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1D Crystalline Assemblies Exhibiting Large Second
Harmonic Generation Susceptibilities and
Stacking-/Polarization-Driven Tunability

Jingyu Yang, Jinbo Pan, Yan-Fang Zhang, Guolin Wan, Yonggian Zhu, Zixuan Wei,
Yuhui Li, and Shixuan Du*

with large SHG susceptibilities, which is
one of the key parameters of SHG,*! re-
mains a big challenge, especially for those
used in high-power optical output.[*] Mean-
while, phase or state transitions of NLO
crystals are also important for tunable
NLO applications, for example, nanopho-
tonic devices and photonic information
communication.’! Sufficiently large SHG
deviations before and after transition are re-
quired for their applications.[®]

NLO crystals can be ionic crystals,”! or-
ganic crystals,®! or van der Waals (vdW)
materials.’! Recently, several vdW NLO
crystals stacked with 1D building blocks
show SHG susceptibilities approaching
the theoretical upper limit across vari-
ous wave ranges and large birefringence
to realize phase matching.'®! Compared
to high-dimensional systems, the confine-
ment of electron motion in NLO crystals
constructed by low-dimensional systems strengthens the light-
matter interaction, leading to pronounced linear and nonlinear
optical responses.['!) Moreover, the stacking diversity!'% and pos-
sible ferroelectric polarization!['?! of 1D building blocks in NLO
crystals were expected to achieve tunable NLO applications. In ad-
dition, the predicted Te,As;I stacked with 1D Te;As, and TeAsI
chains demonstrates that NLO crystals stacked with 1D chains
can obtain large SHG susceptibilities.[1%) The stacking of 1D
chains makes it easy to break inversion symmetry, resulting in
NLO crystals with large NLO coefficients and small bandgaps,
which are in demand for infrared applications.

Nonlinear optical (NLO) van der Waals (vdW) crystals containing 1D building
blocks exhibit large NLO coefficients and birefringence that are crucial for
their applications. In this work, 21 NLO 1D building blocks with large second
harmonic generation (SHG) susceptibility from the Computational 1D Mate-
rials Database (C1DB) are screened. Among them, 14 are hitherto unreported
and have SHG susceptibilities approaching theoretical upper limits. Forty-five
new vdW NLO crystals are then constructed by stacking one or two of the 21
building blocks. Eighteen of them inherit the large SHG susceptibilities of their
corresponding 1D building blocks. Three stable crystals exhibit large SHG
susceptibilities and birefringence, while one stable crystal possesses ferroelec-
tricity. Interestingly, the SHG susceptibilities of the newly constructed NLO
crystals are inversely proportional to the third power of their bandgaps. Further
calculations show that the SHG susceptibilities of the vdW NLO crystals can
be tuned either by stacking order or by reversing electric polarization, providing
possibilities for their application in tunable nonlinear optics and NLO switches.

1. Introduction

The second harmonic generation (SHG) process is a coherent
nonlinear process wherein two lower energy photons are upcon-
verted to exactly twice the incident frequency (or half the wave-
length) of an excitation laser.!] This process is of great interest in
photolithography, atomic clocks, communication, and so on.[?]
Nonlinear optical (NLO) crystals are ideal materials that can gen-
erate SHG process. However, exploration of novel NLO crystals
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Starting from 3157 1D chains in the Computational 1D Materi-
als Database (C1DB),[**] proper bandgaps, symmetry, the charge
difference of the atoms on the chains (Ag), and stability are eval-
uated. We identified 21 1D chains with large SHG susceptibili-
ties, which have static and peak SHG susceptibilities larger than
0.5% and 25% of the upper limit (two-band model), respectively.
Fourteen of these chains are newly reported as NLO building
blocks. Using these 21 chains from our high throughput screen-
ing (detailed information including their formula and proper-
ties are shown in Table 1) as building blocks, 45 new bulk vdW
NLO crystals are constructed by considering lattice mismatch
less than 5%. Among them, thirteen crystals contain only one
kind of 1D chain, while the others contain two kinds of 1D chains.
Eighteen of them inherit the large SHG susceptibilities of the
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Table 1. Chemical formulas, sources, points groups, energy above convex hull (E ), charge differences of atoms on the chains (Aq), Gap types, HSE
bandgaps (E,), SHG peak locations (Epe,), SHG peak susceptibilities y@ (0, 0), static SHG susceptibilities (¥ (0,0)), and lattice constant along
chain L for 21 1D NLO building blocks. For materials with several tensor elements in SHG susceptibilities, only the values of the highest are shown here.

* represents unreported NLO building blocks.

Formula Source  Pointgroup  E, [eV per atom] Aq Gaptype HSEgap[eV] Epeuc[eV]  #@ e [nm® V'] x@(0,0) [nm® V7] L[A]
WBr,O Exp Cy 0 2.939 Indirect 2.38 2.33 0.59 0.01 3.85
NbBr;O Exp G, 0 3.273 Indirect 3.10 3.77 0.47 0.012 3.91
wcl,0 Exp Cy 0 3.161 Indirect 3.36 2.33 0.37 0.0053 3.93
Nbl,0 Exp* C, 0 3.037  Direct 1.63 217 0.72 0.016 3.94
SO, Exp* G, 0 4.557 Direct 7.59 9.05 0.045 0.00046 4.15
PNF, Exp G, 0 5.756 Direct 7.75 4.64 0.051 0.00085 4.99
BPS, Exp G, 0 2.033 Indirect 3.54 438 0.13 0.0015 5.28
Be,IBrCl, ML* G 0.002 2.429 Direct 6.74 5.64 0.051 0.00042 5.46
Ti,Cl,08, ES* s, 0 2126 Indirect 2.57 2.64 0.46 0.02 5.56
TaSbF,, ES* G 0 3.559 Direct 7.16 5.74 0.045 0.00042 5.59
Ti,Br,OSq ES* S, 0 2,111 Indirect 2.37 2.61 0.47 0.027 5.59
NbSbF,o Exp* G 0 3.660 Direct 6.61 5.65 0.032 0.00049 5.62
Tiy1,0Sq ES* S 0 2.100 Indirect 1.96 291 0.46 0.046 5.63
AIPS, Exp c, 0 2546 Indirect 414 5.09 011 0.00093 5.68
Be,l;Br ML* Cs 0.007 2.309 Indirect 5.92 3.65 0.063 0.0003 5.93
TiZrBrg ML* G 0 2.360 Indirect 3.03 433 0.28 0.0034 6.43
SnTisBry,S, ML* G 0.004 2009  Direct 131 174 3.48 0.064 7.13
Cr,HgO, Exp* c1 0.010 2340 Direct 3.70 3.86 0.066 0.0012 7.97
1,015, Exp* c1 0 3976 Direct 407 2.47 0.13 0.0013 9.29
Lisb,F, Exp* C, 0 2299 Indirect 6.39 7.4 0.1 0.00039 9.69
TeOF, Exp G, 0 3.505 Direct 6.42 7.78 0.06 0.00049 11.44

corresponding 1D building blocks. Furthermore, we observed
that the SHG susceptibilities, divided by their theoretical upper
limit, exhibit a positive correlation with the electronic bandgaps.
Additionally, the SHG susceptibilities are inversely proportional
to the third power of the bandgaps, which differs from the up-
per limit of SHG susceptibility allowed by quantum mechanics
(inversely proportional to the fourth power of bandgaps). Con-
sidering experimental synthesis and application, four new stable
bulk crystals with large SHG susceptibilities or containing fer-
roelectric building blocks are obtained. By calculating the SHG
spectrum of the experimentally synthesized 1D vdW NLO crystal
AIPS,, we found that the SHG susceptibility at 3.85 eV increases
more than 300 times (or decreases to less than 1/300) when the
stacking direction changes. The SHG spectrum of another exper-
imentally synthesized 1D ferroelectric vdW NLO crystal NbBr;O
shows that its SHG susceptibility changes as the ferroelectric po-
larization reversed, suggesting electric field tunable characteris-
tics. Therefore, both the ferroelectric polarization and stacking
order can be used to modulate nonlinear optic properties.

2. Results and Discussion

2.1. High Throughput Search of New 1D NLO Building Blocks

Figure 1a shows our workflow of screening NLO building blocks
based on the 3157 1D chains in C1DB database, which are iden-
tified from experimentally synthesized bulk materials, element
substitution, and machine learning. First, considering the com-
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putational complexity and potential of experimental realization
and applications, nonmagnetic 1D chains with dynamic stability
and energy above convex hull (E, ;) less than or equal to 10 meV
per atom have been screened out. Detailed information includ-
ing the source and criteria of E, ; are shown in Methods. Since
suitable bandgaps are also required for the application of NLO
crystals, 1D chains with a PBE bandgap larger than 0.4 eV are
chosen, which are commonly used in NLO applications. Next,
those 1D chains without inversion symmetry, which is required
by SHG, are screened out for further processing. After removing
the repetitive structures and crystals with radioactive elements,
we relaxed these structures using first-principles calculations.
By considering the bond links (Section 1, Experimental Section)
and inversion symmetry after optimization, we obtained 51 1D
NLO building blocks. The degree of the SHG susceptibilities ap-
proaches the frequency-dependent theoretical upper limit is of
great significance for the design of NLO crystals. This is because
the absorption edge is usually located near the bandgap, and the
application scenarios of NLO crystals are influenced by the trans-
parent region determined by the absorption edge. Once the ap-
plication scenario is determined, achieving the maximum SHG
output after meeting the bandgap requirements becomes the de-
signer’s goal. However, the resulting SHG susceptibilities vary
due to differences in crystal symmetry, charge distribution, and
other factors. The charge difference of the atoms on the chains
(Aq) was found to be a useful descriptor for SHG susceptibility
in the previous report.'% So, in order to find NLO 1D building
blocks with SHG susceptibilities approaching theoretical upper
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Figure 1. Screening process and the results of 1D building blocks for NLO crystals. a) Workflow for screening 1D NLO building blocks based on C1DB.
Epun is the energy above hull, and E, is the electronic bandgaps. Aq is the average charge difference of neighboring atoms on the chain. b) Classification
of 21 1D NLO building blocks including 14 newly reported. Among the 14 new building blocks, 6 of them are experimentally synthesized, while others
are from either element substitution or machine learning. c) Static SHG susceptibilities (y® (0,0)) as a function of bandgaps calculated by HSE06
functional for 1D NLO building blocks. Newly found NLO building blocks are marked as green dots, while previously reported are marked as grey ones.
The red dashed line indicates the theoretical upper limit derived from the two-band model, while the red line indicates that derived from the three-band
model. The visible light range is marked as a green patch. Only the largest element is shown here for crystals with several tensor elements of SHG

susceptibilities. d) Lattice constants L along chains of 21 building blocks.

limit, chains with Ag > 2.0 are picked out as building blocks. This
criteria of Ag is based on previously reported 1D vdW NLO crys-
tals (Chapter 1, Supporting Information). Finally, we identified
21 1D NLO building blocks. As shown in Figure 1b, 14 of them
have not been previously reported as NLO crystals. Among these
14 new 1D NLO building blocks, 6 are derived from experimen-
tally synthesized bulk materials. Detailed information including
formula, lattice constant, symmetry, Ey ,; and the charge differ-
ence of the atoms on the chains of these 1D NLO building blocks
can be found in Table 1.

Next, the frequency-dependent linear optical dielectric func-
tions and SHG susceptibilities of these newly found 1D NLO
building blocks are calculated using the random phase approx-
imation (RPA) (sum-over-states using independent electronic
states).['*] As the Perdew-Burke-Ernzerhof (PBE) functional usu-
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ally underestimates the bandgaps of semiconductors, a scissor
correlation is adopted according to the bandgaps calculated with
Heyd-Scuseria—Ernzerhof (HSE06) functional (Table 1). The de-
tailed frequency-dependent linear optical dielectric functions,
SHG susceptibilities, and crystal structures of these 1D materi-
als can be found in Figures S2-S15 (Supporting Information).
Figure 1c shows the static SHG susceptibilities (¥1?(0,0)), the
theoretical upper limits derived from the three band model (red
line), and the two band model (red dashed line) of the screened-
out 1D building blocks. Our results reveal that all the 1D NLO
building blocks, including the newly found ones (green dots),
have SHG susceptibilities close to the theoretical upper limits.
The static and peak SHG susceptibilities of these building blocks
are closer to the upper limits compared to 75% of bulk crystals
composed of 1D building blocks in the previous report.[1%] Their
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Figure 2. Selection and stacking of 1D building blocks. a) Formula, crystal structures, stacking feasibility, valence band maximum (VBM), and conduction
band minimum (CBM) for 21 NLO building blocks. 1D building blocks with lattice mismatches smaller than 5% are considered stackable. Dark blue,
light blue, green, yellow-green, and pink long stripes are used to mark the building blocks whose lattice mismatch is smaller than 5%. VBM and CBM are

marked in blue and red dots, respectively. b) Workflow of constructing vdW NLO crystals from 1D NLO building blocks. N

atom i the number of atoms

in the unit cell. By considering lattice matching, computational complexity, and removing duplicate crystals, crystals with inversion symmetry or without
chain features, 13 bulk NLO crystals containing one kind of chain and 32 bulk NLO crystals containing two kinds of chains are finally obtained. Bulk gy
and Bulk,g,,, are crystals composed of 1 and 2 kinds of chains, respectively.

electronic bandgaps cover a wide spectrum from infrared, to vis-
ible and ultraviolet. Moreover, as shown in Figure S16 (Support-
ing Information), the 1D NLO building blocks with larger Ag
tend to have larger bandgaps, static and peak SHG susceptibili-
ties ( ;(;2
ceptibility is the highest value of SHG susceptibility shown in
Figures S2-S15 (Supporting Information) which plot the SHG
susceptibility as a function of excitation photon energy of the 14
1D materials. The lattice constants along chain direction for all
calculated 1D materials (Figure 1d) range from 3 to 12 A. The lat-
tice constants determine the parameter settings for the theoreti-
cal upper limit (Section 2, Experimental Section). These building
blocks can be used to construct crystals with good NLO proper-
ties.

k) closer to their theoretical upper limit. Peak SHG sus-

2.2. Construction of NLO Bulk Materials with 1D Motifs

Considering the synthesis possibility and application, we then
constructed 3D materials using the screened-out 1D building
blocks. Compared to 2D building blocks, 1D building blocks
exhibit more stacking prototypes. Here, we only considered
AA stacking without any rotation from initial structures. The
bandgap of a stacked crystal is one of the important factors that
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determine its NLO properties. In order to obtain NLO crystals
with suitable absorption edges, the bandgaps of stacked crystals
usually need to be larger than the working wave range. Due to the
weak vdW interaction between chains, the bandgap of the stacked
crystal can be predicted based on the 1D building blocks. First, we
selected the 1D chains with suitable electronic bandgaps based
on the desired working wave range. The bandgaps of the crystals
stacked by one kind of chain should be similar to that of an iso-
lated chain. In the case of crystals stacked by more than one kind
of chain, the bandgaps should be related to the lowest conduction
band minimum (CBM) and the highest valance band maximum
(VBM) of all the building blocks.

lCBM) — max (Ei ) (1)

Eg” = min (E VEM
Where E;* is the predicted bandgap of a stacked crystal. The
min(E., ) is the lowest energy of the CBMs, while the max(E ;)
is the highest energy of the VBMs of the isolated 1D building
blocks, which have been calibrated by vacuum level.

The CBMs and VBMs of the 21 1D building blocks are shown
in Figure 2a. The bandgaps cover infrared, visible, and ultraviolet
ranges. We then constructed 3D crystals using the 21 1D building
blocks (Figure 2b), generating 21 crystals composed of one kind
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Figure 3. SHG susceptibilities, electronic bandgaps for 45 bulk vdW NLO crystals composed of 1D building blocks. a) Static SHG susceptibilities as
a function of bandgaps for bulk vdW NLO crystals. Bulk vdW NLO crystals composed of one kind of building blocks (Bulk,g,1) are marked in blue,
while those composed of two kinds of building blocks (Bulk,g,,) are marked in red. The SHG susceptibilities of the KBBF and Te;As, /TeAsl are also

shown here for comparison. The red dashed line indicates the theoretical u

pper limit derived from the two band model, and the red line indicates the

theoretical upper limit derived from the three-band model. The dark yellow dashed line indicates the Eg‘3 relation. The visible-light range is marked as
a green patch. Crystals with large SHG susceptibilities compared to other crystals in their wave range are marked with an orange rectangle. The largest
element is shown for crystals with several tensor elements of SHG susceptibilities. b) Static SHG susceptibilities divided by theoretical upper limit (three
band model) as a function of electronic bandgaps. c) Peak SHG susceptibilities divided by theoretical upper limit (three band model) as a function of
electronic bandgaps. The black dashed lines are linear fitting of all the bulk vdW crystals composed of 1D building blocks. b) and c) both contain 45
samples. The value r is the Pearson correlation coefficient and the value p is from a two-sided test.

of chain and 210 crystals composed of two kinds of chains after
removing duplicate structures. Here, we only considered chains
with lattice mismatches smaller than 5% as building blocks. As
shown in the middle panel of Figure 2a, dark blue, light blue,
green, yellow-green, and pink long stripes are used to mark the
building blocks whose lattice mismatch is smaller than 5%. In
addition, for chains with small lattice constants, we created su-
percells to search for lattice-matching pairs (see Chapter 5, Sup-
porting Information). Next, excluding previously reported crys-
tals and crystals with more than 30 atoms, 14 bulk crystals com-
posed of one kind of chain and 36 bulk crystals composed of two
kinds of chains remain. Then, these structures are optimized us-
ing the first principles calculations. The bulk vdW crystals com-
posed of 1D building blocks (judged by VESTA) without inversion
symmetry after optimization are selected as new bulk vdW NLO
crystals, including 13 bulk NLO crystals containing one kind of
chains and 32 bulk NLO crystals containing two kinds of chains.
Detailed information on constructing 3D crystals using 1D build-
ing blocks is presented in Chapter 8 of the Supporting Informa-
tion. The calculated bulk bandgaps are consistent with the pre-
dicted bandgaps (Chapter 6, Supporting Information).

Figure 3a shows the static SHG susceptibilities and bandgaps
calculated by HSE06 functional of the 45 newly constructed
bulk vdW NLO crystals. The SHG susceptibilities of KBBF
and Te,As;I are also shown here for comparison, as KBBF is
a widely used deep ultraviolet NLO crystals with large SHG
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coefficients,[*?] while Te,As,I has the largest SHG susceptibility
among all the predicted NLO crystals composed of 1D building
blocks.1%] Many of the newly constructed bulk vdW NLO crys-
tals have SHG susceptibilities approaching the upper limit, sim-
ilar to KBBF and Te,AssI. The theoretical upper limits derived
from the two-band model and three-band model (Figure 3a) are
inversely proportional to the fourth power of their bandgaps. So,
we call it E,~* relations, which is the relation based on quan-
tum mechanics.!**! Here, E, is the energy bandgaps calculated
using HSEO06 functional. Interestingly, the largest SHG suscep-
tibilities of the bulk vdW NLO crystals composed of 1D build-
ing blocks we obtained are proportional to E,~* (dark yellow
dashed line in Figure 3a). This line is obtained by modifying the
bandgap in the theoretical limit of the two band model from a
quartic to a cubic relationship and multiplying by a constant,

namely | 72 (0,0)| < 5.2 x 10" x 2 EOE—zE It effectively reflects the
€0

g
distribution of maximum SHG susceptibilities. As shown in

Figure 3b,c, z?(0,0)/ 7%, and ;(;ilk /72 are positively corre-

lated with the electronic bandgaps. The 22 is the theoreti-
cal upper limit of SHG susceptibilities derived from three-band
model. After applying logarithm transformation, we calculated
the Pearson linear correlation coefficient and found r = 0.85 for

79(0,0)/42, and r=0.96 for )(}52) i 2 These correlations are

(27

highly significant as p=2 x 10~ < 0.001 for y?(0,0)/ 4 and

(5 of 10) © 2024 Wiley-VCH GmbH
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p=7 x 107 <0.001 for ;(ﬁlk / ;(,(fllx. The Pearson correlation co-
efficient r is the ratio between the covariance of two variables and
the product of their standard deviations, reflecting linear corre-
lation of two datasets. While p is the probability under the null
hypothesis of obtaining a real-valued test statistic at least as ex-
treme as the one obtained, indicating the significance of corre-
lation of two datasets. For bulk crystals composed of 1D chains,
a larger Aq does make them easier to approach the theoretical
upper limit, but a larger Aqg can also result in a larger bandgap
(Figure S16, Supporting Information). Although the SHG sus-
ceptibilities of crystals with wider bandgaps will be closer to the
theoretical upper limit, NLO crystals with narrower bandgaps can
have larger SHG susceptibility due to higher upper limit and can
be used in applications working at longer wavelengths. In the fol-
lowing discussion, we tend to compare the SHG susceptibilities
of NLO crystals with similar bandgaps.

Among the 45 newly constructed vdW NLO crystals, 18 of
them exhibit large static SHG susceptibilities compared to the
crystals with similar bandgaps and are marked in orange rectan-
gles in Figure 3a. Considering the experimental synthesis and ap-
plication prospects, their dynamic and thermodynamic stabilities
are evaluated by first-principles calculations. Be,IBrCl,, TiZrBrg,
Be,IBrCl,/Ti,I,0S, emerge as stable NLO crystals (Chapter 7,
Supporting Information) with large SHG susceptibilities and
birefringence (Chapter 8, Supporting Information). In addition,
the stabilities of crystals containing ferroelectric 1D building
blocks are also evaluated, which may bring applications in tun-
able nonlinear optics and NLO switches. WCl,O/NDbI, O is found
to be dynamically and thermodynamically stable. (Figure S21,
Supporting Information).

2.3. Potential Applications of Tunable SHG Susceptibilities in
NLO Crystals

Stacking order!®!®l and ferroelectric polarization!'”! were re-
ported to modulate NLO properties. Both strategies are applicable
in bulk crystals composed of 1D building blocks. Taking experi-
mentally synthesized crystals composed of 1D building blocks as
an example, we demonstrated the effects of such transitions on
NLO properties.

As an experimentally synthesized crystal composed of 1D
building blocks, bulk AIPS,!'] has two phases. Lt-AIPS, (P 4 2c)
consists of 1D building blocks stacked along different orienta-
tions in neighboring layers, while ht-AlPS, (1222) consists of 1D
building blocks stacked along the same direction (Figure 4a). The
phase transition from It-AlPS,, to ht-AIPS, has been realized in ex-
periment by heating.!'8! However, the impact of this phase tran-
sition on nonlinear optics has not been previously studied. Our
calculations on the frequency-dependent SHG susceptibilities of
the two phases reveal that the staking orientation brings signifi-
cant changes to the SHG susceptibilities (Figure 4b,c). As phase
transition happens from lt-AIPS, to ht-AIPS,, the static SHG sus-
ceptibilities of ;(,(;)z and ;(z(i)y change from 0.01 to 0.002 nm V-1,
while the SHG susceptibilities at 3.85 eV of ;(z(i)y changes signif-
icantly from 0.126 to 0.0004 nm V-!. According to Bader anal-
ysis, we found that the charge differences of the atoms on the
chains (Aq) in 1It-AlIPS, and ht-AlPS, are almost identical, with
2.55 e and 2.56 e respectively. Previous studies have shown that
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the density of states (DOS) at the band edge plays a crucial role
in NLO coefficients.l"”! A higher DOS at the band edge implies
a higher two-photon absorption probability,?"! leading to larger
SHG susceptibilities.[!'2!] The calculated DOS at the band edge
shows a noticeable change (Figure S27a—d, Supporting Informa-
tion). The valence band edge is mainly contributed by the p or-
bitals of S, while the conduction band edge is contributed by the
p orbitals of S and s orbital of P (Figure S27b,d, Supporting Infor-
mation). The stacking configuration difference makes the elec-
tron density at conduction band edge of ht-AlPS, much lower
than that of It-AIPS,. As shown in Figure S27a,c (Supporting In-
formation), the first DOS peak near the conduction band edge of
ht-AIPS, is positioned at a far energy state from the band edge
and exhibits a smaller height relative to 1t-AIPS,.

Thus, the significant SHG susceptibilities difference between
1t-AIPS, and ht-AlIPS, is due to the change in stacking con-
figuration, leading to the change in vdW interaction and elec-
tronic structures, particularly the DOS at band edges. Consid-
ering that the calculation of the DOS is less computationally
expensive than that of SHG susceptibilities, the DOS at band
edges can be used as a criterion to look for suitable stacking con-
figurations when designing vdW NLO crystals. This approach
is expected to accelerate the design and discovery of vdW NLO
crystals.

The ferroelectric transition has been reported to realize re-
versible variation of SHG intensity.'”] NbBr,0 is an experimen-
tally synthesized bulk material??! composed of ferroelectric 1D
building blocks. It has stable ferroelectric state FE, antiferroelec-
tric states AFE-1 and AFE-2('%] (Figure 5a—c). The SHG sus-
ceptibilities of NbBr;O at different polarization states are cal-
culated to investigate the effect of ferroelectric polarization on
NLO properties. As shown in Figure 5d,e, the variation of fer-
roelectric polarization brings significant changes to the SHG
susceptibilities. Due to different symmetries of AFE-1 and FE
states, their non-zero SHG components are completely differ-
ent (Figure 5 d,e). Moreover, all the SHG components of AFE-
2 state reduce to zero due to its inversion symmetry (Figure 5f).
Interestingly, for ferroelectric NLO crystal NbBr;O, the magni-
tudes of SHG susceptibilities are closely related to the polariza-
tion directions of ferroelectric chains. The SHG susceptibility
is enhanced when the polarizations are in the same directions
(FE state, Figure 5d), while it is weakened when the polariza-
tions are in the opposite directions (AFE state, Figure 5e,f). Be-
cause the SHG process is related to the dipole-like charge distri-
bution, it is reflected by the charge difference of the atoms on
the chain for 1D chain.'%] For crystals composed of 1D chains,
the micro SHG responses of the chains will accumulate if each
chain exhibits the same polarization directions, while they will
compensate if neighboring chains exhibit opposite polarization
directions. This is also the reason why the SHG susceptibili-
ties of crystals with inversion symmetry are zero. More impor-
tantly, ferroelectric polarization reversal of NbBr; O has been pre-
dicted to be easily realized in experiments with a small energy
barrier.!?}] Therefore, the modulation of SHG susceptibilities by
tuning ferroelectric polarization makes NbBr; O a good candidate
to realize NLO switching. Such a process brings attractive opto-
electronic and photonic application prospects, including signal
processing, sensors, broad-spectral optical frequency converters,
etc.[24]
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Figure 4. Stacking orientation-related SHG susceptibilities of AIPS,. a) Crystal structures and schematics of It-AIPS, (P 4 2c) and ht-AIPS, (1222). b,c)
Frequency-dependent SHG susceptibilities of It-AIPS, (P 4 2c) and ht-AIPS, (1222), respectively. Absorption edges are marked with grey dotted lines.

3. Conclusion

In conclusion, we have identified 21 1D NLO building blocks
with large SHG susceptibilities through high-throughput calcu-
lations. Among them, 14 are newly identified as NLO building
blocks. By stacking one or two kinds of 1D building blocks, we
obtained 13 bulk crystals composed of one kind of 1D building
blocks and 32 bulk crystals composed of two kinds of 1D building
blocks. Their SHG susceptibilities vary more smoothly with the
bandgap (xE,*) compared to the upper limit of SHG suscepti-
bilities allowed by quantum mechanics (xE,*). Considering ex-
perimental synthesis and application potential, the stabilities of
the bulk crystals with large SHG susceptibilities or containing
ferroelectric building blocks are evaluated. Be,IBrCl,, TiZrBr,,
Be,IBrCl,/Ti,I,0S, and WCl,O/NbI;O emerge as stable bulk
NLO crystals with promising application potential. In addition,
based on two experimentally synthesized bulk crystals composed
of 1D building blocks, we demonstrated that the temperature-
driven phase transition of AIPS, between the vertical and paral-
lel stacking directions can bring significant changes in their SHG
susceptibilities. Moreover, the conversion between different fer-
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roelectric states of NbBr;O can modulate the SHG susceptibili-
ties, suggesting the potential application in NLO switching.

Finally, we provide an outlook on the synthesis of these vdW
crystals composed of 1D chains. Unlike traditional 1D vdW
heterostructures,!?) the vdW crystals mentioned here are all bulk
crystals with both thermodynamic and dynamic stability. Like
molecular crystals, they can crystallize directly through physical
or chemical methods. There were related synthesis cases as early
as the last century. For example, Te,AsI is a vdW crystal com-
posed of two different chains, which has been successfully pre-
pared as a byproduct at high temperatures. The key to synthe-
sis lies in suitable temperatures and reactant ratios.?°! Another
example of heterogeneous vdW crystals is the (MX,),Y class of
compounds, which can similarly be obtained by simply heating
elemental substances.”’”] Although large single crystals required
for NLO applications have higher synthesis difficulties, the excel-
lent properties of vdW crystals composed of 1D chains are worth
further exploration. We hope to rekindle interest in the synthe-
sis of vdW crystals composed of 1D chains. Their significance
extends beyond NLO applications and brings unique electrical,
thermal, and topological properties.[?®]
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Figure 5. The structures and SHG susceptibilities of NbBr; O at different ferroelectric polarization states. a—c) Crystal structures of NbBr; O at FE, AFE-1,
and AFE-2 states. The black arrows represent the polarization that comes from the upward or downward displacement of Nb atoms. d—f) Frequency-
dependent SHG susceptibilities of NbBr; O at FE, AFE-1, and AFE-2 states, respectively. Absorption edges are marked with grey dotted lines.

4. Experimental Section

DFT Calculation: Geometric relaxations and charge distribution of
NLO materials were calculated using density functional theory (DFT)
within projector-augmented wave (PAW) potentials and the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functionall?] as implemented in
the Vienna ab initio simulation package (VASP) code. Bader analysis!3°]
was then used to calculate the charge difference of atoms on the chain
(Chapter 1, Supporting Information). Due to the computational costs, we
used PBE bandgap in screening process. After screening, energy bandgap
and vacuum level were calculated using VASP with the Heyd—Scuseria—
Ernzerhof exchange-correlation 06 (HSE06) functional.31! Dynamic sta-
bility was demonstrated by phonon spectral calculations based on fi-
nite differences (FD), density functional perturbation theory (DFPT), and
PHONOPY.32I A plane-wave basis set with an energy cutoff of 550 eV
was used, and the vdW-dispersion energy-correction term was consid-
ered by the DFT-D3 method,[*3] which was derived by Grimme et al.
Monkhorst—Pack!34] Brillouin zone sampling grids with a resolution of
0.02 x 2z A1 were applied. The structures studied here were fully re-
laxed until force was converged to 0.017 eV A~'. The 1D building blocks
were repeated periodically in supercells, including a 20 A vacuum between
chains. A variant of the cell index method[3*! was adopted by VESTA[®!
to identify the bonds. A key factor indicating the thermodynamic stabil-
ity of a compound was its heat of formation (AH). For a binary com-
pound with the composition A,B,,, the heat of formation per atom was
defined as AH = M where E(A,B,,) represents the to-
tal energy per unit cell ofthe compound and E(A), E(B) are the energies
per atom in the standard states of elements A and B, respectively. This
definition can be extended to compounds containing more than two ele-
ments. A large heat of formation suggests that the compound is likely to
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decompose into its constituent elements, while a small or negative value
indicates its thermodynamic stability. This concept can also be applied
to the decomposition of a compound into other materials, not just ele-
ments, which is explored through convex hull construction.?”] For spe-
cific compositions such as A,B,,,C,, the combination of materials with
that composition and the lowest heat of formation will lie on the con-
vex hull. The energy of a material relative to this convex hull is denoted
as Ey,. For thermodynamic stability of 1D chains, the E, values from
the C1DB database were used.['*] They used all relevant elemental, bi-
nary, and ternary compounds including bulk crystals that reside on the
convex hull in the OQMD database.[38] The structures and energies were
recalculated using the GPAW method with the PBE-D3 functional. Consid-
ering the high thermal stability requirements for NLO applications, <10
meV per atom was selected as the threshold. An E,, value larger than
10 meV per atom does not imply the synthesis was impossible. However,
this criterion was beneficial for obtaining highly stable crystals. For crys-
tals formed by one kind of chain in the work, their E,  was lower than
that of the single chains, indicating that they are stable. For crystals com-
posed of two kinds of chains, obtaining the convex hull is quite complex
due to the greater number of elements. Therefore, as an alternative, 300
K Ab Initio Molecular Dynamics (AIMD) simulations were used to assess
their thermodynamic stability at room temperature.

The frequency-dependent linear optical dielectric function, second-
order nonlinear optical susceptibility, absorption spectrum, and refractive
index spectrum were calculated by the first principles simulation pack-
age ABINITI®] with RPA approximation.[™] We adopted the generalized
gradient approximation (GGA) in the form of the PBE for the exchange-
correlation potentials. The PAW pseudopotentials were used with a plane
wave energy of 50 Hartree. a Monkhorst—Pack k-point set with a resolution
of 0.015 x 2z A=T was used to sample the Brillouin zone. The number of
empty bands was set to be three times that of the occupied states. Through
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the band gap value calculated by the HSEO6 functional, the scissor correc-
tion was applied to a frequency-dependent linear optical dielectric func-
tion, second-order nonlinear optical susceptibility, absorption spectrum,
and refractive index spectrum. The calculated second-order nonlinear co-
efficients by this method were tested to be consistent with those in other
references.[0]

Theoretical Upper Limit:  The upper limit of NLO responses originates
from the fact that transition dipole matrix elements in quantum systems
cannot be infinity. The equations of upper limits for the SHG susceptibility
allowed by quantum mechanics are:

) 2463 Ep°E
| 0.0 < <= & @
3303 P
‘12 ©, 0)( < 9 @)

gom?V,,; Eg

The models here are nonmagnetic cold semiconductor systems with-
out spin-orbit coupling in long-wavelength limit and dipole approxima-
tion. Both equations focus on the diagonal element of the susceptibility
tensor. According to the number of energy bands considered, models are
divided into two-band models and three-band models. Equation (2) was
derived from the two-band model with one conduction band and one va-
lence band.I"®] Here, e and m are the charge and mass of the electron,
while E denotes a dimensionless quantity. E, is energy that depends only
weakly on the bandgap, and E, is the electronic bandgap. The values of 2=
1, Eg =0.2 eV are adopted. Meanwhile, Equation (3) was derived from the
three-band model with one valence and two conduction bands.[*?] Here,
Py is the maximum magnitude of the momentum matrix element, and the
value of Py = f/ag is used, where ag is Bohr radius. V, is the unit cell
volume for bulk materials. Well-defined 1D SHG susceptibilities can be
obtained by replacing V. with the unit cell length (L,.) for 1D building
blocks in Equation (3) and calculation of SHG susceptibilities. Derived
lattice constants L are defined as {/V_W for 3D crystals. A derived lattice
constant of 2 A (near the smallest lattice constant of our crystals) is used
in the three-band model here.

Statistical Analysis: Due to the large differences (several orders of
magnitude) in the SHG susceptibilities of NLO crystals with varying
bandgaps and Ag, the data in Figure 3b,c was presented using logarith-
mic coordinates. These figures include 45 samples, namely, 45 bulk crys-
tals constructed from 1D building blocks. The correlation and significance
were described using the Pearson correlation coefficient r and the two-
sided p-value from hypothesis testing. The statistical software that was
used comes from the “Stats” module of the SciPy package run by Python.
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