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Abstract: Discovery of new efficient nonlinear optical
(NLO) materials with large second-order nonlinearity
for the short-wave ultraviolet spectral region (λPM�

266 nm, PM=phase-matching) is still very challenging.
Herein, a new beryllium-free borate CaZn2(BO3)2 with
Sr2Be2B2O7 (SBBO) double-layered like configuration
was rationally designed, which not only preserves the
structural merits but also eliminates the limitations of
the SBBO crystal. CaZn2(BO3)2 shows a large PM
second harmonic generation (SHG) reponse of 3.8×
KDP, which is 38 times higher than that of its barium
analogue. This enhancement mainly originates from the
1[Zn2O6]∞ polar chains with a large net dipole moment
and [BO3] units with a high NLO active density. Our
findings show the great significance of the [ZnO4]
tetrahedra introduced strategy to design beryllium-free
SBBO-type NLO crystals and also verify the feasibility
of using simple non-isomorphic substitution to induce
giant second-order nonlinearity enhancement.

Nonlinear optical (NLO) crystals, especially those that can
realize the fourth (266 nm) and sixth (177.3 nm) harmonic
generation from the most common 1064 nm laser source, are
versatile materials, and thus an ever-growing emphasis is
being placed on functionalizing these crystals into optical
devices for laser-driven applications.[1] Second-order non-
linearity is the foremost parameter and can be expressed as
second-order susceptibility tensor χ(2), depending on the
hyperpolarizability of the microscopic unit and its arrange-
ment in the lattice.[2] And also, as the second-order
susceptibility tensor χ(2) is non-zero for compounds that lack
inversion symmetry, the second-harmonic field can only

occur with crystals in certain non-centrosymmetric classes.[3]

Thus, non-centrosymmetric packing of atoms or molecular
units is the prerequisite for designing crystalline materials
showing second-order nonlinearities. These NLO-active
units should be in favorable arrangements to induce the
local distortions for a large nonlinearity.[4] In principle, a
large nonlinearity is beneficial for achieving high power and
efficiency during the frequency doubling conversion
process.[1d] Thus, an important target for NLO materials
research is the discovery of such candidates that display high
second-order nonlinearities or achievement of large
enhancement.

In order to discover crystals with large second-order
nonlinearities, the NLO active units used mainly include:
i) π-conjugated units,[4b,5] ii) non-π-conjugated tetrahedra;[6]

iii) polar-chalcogenide tetrahedra,[4d,7] iv) distorted polyhe-
dra with d0 or d10 cations,[8] and v) lone pair cations with
stereoactivity.[4a,c,9] The introduction of these units is benefi-
cial for the local formation of dipolar moments in the lattice.
However, the association of NLO units in a non-centrosym-
metric framework in optimally aligned configurations is not
straightforward. In fact, especially for inorganic crystals, the
homogeneity of bond strengths does not allow to single-out
a specific group of NLO active units and hence to state that
their use can guarantee crystals with large enough second-
order nonlinearities. Thus, many NLO crystals with weak
second-order nonlinearities consisting of the five type units
listed previously are often found as the NLO active units are
in unfavorable arrangements.

The realization of significant large nonlinearities
enhancement can be realized by increasing the microscopic
hyperpolarizability and density of NLO active units and
arranging in the same-direction since their contributions
fully add to the total nonlinearity, which observed strongly
depends on multifarious chemical modifications exemplified
by reported NLO crystals over recent years.[8b,c,e,f, 9d] Among
them, substitution or co-substitution based on the classic
structural framework is the simplest effective strategy. For
example, the nonlinear coefficient (d36) of NH4H2PO4 is
about twice as large as that of its isomorphic KH2PO4

crystal, which can be attributed to the roles of hydrogen
bonds when replacing K+ with NH4

+ cations.[10] Owing to
the Pb-chelated [BO3] groups configuration and cation
coordination control, Pb2Ba3(BO3)3Cl and BaZn(BO3)F
exhibit about six times larger nonlinearities compared to
Ba5(BO3)3Cl and BaMg(BO3)F.

[9c, 11] Although there is a
considerable nonlinearity enhancement in these examples,
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the significant improvement (>10 times) remains difficult to
achieve, especially for deep-UV transparent NLO crystals.

Some classic crystals have novel structural frameworks
that can induce good optical properties, such as the layered
configuration of KBe2BO3F2 (KBBF) and Sr2Be2B2O7

(SBBO),[12] structural optimization based on them has been
well documented. One of the main ideas is to replace
[BeO4]/[BeO3F] with similar [TO4-nXn] (n=1–3) tetrahedra,
where strongly covalent T atoms such as Al, Zn, and B are
most commonly used.[6b,8b–d,13] For example, the substitution
of Be-based tetrahedra with [ZnO3X]/[ZnO4] components
based on the KBBF crystal led to the discovery of several
new borates, like AZn2BO3X2 (A=ammonium or alkali
metal; X=halogen),[8b–d] and BaZnM2(BO3)2F2 (M=Zn and
Be), etc.[14] However, there are still no SBBO-type NLO
borates reported following the strategy of [BeO4]-[ZnO4]
tetrahedra substitution. In this Communication, the first
NLO zinc borate with an SBBO-type structure, CaZn2-
(BO3)2 (CZBO), which shows a large phase-matching (PM)
SHG reponse of 3.8×KDP and that is 38 times higher than
that of its non-isomorphic BaZn2(BO3)2 parent is reported.
The origin of such a large enhancement was confirmed and
modelled by several different approaches.

CZBO crystallizes in the non-centrosymmetric space
group of Aba2 (Table S1, detailed crystal data is also
available in ref. [15]), which is not isostructural to the
borates with a similar molecular formula of M3-nTn(BO3)2
(M and T=divalent metal; n=0–3).[1d,16] The structure of
CZBO shows two-dimensional (2D) 2[Zn2(BO3)2]∞ double
layers consisting of 1[Zn2O6]∞ chains and [BO3] clusters,
which are stacked along the c direction and separated by
[CaO6] octahedra (Figure 1b). All the cations in CZBO
form only one environment, [CaO6] octahedron, [ZnO4]

tetrahedron, and [BO3] unit for Ca, Zn, and B, respectively,
stacking along the c axis of the unit cell (Tables S2–S4). Two
[ZnO4] tetrahedra form 1[Zn2O6]∞ chains (Figure 1c) via
corner-sharing that run parallel to the c axis, and the [BO3]
units (Figures 1d,g) further link to all four apical O atoms of
[ZnO4] tetrahedra, with the bridging O atoms of [BO3] units
as linkers to yield the 2D 2[Zn2(BO3)2]∞ double layers in ac
plane that are further stacked along the c axis to generate
the final framework. The [CaO6] octahedra are in the
interlayers (Figures 1b, f). The O(2) and O(3) atoms are in
normal three-coordinated environments, whereas four-coor-
dinated O(1) atoms link with two Zn, one B, and one Ca
atoms, making CZBO be one of the rare structures of
corner-shared 1[Zn2O6]∞ chains with Zn�O�Zn bonding.[1d]

Such a crowded coordination environment increases the
density of [BO3] units and hence achieves the enhancement
of microscopic hyperpolarizability and polarizability aniso-
tropy.

The structure of CZBO can be regarded as a member of
the SBBO-like crystals since they both have similar double-
layered configurations (Figures 1a,b,e). Structurally, CZBO
has the following benefits when compared with SBBO:
i) eliminates the structural instability in SBBO, ii) generates
beryllium-free candidates; iii) introduces NLO-active units
of [ZnO4], and iv) improves the interlayer force. First,
CZBO shows a stable structural framework, which can be
proven by the lower structural convergence factor of CZBO
(0.0329) than SBBO (>0.065).[12b] In addition, unlike
SBBO,[17] none of the imaginary phonon modes was
observed in the phonon spectrum (Figure 2a), indicating the
dynamically stable character of CZBO. Second, the sub-
stitution of [BeO4] by [ZnO4] units generates a beryllium-
free NLO crystal that avoids the toxicity issue. Third, CZBO

Figure 1. a,b) Structural comparison between Sr2Be2B2O7 and CaZn2(BO3)2. c) One-dimensional infinite 1[Zn2O6]∞ chain of corner-sharing [ZnO4]
tetrahedra. d) Optimally aligned arrangement of [BO3] NLO active units along the c axis in CaZn2(BO3)2. e, f) Modular description of the
arrangement of [BO3] and [BeO4]/

1[Zn2O6]∞ modules in Sr2Be2B2O7 and CaZn2(BO3)2. g) Geometric details in [BO3] units of CaZn2(BO3)2.
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not only retains the NLO-favorable layered structure and
high density of [BO3] groups but also introduces a extra
NLO-active unit of [ZnO4], which is expected to produce a
large SHG response and birefringence. Fourth, layer spacing
is reduced from 6.25 Å in KBBF[12a] and 3.74 Å[12] in SBBO
to 2.92 Å in CZBO (Figures 1a,b), making it a better growth
habit without a strong tendency to layer.

The NLO properties were investigated by both exper-
imental and theoretical approaches since CZBO belongs to
the non-centrosymmetric class and all the possible NLO-
active units ([BO3] and [ZnO4]) are in favorable config-
urations. As a result, CZBO shows a strong PM SHG
response of 3.8×KDP@1064 nm (Figure 2b) and high sec-
ond-order NLO coefficients (cal. d31=d15=�0.027 pmV�1,
d32=d24=�1.687 pmV�1, and d33= 1.486 pmV�1), for which,

the experimental results are consistent with the theoretical
ones. In addition, the transmission spectrum measured on a
small-sized CZBO crystal indicates that its UV cut off edge
is about 190 nm (Figure 2d). It should be noted that such a
second-order nonlinearity is the largest among all the
available deep-UV transparent borates with only [BO3]
units. More importantly, this NLO response is 38 times
higher than that of its non-isomorphic BaZn2(BO3)2 parent
(0.1×KDP),[16b] indicating that a simple non-isomorphic
substitution can achieve a giant nonlinearity enhancement.
Meanwhile, the birefringence increased from 0.045 in
BaZn2(BO3)2 to 0.081 in CZBO, shifting the shortest type I
SHG PM wavelength from 393 to 255 nm (Figure 2c and
Figure S1). When taken together, CZBO crystals have the
potential to generate the 266 nm coherent light by the direct

Figure 2. a) Calculated phonon spectrum for CaZn2(BO3). b) Relation between the powder SHG intensity and particle size at 1064 nm, and the
value of BaZn2(BO3) was adapted from ref. [16b]. c) Refractive index dispersion curves for both fundamental and second-harmonic light. The note
for this data is available in ref. [18]. d) Transmission spectrum of CaZn2(BO3)2 crystal. e, f) The SHG density maps of the occupied (left) and
unoccupied (right) orbitals in the virtual electron process. g) Relation between the powder SHG intensity (×KDP) and quality factor (Q= f(C,
1)=C×1), insert gives the established macroscopic (x-y-z) and microscopic (x’-y’) coordinates for one [BO3] group in CaZn2(BO3)2 crystal’s unit
cell when performed the calculation of Q. h) Structural distortion modes decompositions for CaZn2(BO3)2.
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fourth harmonic generation (FHG) process once crystals are
sufficiently large.[18] The origin of this large nonlinearity and
its giant enhancement were analyzed and confirmed by the
following measurements:

The SHG-weighted electron density analysis gives the
qualitative analysis of individual atoms in CZBO to second-
order nonlinearities (Figures 2e, f). In the dominant virtual
electron process (virtual electron: virtual hole�98%:2%),
the main contribution in occupied states to the largest tensor
of d32 originates from the non-bonding O 2p orbitals.
Whereas for unoccupied states, both Ca 3d and O 2p
orbitals have considerable contributions with a small con-
tribution from B and Zn atoms. This is, however, different
from other deep-UV transparent borates where alkali and
alkaline-earth metals have small contributions to SHG
effects. But, the similar phenomenon is also found in
CaB5O7F3,

[13i] in which Ca also has a considerable contribu-
tion. But, all the O(1), O(2), and O(3) atoms in CZBO
connect with both B and Zn atoms, which does not allow
one to assign these O atoms and hence to state that what are
the real NLO-active units in CZBO. Faced with this, we
quantified all the groups’ dipole moments in the unit cell.
As shown in Table S5, [ZnO4], [CaO6], and [BO3] units
generate dipole moments of 9.29, 0.85, and 0.47 Debye in
the unit cell, respectively. It is important to note that the net
dipole moments of all three units are cancelled along the a
and b directions and their vector sums are along the c axis,
indicating that the contribution of the large nonlinearity in
CZBO originates from the superposition effects of [ZnO4],
[CaO6], and [BO3] units along the c axis.

To further investigate the role of [BO3] units on the
nonlinearity, calculations based on anionic group theory
were undertaken.[19] These indicate that the geometrical
superposition of microscopic second-order susceptibility
tensors of anionic groups is responsible for the nonlinearity.
Thus, in the CZBO crystal, the [BO3] unit was considered.
According to the derived formulas presented in the Support-
ing Information, the second-order NLO coefficient χijk is
proportional to the density of [BO3] (nV�1) units and the
structural criterion, C= f(g,n)=g/n. Thus, the key is the
calculation of g. The CZBO crystal belongs to the mm2
point group and has three independent second-order
susceptibilities, namely χ333, χ131, and χ223 (corresponding to
2×d33, 2×d15 and 2×d24, respectively). According to the
equations and the geometric features in two established
coordinate systems (see Figure 2g), gijk is calculated as
follows:

g333 ¼ n½cos3q3 � 3cosq3cos
2q6� ¼ 8 � 0:0722

g131 ¼ n½cos2q1cosq3 � 2cosq1cosq4cosq6 � cos2q4cosq3�

¼ 8 � 0:8970

g223 ¼ n½cos2q2cosq3 � 2cosq2cosq5cosq6 � cos2q5cosq3�

¼ 8 � 0:8350

Thus, the structural criterion C= f(g,n) is equal to g/n=

max (gijk)/n=0.8970, which indicates that the [BO3] units
mostly add their contributions to the total nonlinearity in
the CZBO crystal. In addition, it also shows an extremely
large density of [BO3] units (0.016 Å�3). Considering two
aforementioned factors (structural criterion and density of
[BO3] units), the quality factor, Q= f(C, ρ)=C×ρ, was
defined, which can provide quantitative analysis of the
contribution of [BO3] units to the total nonlinearity. As
expected, CZBO has a large Q of 0.0144 Å�3, which is even
larger than that of KBBF and its isomorphic compounds
(0.009–0.012 Å�3), more importantly, such a Q value is the
largest one among all the available deep-UV transparent
beryllium-free borates with [BO3] units, which is consistent
with its large nonlinearity (Figure 2g). Furthermore, the Q
value of CZBO is much larger than that of BaZn2(BO3)2
(0.001 Å�3), indicating that the giant nonlinearity
enhancement of CZBO compared with BaZn2(BO3)2 in part
arises from the high active density of [BO3] units.

To further elucidate the superposition effect of the polar
distortions on second-order nonlinearity, we also utilized the
symmetry-adapted mode decomposition analysis for
CZBO,[8f, 13d,20] in which the amplitude of each symmetry
mode’s contribution can be used to understand the atomic
displacements that are responsible for symmetry breaking.
We performed a symmetry-adapted mode decomposition
using the symmetry mode analysis tool of the Bilbao
Crystallographic Server,[21] where the pseudosymmetric
structures subjected to structural relaxation by performing
DFT calculation with lattice constants were fixed at the
values in the corresponding experimental structures (see
detail in the Supporting Information and Tables S6–S8). We
first identified a hypothetical high symmetry structure for
CZBO in centrosymmetric Cmca (No. 64) (Figure 2h), and
free-refined atomic positions by restricting the lattice
parameters to our experimentally obtained non-centrosym-
metric Aba2 (No. 41). Then, two displacive modes were
found (Figure 2h): i) The first one is an inversion preserving
mode characterized by the irreducible representation (irrep)
Gþ

1 , which contains fully symmetric displacements of all
atoms and thus does not cause symmetry breaking and
retains the centrosymmetric Cmca. ii) The second irrep, G�

3 ,
consists of the following displacements: polar Ca and Zn
displacements along the crystallographic c axis as well as
rotations of O atoms around [BO3] units (Figure S2).
Obviously, all O atoms in CZBO simultaneously link with
both Zn and B cation, thus, the inversion symmetry break-
ing is attributable to the irrep G�

3 mode owing to the
2[Zn2(BO3)2]∞ double layers and allows for SHG effects. By
superposing the magnitude of these displacements in the
irrep G�

3 mode, the symmetry-adapted mode decomposition
is calculated to be close to in KBBF crystal.[13d] Conse-
quently, based on the above four aforementioned analysis
approaches, the large SHG effect in CZBO originates from
the 1[Zn2O6]∞ polar chains with a large net dipole moment,
[BO3] units with high active density and [CaO6] polyhedra.

In summary, a new zinc borate with a SBBO-type
structure, CaZn2(BO3)2 has been reported. This new materi-
al eliminates the structural instability and toxicity of raw
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materials in SBBO. Remarkably, CaZn2(BO3)2 shows a
balanced property for NLO applications: a large PM SHG
reponse (3.8×KDP), a suitable birefringence
(0.081@546 nm), a deep-UV cut off edge (<190 nm), and a
short PM wavelength (255 nm). Such a large second-order
nonlinearity is the largest among all the available deep-UV
transparent borates with [BO3] units, which is 38 times
higher than that of its non-isomorphic BaZn2(BO3)2 parent.
The combinations of dipole moment calculations, anionic
group theory calculations, SHG-weighted electron density
analysis, and symmetry-adapted mode decomposition analy-
sis reveal that the large nonlinearity originates from the
1[Zn2O6]∞ polar chains with large net dipole moment, [BO3]
units with high active density and [CaO6] polyhedra. We
believe that the strategy of simple non-isomorphic substitu-
tion is a feasible method to achieve the rational design of
SBBO-type NLO crystals with enhanced structural stability
and nonlinearity, and thus related non-centrosymmetric
materials as possible and studies are underway to make
them.
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Strong Nonlinearity Induced by Coaxial
Alignment of Polar Chain and Dense [BO3]
Units in CaZn2(BO3)2

A new beryllium-free borate with double-
layered configuration was rationally de-
signed. It shows a large phase-matching
second harmonic generation reponse,
which is 38 times higher than that of its
barium analogue. These findings show
the great significance of using tetrahedra
to design nonlinear optical crystals and
also verify the feasibility of using simple
non-isomorphic substitution to induce
giant second-order nonlinearity
enhancement.
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