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ABSTRACT: In this paper, a revised structure determination of an already known compound CsNbOB2O5 with new structural
insights was performed and the detailed characterization of its optical properties was reported for the first time. CsNbOB2O5 was
synthesized by spontaneous crystallization. It crystallizes in the Pmn21 space group, and the unit lattice parameters are a = 7.5220(7)
Å, b = 3.9881(4) Å, c = 9.7167(9) Å, and Z = 2. In the structure of CsNbOB2O5, a [NbO5] square pyramid and [B2O5] unit are
linked to constitute an infinitely extended two-dimensional ∞

2 [NbOB2O5] layer via sharing oxygen atoms. Between these two-
dimensional layers, there are no covalent bonds perpendicular to their planes based on Mulliken bond order analysis. CsNbOB2O5
has a wide band gap (4.52 eV) and a large second-harmonic-generation (SHG) response (1.2 × KDP) and demonstrates type-I
phase-matchable behavior. First-principles simulations reveal that the birefringence is approximately 0.10. Moreover, SHG-weighted
charge density analysis shows that the primary source of the nonlinearity of the title compound is the distorted NbO5 square
pyramids.

■ INTRODUCTION
Nonlinear optical (NLO) crystal materials are used in laser
wavelength conversion technology.1−9 Borates as important
types of NLO crystals have always been a research hotspot for
a long time.10−15 The boron and oxygen atoms in borates can
be three-coordinated and four-coordinated to form a (BO3)3−

planar triangle and (BO4)5− tetrahedron, respectively;16−18

especially, the conjugated π-orbitals and highly anisotropic
electron distribution in the (BO3)3− group are very favorable
for the enhancement of NLO performance and the generation
of birefringence.19,20 The large electronegativity difference
between boron and oxygen atoms is beneficial to ultraviolet
(UV) transmittance. If the hanging bond on the oxygen anion
in the B−O group is eliminated, the UV cutoff edge of the
compound will be further shortened, which is likely to make
the compounds useful in the deep ultraviolet (DUV) region.21

Through the long-term and unremitting efforts of researchers,
many borates with excellent properties have been discovered,
including β-BaB2O4 (BBO),22 LiB3O5 (LBO),23 and

KBe2BO3F2 (KBBF).
24 However, they still have some defects.

For example, the applications of BBO and LBO in the DUV
area are limited for their relatively narrow energy bandgaps and
low birefringence values, respectively. Moreover, KBBF needs
highly toxic BeO as the raw material, and it is hard to grow into
large-high-quality single crystals due to its layered growth
habit. Thus, exploring new NLO materials with excellent
comprehensive performance is still a research hotspot in the
field.
It is necessary to have a short absorption cutoff (λcutoff) and a

large nonlinear coefficient for NLO crystal materials applied in
the UV and DUV areas.25,26 Since alkali metals and alkaline
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earth metals do not have d−d and f−f electron transitions,27−29

they are conducive to transmission in the UV or even DUV
region. For a large nonlinear coefficient, it is a good idea to
introduce metal cations with d0 electronic configuration (Mn+

= Nb5+ and Ta5+) in borates.30−33 Nb5+ and Ta5+ with d0
electron configuration are prone to Ginger-Taylor distor-
tion,34−36 and when they combine with oxygen atoms, the
asymmetric coordination environment can be formed to
enhance the optical characteristics of the material greatly.
ANbOB2O5 (A = K, Rb, and Cs)37−41 as NLO materials

have been proposed by Nicholls et al. However, for
CsNbOB2O5,

42 only the crystal structure has been reported,
and the NLO performance has not been characterized up to
now. Although the three compounds have the same space
group of Pmn21, there are still some differences in structural
parameters and properties. For example, the unit cell volumes
of KNbOB2O5 and RbNbOB2O5

43 are about 7 and 5 times
that of CsNbOB2O5, which we synthesized, respectively. In
addition, the unusual thing is that, in previous reports,
KNbOB2O5 cannot achieve phase matching (PM), but
RbNbOB2O5 can. We speculate that with the increase in the
cation size, the birefringence44−46 of the material increases so
that RbNbOB2O5 can achieve PM. Hence, we predict that
CsNbOB2O5 should also be able to achieve PM. To verify our
conclusion, the polycrystalline powder synthesis and crystal
growth for CsNbOB2O5 were immediately carried out, and the
optical properties of CsNbOB2O5 were performed through
experiments and theoretical calculation.

■ EXPERIMENTAL SECTION
Reagents. All reagents, Cs2CO3(99.8%), Nb2O5(99.9%), and

B2O3(99.9%), were purchased from Shanghai Aladdin Biochemistry
Technology Co., Ltd.
Single-Crystal Growth. Single crystals of CsNbOB2O5 were

gained through a high-temperature solution technique (Figure S1). A
platinum crucible was used to hold a mixture of Nb2O5, Cs2CO3, and
B2O3 in a 1:2.5:6.5 molar ratio. After grinding, the mixed raw
materials was then put into a furnace and the temperature was
increased from 30 to 900 °C and was maintained for 20 h.
Subsequently, after 25 h, the temperature was reduced to 800 °C.
Finally, it was allowed to naturally cool to 30 °C.
Synthesis of Polycrystalline Powder. Nb2O5, Cs2CO3, and

B2O3 were mixed according to a ratio of 0.92:0.98:2 for the synthesis
of pure phase powder. If Nb2O5, Cs2CO3, and B2O3 are reacted in a
stoichiometric molar ratio of 1:1:2, the reaction product will contain
impurities of Cs5Nb13O35, which is caused by the volatilization of raw
materials (B2O3 > Cs2CO3 > Nb2O5) during the reaction. Therefore,
it is a good method to obtain a pure phase by unevenly reducing the
content of Nb2O5 and Cs2CO3. The above sample was fully ground
and put into a corundum crucible, calcined at 773 K for 10 h, ground
again, and then heated to 1073 K for 1 day to obtain the target
compound. The sample is pure based on the powder X-ray diffraction
(PXRD). (Figure S2).
Powder X-ray Diffraction (PXRD). The PXRD data of the

powder sample was obtained on a Bruker D8 Focus diffractometer
equipped with Cu Kα radiation (λ = 1.5418 Å) at room temperature.
The test parameters are 0.02° scan step width, 0.1 s/step scan speed,
and 10−70° 2θ range.
Single-Crystal Structure Determination. The crystal structure

was analyzed using a single-crystal X-ray diffractometer. Diffraction
data for the target compound were gained on a Rigaku AFC10
diffraction instrument with the equipment for graphite monochro-
matic Mo Kα (λ = 0.71073 Å) radiation under 296.15 K. Data
collection and absorption correction were performed using the
CrysAlispro program and the Multiscan method. The crystal structure
for CsNbOB2O5 was resolved directly with the ShelXT program,47

and the structure of the crystal was optimized with ShelXL48 using full
matrix least-squares minimization on F2. The important structure
parameter information for CsNbOB2O5 is presented in Table 1.

UV−vis−NIR Diffuse Reflectance Spectrometry. The diffuse
reflectance spectra of CsNbOB2O5 in the 200−2000 nm region were
obtained (Figure S3). The UV−vis−NIR spectrometer employed is a
PerkinElmer Lambda 900 with an integrating sphere.
SHG Tests. The powder SHG effect of CsNbOB2O5 was tested

using Kurtz and Perry techniques.49 The experiment was carried out
using a 1064 nm Q-switched Nd:YAG laser. The polycrystalline
powder of CsNbOB2O5 was finely ground. Then, the following
particle size ranges are selected: 50−100, 100−150, 150−200, 200−
300, and 300−350 μm. Crystalline KDP samples were milled in the
same way as a comparison.
Thermal Analysis. The thermal properties for CsNbOB2O5 were

detected by differential scanning calorimetric (DSC) analysis and
thermogravimetric analysis (TGA) with an NETZSCH STA 409C/
CD thermal analyzer. The temperature was first raised to 1100 °C and
then lowered to 30 °C under a N2 atmosphere with the same heating/
cooling rate of 10 °C/min.
Computational Methods. First-principles calculations of

CsNbOB2O5 were conducted through utilizing a CASTEP software
package according to density functional theory (DFT).50−53 The PBE
(Perdew, Burke, and Ernzerhof) functionals of generalized gradient
approximation (GGA) were adopted to describe the exchange−
correlation effect.54 The plane-wave energy cutoff and the tolerance
for self-consistent field convergence are set to 750 eV and 10−6 eV/
atom, respectively. Its electronic band structure was calculated from
the experimentally obtained crystal structure. Then, the principal-axis
refractive indexes and SHG coefficient dij were calculated using a
DFPT method55,56 recently implemented in CASTEP. In addition, to
analyze the main sources of compound nonlinearity in real space, the
SHG-weighted density57,58 analysis tool was used.

■ RESULTS AND DISCUSSION
Structure Description. CsNbOB2O5 crystallizes in the

Pmn21 space group with unit lattice parameters of a =
7.5220(7) Å, b = 3.9881(4) Å, c = 9.7167(9) Å, and Z = 2. In

Table 1. Crystal Data and Structure Refinement for
CsNbOB2O5

a

empirical formula CsNbOB2O5

formula weight 343.44
crystal system orthorhombic
space group Pmn21
a (Å) 7.5220(7)
b (Å) 3.9881(4)
c (Å) 9.7167(9)
α (°), β (°), and γ (°) 90
volume (Å3) 291.49(5)
Z 2
ρcalc (g/cm3) 3.913
μ (mm−1) 8.178
F(000) 308.0
radiation Mo Kα (λ = 0.71073)
2θ range for data collection (°) 6.85 to 66.348
index ranges −11 ≤ h ≤ 11, −6 ≤ k ≤ 6, −14 ≤ l ≤ 13
independent reflections 1093 [Rint = 0.0458, Rsigma = 0.0455]
data/restraints/parameters 1093/1/53
goodness-of-fit on F2 1.142
final R indexes [I ≥ 2σ(I)] R1 = 0.0282, wR2 = 0.0635
final R indexes [all data] R1 = 0.0286, wR2 = 0.0637
aR1 = Σ||Fo| − |Fc||/Σ|Fo| and wR2 = [Σw(Fo

2 − Fc
2)2/ΣwFo

4]1/2 for
Fo

2 > 2σ(Fo
2).
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an article by Becker et al.,42 the Nb atom is connected with the
surrounding six oxygen atoms to form a [NbO6] octahedron.
The Nb atom is actually connected to the five oxygen atoms
around it to form the [NbO5] unit through Mulliken bond
order analysis. That means that the Nb cation should be
pentacoordinated instead of hexacoordinated. Thus, the
compound adopts a two-dimensional (2D) layered structure
rather than a three-dimensional (3D) reticular structure
described earlier. CsNbOB2O5 features a layered structure
built from the [NbO5] square pyramids and [B2O5] groups, in
which Cs+ species are filled to balance charge between layers
(Figure 1a). [NbO5] and [B2O5] groups are connected in the
ac plane by oxygen atoms to constitute an unlimited two-
dimensional plane layer ∞

2 [NbOB2O5] (Figure 1b). For the
[NbO5] square pyramid, the bond lengths between Nb atoms
and the surrounding six oxygen atoms are not the same (Nb−
O distances: 1.774−2.214 Å) (Figure 1c). In fact, no valence
bond exists between the Nb atom and O atom with a distance
of 2.214 Å, which we will explain below. The boron atom in
CsNbOB2O5 is tricoordinated, and the B−O length is 1.345−
1.390 Å. The included angle of the plane where the [B2O5]
units is located is 24.245° (Figure 1d). The oxygen atoms
arranged around cesium atoms are irregular with the Cs−O
length varying from 3.099 to 3.720 Å.
Thermal Stability. The DSC curve (Figure S4) shows an

endothermic peak at 962 °C. This indicates that single crystals
are melted around this temperature in the high-temperature
resistance furnace. It can be seen that the melted and re-
crystallized product is free of the original phase, so the
compound has an incongruent melting behavior (Figure S5).

The product of decomposition is Cs4Nb11O30. Moreover, the
weight of the compound decreased slightly from the 950 °C
position in the TG curve, which may be caused by the
volatilization of a small amount of borate.
Optical Properties. A regular shape CbNbOB2O5 crystal

(Figure S1) was obtained by spontaneous crystallization, and
the transmittance was measured. We can see from the
transmission spectrum (Figure 2a) that CsNbOB2O5 has a
high transmittance (≈80%) in the range from 300 to 3000 nm,
and the UV cutoff edge is about 270 nm. The experimental
band gap value was estimated to be 4.52 eV using a Tauc
method.59 Powder SHG characterization at discrete particle
sizes using the Kurtz and Perry technique49 was carried out to
evaluate its NLO properties with KDP as a reference.
According to the experimental findings, CsNbOB2O5’s SHG
intensity is almost 1.2 times that of KDP. Figure 2b depicts the
variation trend of the SHG intensity of CsNbOB2O5 with
crystallite size. With the increase in particle size, the nonlinear
strength for CsNbOB2O5 gradually increases and finally tends
to saturation, which demonstrates the type-I PM performance
of the crystal.
Previous experimental results show that KNbOB2O5 fails to

achieve PM, but RbNbOB2O5 and CsNbOB2O5 can.43 We
discovered that the crystal structure of ANbOB2O5 (A = K, Rb,
and Cs) is actually a layer-stacking type, which can be used to
explain the difference in experimental results. The average
layer-to-layer distances of KNbOB2O5, RbNbOB2O5, and
CsNbOB2O5 are 3.895, 3.928, and 3.988 Å, respectively. As
the cation radius increases, the layer-to-layer distance is
stretched, causing the decrease in the index of refraction in

Figure 1. (a) Crystal structure of CsNbOB2O5. (b) [NbOB2O5] layer in CsNbOB2O5. (c) [NbO5] polyhedron. (d) Included angle of the plane of
two [B2O5] groups.

Figure 2. (a) Transmission spectrum of CsNbOB2O5. (b) Relationship between SHG intensity and particle size for CsNbOB2O5.
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the loosened direction (near vacuum) and ultimately resulting
in an increase in the birefringence of the material. The
birefringence values of KNbOB2O5 and RbNbOB2O5 are 0.032
and 0.05, respectively.63 Cs ions and Rb ions have larger radii
than K ions. CsNbOB2O5 and RbNbOB2O5 have larger
birefringence than KNbOB2O5, so they can achieve PM under

1064 nm. In layered structures, controlling the birefringence by
spacing cations is worthy of consideration.
Electronic Structure Calculations. First-principles simu-

lations were performed to help comprehend how the structure
and characteristics interact. Figure S6 illustrates that
CsNbOB2O5 shows an electronic transition from the X point
to the Γ point with an indirect band gap of 3.54 eV. From the

Figure 3. (a) Mulliken bond order of Nb−O bonds in the square planar unit. One can see the values of 0.56, 0.56, 0.42, 0.42, and the larger
number is tilted toward the Z direction. (b) Cross-eye stereo pairs visualizing the total electron density and bond order index of Nb−O of a NbO5
unit. The Nb−O terminal has a bond order index of 0.84, the largest among all Nb−O bonds. The bond order cross-connecting Nb and O between
two NbO5 units, however, has only an index value of 0.31, which is already as small as typical values between a cation and anion in a purely ionic
crystal. Furthermore, from the volumetric total density plot, one can also that there is indeed no electron density between Nb and O from separate
NbO5 units to form a 3D linkage. Colors of elements: Nb (cyan), O (red), B (pink), and Cs (purple).

Figure 4. (a) Cross-eye stereo pairs showing the orbital density of the VBM wavefunction at the Γ point. The oxygen in the B2O5-NbO5 plane
contributes to the state. (b) Cross-eye stereo pairs showing the orbital density of the VBM wavefunction at the X point. The terminal oxygen in
NbO5 units contributes to the state. (c) Cross-eye stereo pairs showing the orbital density of the CBM wavefunction at the Γ point. The dxy orbital
of Nb has the dominant contribution.
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total and partial density of states of CsNbOB2O5 (Figure S6),
we can draw the following conclusions: The top of the valence
bands (VBs) mainly consists of the 2p orbitals of O, and the
bottom of the conduction bands (CBs) mainly consists of the
4d orbital of Nb.
An interesting fact revealed from the result of calculated

Mulliken bond population60−62 (bond order index) is that
CsNbOB2O5 is a true layer-stacking crystal. There exists a
covalent bond network holding the extended 2D (X−Z plane)
B2O5-NbO5 sheets, but no covalent bond connecting these
layers along the Y direction. Figure 3 shows the bond
population (bond order index) and total electron density
near square-pyramidal NbO5 units, and one can see that there
is no effective covalent bond between Nb from one NbO5 unit
to bond to the tip (terminal) oxygen of the next layer NbO5
unit.
From the calculated band structure (Figure S6), one can see

that the crystal has an indirect gap, from the X point to Γ
point, although the energy required for the direct Γ to Γ
transition is only slightly larger. In Figure 4, we show the
orbital density of the specific one-particle orbitals from those k-
points. The main difference between the Γ and X wave-
functions of VBM is the source of oxygen; in Γ, it mainly
consists of planar oxygen, whereas in X, it comes almost
entirely from terminal oxygen.
SHG-density57,58 analysis shows that the NbO5 unit is the

main contributor of d33 from this crystal, as can be seen in
Figure 5. For the occupied electronic subsystem, terminal
oxygen has a slightly larger contribution than those in-plane
(bridging) oxygens, but there is more bridging oxygen in the
network. As for unoccupied orbitals, the dx

2
‑z
2-orbital of Nb

plays the major role.
It is well known that structural asymmetry causes SHG. In

our computational analysis, the NbO5 square pyramids
distorted along the Z direction line up in space to deliver a
large d33 = −0.10033 pm/V. The 2D layered stacking along the

Y direction makes ny the smallest compared to nx and nz, which
results in the large birefringence (Δn). The same as the case of
dij here, the calculated birefringence using the recently
implemented DFPT55,56 method is roughly 0.1 in a wide
range of wavelengths. These reasonably large dij and Δn
predicted from our first-principles calculations is consistent
with the type-I PM observed experimentally.

■ CONCLUSIONS
In general, niobium borate CsNbOB2O5 with a distinctive two-
dimensional layered structure was obtained by spontaneous
crystallization. It has a large second-order NLO response (1.2
× KDP), wide band gap (∼4.52 eV), and short UV cutoff edge
(∼270 nm). First-principles simulations reveal that the
birefringence is approximately 0.10, and the [NbO5] square
pyramids are the primary source of the SHG response
according to the SHG-density map. This study provides not
only potential NLO crystals in the UV region for now but also
some insights for discovering new NLO materials for follow-up
research studies.
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