band-resolved SHG of PNO. The x axis represents the band
index for spin-up bands, and the y axis is the χ (2) value of each band.
The two red circles highlight the band-edge position.

as shown in Fig. 3(c) (each band is doubly degenerate in
Fig. 3). Usually, to get converged SHG results, the number of
conduction bands (Nc) needs to be twice or even three times
larger than the number of valence bands (Nv). However, our
test shows that in PNO, if we only include Nv = 16 valence
bands and Nc = 4 conduction bands, it is sufficient to give
84.8% of the converged SHG response. These again confirm
the dominant contribution of band edges to SHG.

Materials formed by PNO tetrahedrons can adapt many
different structures with slightly different tetrahedron con-
nections. Interestingly, we found materials formed by corner-
sharing PNO tetrahedrons all have large bandgaps. For the
most stable PNO (mp-753671) in Table S4 within the Sup-
plemental Material [23], its HSE bandgap is EHSE

g = 6.29 eV
which is just below our searching criterion. Its SHG suscepti-
bility and birefringence scissored according to this bandgap
is max|χ (2)| = 7.36 pm V−1 and �n0 = 0.11 which satisfy
the criteria for NLO crystals in DUV frequency. Therefore,
stable and metastable PNOs are all DUV candidate materials
(consistent with Ref. [60]), and the tetrahedron formed by
PNO is an important NLO-active motif to achieve a large
static SHG.

E. Screening for candidates working in the MIR frequencies

Based on the elementary requirements for NLO materials
working in the MIR frequencies (max|χ (2)| > 7.8 pm V−1,
Eg > 3.0 eV, and �n > 0.04) [37], we screened out 40 can-
didates out of 229 materials, and among them there are 8
candidates satisfying a more strict criteria with max|χ (2)| >

15.6 pm V−1, and Eg > 3.5 eV. The 8 most promising can-
didates are labeled MIR-preferred and the remaining 32
candidates are labeled MIR-elementary, as shown in Fig. 4.
Among the eight MIR-preferred materials, three of them have

FIG. 4. Distribution of Eg and max|χ (2)| for screened NLO ma-
terials working in the MIR frequencies calculated at HSE level.
Red circles stand for MIR-preferred materials and blue circles stand
for MIR-elementary materials. The green dashed line shows the
difference between MIR-preferred and MIR-elementary. The DUV
candidate PNF2 also is a MIR-preferred candidate, which is beyond
the scale of this plot.

been previously studied as NLO materials, which are CIN
(mp-30068) [52], LiNbO3 (mp-3731) [63] and PNF2 (mp-
560008) [58]. And five are newly found, which are BrF3

(mp-23297), CaGeN2 (mp-7801), LiBiB2O5 (mp-755256),
Zr3N2O3 (mp-755132), and Ti3TeO8 (mp-774922). Detailed
information of these NLO candidates including material ID
in the MP database, chemical formula, and SHG coefficients
are listed in Tables S2 and S3 within the Supplemental Ma-
terial [23]. Among the 40 candidates, 8 materials are mainly
formed by covalent bonds. For the remaining 32 candidates
formed by ionic bonds, classified based on their anion types,
there are 18 oxides, 2 nitrides, 2 chalcogenides, and 1 fluo-
ride. There are also 9 candidates with more than one type
of anion, e.g., NbO2F (mp-752467) and Cs2RbZrOF5 (mp-
42022). Classified based on dimensionality, while most of the
discovered NLO candidates form three-dimensional network
structures, we also found molecular crystals CIN and BrO2F,
stacked one-dimensional chain structures, i.e., PNF2, SeO2,
and SbOF, and a stacked two-dimensional layered structure
BrF3. By analyzing the SHG contribution and orbital char-
acter of each band, we can figure out promising NLO-active
motifs that dominate the NLO response. Here we introduce
the structures of a few NLO candidates with representative
motifs in oxides and ionic crystals with mixed anions.

KBrO3 (mp-22958) is a NLO candidate belonging to ox-
ides, and its atomic configuration is shown in Fig. 5(a). Br
and three O ions form the four corners of a tetrahedron, while
K ions are far away from both Br and O ions with the shortest
distance between K and the nine nearest neighboring O ions
to be 3.13 Å. The structure has R3m symmetry with three
independent static SHG components χ112, χ113, and χ333 as
listed in Fig. 5(b). As shown in Fig. 5(d), the main SHG
contribution of the largest tensor component χ112 comes from
bands near band edges, and the projected band structure in
Fig. 5(c) reveals that those are the 3p orbitals of Br in the
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FIG. 5. Atomic structure, band structure, and SHG components
of KBrO3. (a) Atomic structure of KBrO3. (b) Static SHG value for
all allowed tensor components. (c) Element projected band structure.
(d) Band-resolved SHG for the χ 112 component. Red circles high-
light the contribution from band edges.

conduction band and the 2p orbitals of O in the valence band.
On the contrary, the empty 3s orbitals of K ions are far away
from the conduction band edge and do not contribute much
to the SHG. Therefore, the [BrO3] tetrahedron is a typical
NLO-active motif that contributes most of the SHG. Similar
oxide motifs discovered among our NLO candidates are the
[IO3] tetrahedron in CsIO3 and the [NO3] triangle in RbNO3.

The NLO candidate Cs2RbZrOF5 (mp-42022) has two
types of anions, F− and O2−, and belongs to fluozirconate.
Cs2RbZrOF5 has the space group I4mm and is formed by
face-sharing polyhedra as shown in Fig. 6(a). Rb and Zr are
in distorted octahedra formed by five F ions and one O ion,
while each Cs is surrounded by ten F ions and two O ions
with the shortest distance between Cs and F to be 3.39 Å and
Cs and O to be 3.42 Å. There are only two independent
tensor components χ113 and χ333 for static SHG, as shown in
Fig. 6(b). A detailed band-resolved SHG analysis and element
projected band structure in Figs. 6(d) and 6(c) reveal that the
major contributions of χ333 are from Zr and O 2p orbitals near
band edges while the s orbitals of Cs and Rb are too high
in the conduction and the 2p orbitals of F are a few electron
volts away from the valence band edge. While F has a minor
contribution to SHG, the existence of F increases structural
anisotropy and therefore can contribute to birefringence [61].
As a result, the structural motif that contributes the most to
SHG is the [ZrF5O] octahedron. In addition to the combina-
tion of anions O2− and F−, there are also several candidates
formed by the combination of anions O2− and N3−, such as
Ge2N2O (mp-4187). In short, the combination of anions can
create more structural flexibility, eliminate dangling bonds to
ensure a large bandgap, and even create a more asymmetric
structural motif to ensure large birefringence.

Analysis based on first-principles calculations as shown
above is the most rigorous method to identify NLO-active

FIG. 6. Atomic structure, band structure, and SHG components
of Cs2RbZrOF5. (a) Atomic structure of Cs2RbZrOF5. (b) Static
SHG value for all allowed tensor components. (c) Element projected
band structure. (d) Band-resolved SHG for the χ333 component. Red
circles highlight the contribution from band edges.

motifs and NLO crystals. However, in ionic crystals, analysis
based on Pauli electronegativity and crystal structures can also
give us a rough estimation of the NLO-active motifs and NLO
crystals. Firstly, we can use the table of electronegativity to
figure out the element character at the conduction band edge
which is usually the cation with the smallest electronegativity,
and at the valence band edge which is usually the anion
with the largest electronegativity [64]. Taking KRb2ZrOF5 as
an example, we deduced that the band edges are composed
by orbitals of Zr and O. Then, by scrutinizing the crystal
structure, we can identify the NLO-active motifs made from
the band-edge elements, and regard it as the NLO-active mo-
tifs. For KRb2ZrOF5, Zr and O form the ZrOF5 octahedron
and hence [ZrF5O] is the NLO-active motif. Finally, if this
specific motif has been reported in a known NLO material,
we can speculate that this newly investigated material has
the potential to be a NLO material. For KRb2ZrOF5, as the
NLO crystal Cs2RbZrOF5 also possesses the same NLO-
active motif [ZrF5O], KRb2ZrOF5 is very likely to be a NLO
crystal and indeed our first-principles results also confirm this
speculation.

F. High-throughput data analysis

Up to now, we have applied the scissors operation to 229
materials according to EHSE

g (see Table S4 within the Supple-
mental Material [23]) and screened out 5 DUV and 40 MIR
NLO crystals. However, we still have 2160 materials with
bandgap, SHG, and the birefringence calculated at PBE level
without applying the scissors operator. Figure 7(a) shows the
bandgap and the maximum tensor component of SHG suscep-
tibility max|χ (2)

PBE| calculated at PBE level for most materials
in our high-throughput calculations. Among them, red points
represent the screened-out NLO crystals, blue points represent
the materials with HSE bandgap but failed to meet the criteria
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FIG. 7. PBE bandgap vs χ
(2)
PBE of materials in our high-throughput calculations. Red circles represent the 45 selected NLO candidates

(including DUV, MIR-preferred, and MIR-elementary). Blue circles represent the 229 materials with HSE bandgap but fail to meet the criteria
of NLO crystals. All the green circles are materials without HSE bandgap corrections. (a) The linear plot and (b) the log-log plot of PBE
bandgap vs χ

(2)
PBE of materials in our high-throughput calculations. The dashed lines F = 200, 2000, 20 000 are shown as a reference.

of NLO crystals, and green points are materials without HSE
bandgap data. It is clear that there are many green points close
to red points. That is to say, at PBE level, those materials
(green points) are as good as the selected NLO crystals (red
points). Therefore, there are still many potential NLO crystals
that are largely unexplored due to the absence of HSE bandgap
data.

According to the expression of static SHG in
Eqs. (1) and (2) and the model analysis in Refs. [14,65],
the scaling of static SHG susceptibility with respect to
bandgap follows

∣∣χ (2)
ααα

∣∣ = F

E4
g

, (4)

where α is the Cartesian direction. F is determined by ma-
terial specific properties, such as the lattice structure, the
measurement direction, the hopping strength, etc. The PBE
results of all 2389 materials are reported in Table S5 within
the Supplemental Material [23] in the descending order of
F , and the log-log plots of most results are also shown in
Fig. 7(b) with the curve F = 200, 2000, 20 000 (eV)4 pm V−1

as reference. According to Table S5 within the Supplemental
Material [23], we find materials with the same NLO-active
motif have a similar F value [e.g., RbLiMoO4 and CsLiMoO4,
KRb2ZrOF5 and Cs2RbZrOF5, Ca(ClO3)2, Ba(ClO3)2, and
Sr(BrO3)2], implying the universality for F as a NLO-active
motif indicator. Furthermore, we discovered that most of the
materials in the database satisfy F < 20 000, which suggests
the existence of an upper boundary for F [14]. Moreover,
our screened NLO crystals are all in the range of F ∈
[200, 20 000] (eV)4 pm V−1 and therefore, we suggest that
materials with PBE results falling in the range of F � 200
are worth detailed scrutiny at HSE level.

We noticed a similar independent work published recently
[17]. As they also performed unbiased high-throughput cal-
culations based on the MP database, we want to emphasize

the difference in data sets between Ref. [17] and our current
work. The major differences are in the filter and screening
criteria. They only considered materials with a bandgap pro-
vided by MP between 2 and 4 eV, while we included materials
with a bandgap larger than 0.1 eV. Therefore, materials with
a seriously underestimated PBE bandgap but a suitable HSE
bandgap are only included in our data set. In addition, the
maximum number of atoms we considered is 20 while they
considered 30. Along with other preliminary filter criteria,
they filtered out 601 materials, while we filtered out 2389
materials to perform the calculations. As for the screening
criteria, they did not apply the constraint on the birefringence
when screening for NLO crystals, while we included this
constraint. Additionally, they used the thermal conductivity
as a signal of laser damage threshold while we constrained
the bandgap value to ensure a large laser damage threshold.
With all these differences in filters and screening criteria, we
found more oxides, covalent, and mixed-anion materials as
NLO crystals and we labeled the NLO crystals discovered in
Ref. [17] in Table S5 within the Supplemental Material [23].

IV. CONCLUSION

The discovery of new types of DUV and MIR nonlinear
optical materials are important for fundamental understanding
of light-matter interaction and optical device applications.
The traditional searching strategy based on specific NLO-
active motifs is limited by efficiency and localized searching
space. In this study, we performed unbiased first-principles
high-throughput screening from materials database and cal-
culated the linear and nonlinear optical responses by linearly
scaled DFT method and optical response methods based
on nonorthogonal localized orbitals. We screened out 5
DUV candidate materials, 8 MIR-preferred materials and 32
MIR-elementary materials, a majority of which are cova-
lent materials, oxides, and ionic crystals with mixed anions.
Furthermore, we identified several NLO-active motifs in
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covalent materials, oxides and mixed anion crystals with sub-
stantial SHG contribution and good transferability, and even
presented an intuitive argument to deduce NLO-active motifs
without performing calculations. Moreover, we proposed an
universal NLO-active motif indicator F based on the scal-
ing law of bandgap and static SHG, according to which we
presented a list of recommended materials calculated at PBE
level that are worth further high-accuracy calculations or ex-
periments at high priority. Our NLO crystal screening from
database will greatly accelerate the experimental discovery of
NLO crystals. Our discovery of NLO-active motifs with good
transferability will enrich the understandings in searching and
designing NLO crystals.
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