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ABSTRACT: Anew nonlinear optical crystal, Na3VO2B6O11, has been grown by the top-seeded solution growthmethod using
a Na2CO3-V2O5 flux. The structure of the compound was determined by single-crystal X-ray diffraction. It crystallizes in the
noncentrosymmetric orthorhombic system, space groupP212121, with cell parameters a=7.7359(9) Å, b=10.1884(12) Å, c=
12.5697(15) Å, V= 990.7(2) Å3, and Z= 4. Na3VO2B6O11 has a three-dimensional structure consisting of hexaborate groups
connected by VO4 tetrahedra with the sodium atoms distributed in channels through out the three-dimensional network. The
refractive indices have beenmeasured by the minimum deviation technique and fit to the Sellmeier equations. Nonlinear optical
measurements on the compound demonstrate that the material has second harmonic generation properties, with an efficiency
approximately the same as that of KH2PO4.

Introduction

Currently, intense research is underway into the study and
development of new nonlinear optical (NLO) materials that
exhibit highly efficient second harmonic generation (SHG)
responses, especially in the blue region.1-3 In order for
materials to give efficient SHG responses, they must be
noncentrosymmetric (NCS).4 A variety of strategies have
been put forth for designing new NCSmaterials that will give
an observable bulk nonlinear susceptibility or enhance the
prospects of NCS crystal packing.5,6 Since the NLO proper-
ties of crystals are related directly to the crystal structure, the
combination of two different of anionic units in the same
compound canbeused togive rise to inorganicNLOmaterials
with interesting properties, such as KTiOPO4, AMoO3(IO3)
(A=K, Rb, Cs), A[VO2(IO3)2] (A=K, Rb), A[(VO)2(IO3)3-
O2] (A=NH4,Rb,Cs), and SrBPO5.

7-10 These findings have
prompted considerable interest in the synthesis of related
compounds.

Borates with their outstanding properties have evokedwide
interest as NLO materials.11 Additionally, several vanadates,
where V5þ is a d0 transition metal (and strong distorter) that
can promote the formation of new NCS materials, have been
shown to have interesting NLO properties.12-15 Considering
the excellent properties of borates and vanadates, we expect
that the combination of the borate and the vanadate groups in
the same crystal will produce a new class of NLO materials.
Until now, there have been a few materials that contain both
the borate and the vanadate group. Although few materials
currently contain both borate and vanadate groups, an ex-
tensive search in the borate-vanadate system led to the
finding of a new NLO crystal, Na3VO2B6O11 (NVB).

NVBwas first reported by Touboul et al.,16 and to our best
knowledge, no additional studies on theNVBcompoundhave
been reported until now. The majority of NLO materials
currently used as devices are fabricated from bulk single
crystals.17 In this contribution, the synthesis, crystal growth,
structure, and optical properties of the NVB crystal are
reported.

Experimental Procedures

Synthesis and Crystal Growth. Polycrystalline samples of NVB
were synthesized by traditional solid-state reaction. Stoichiometric
amounts of Na2CO3 (Tianjin Benchmark Chemical Reagent Co.,
Ltd., 99.8%), V2O5 (Shanghai Shanpu Chemical Co., Ltd., 99.5%),
and H3BO3 (Tianjin Baishi Chemical Industry Co., Ltd., 99.5%)
were ground together and then packed into a Pt crucible. The
temperature was raised to 500 �C at a rate of 2 �C/min in order to
avoid ejection of starting materials from the crucible owing to
vigorous evolution of CO2 and H2O. After preheating at 500 �C
for 10 h, the sample was cooled to room temperature and ground up
again. The sample was then calcined at 600 �C for two days with
several intermediate grindings until a monophasic powder was
achieved. The phase purity of NVB was confirmed by powder
X-ray diffraction (XRD) (See Figures 1 and 2).

The NVB crystals were grown using a Na2CO3-V2O5 flux. A Pt
crucible containingNa2CO3, V2O5, andH3BO3 in themolar ratio of
5:2:12 was placed in the center of a vertical, programmable tem-
perature furnace. The mixture was heated to 850 �C and held at this
temperature for 15 h tomelt the powders into a liquid solution. A Pt
wire was dipped into the 850 �C solution, and the temperature was
decreased to room temperature at a rate of 1 �C/h. This resulted in
high-quality NVB seed crystals grown by spontaneous nucleation
along the Pt wire during the slow cooling process. The top seeded
solution growth method was employed to grow large single crystals
of NVB. A seed crystal of NVB was attached with Pt wire to an
alumina rod and then suspended in a Na2CO3, V2O5, and H3BO3

solution at 850 �Ccontaining the samemolar ratios used to grow the
seed crystals. Crystals were grown by cooling at a rate of 1 �C/day
until the desired size was obtained.
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X-ray Crystallography. Powder XRD was performed on Bruker
D8 ADVANCE X-ray diffractometer equipped with a diffracted-
beam monochromator set for Cu KR radiation (λ = 1.5418 Å).
Single-crystal XRD data were collected on a Bruker SMART
APEX II CCD X detector using graphite-monochromated Mo
KR radiation (λ = 0.710 73 Å) and intergrated with the SAINT-
Plus program.18 A colorless and transparent crystal with dimen-
sions 0.32 � 0.23 � 0.07 mm3 was chosen for structure determina-
tion, and unit cell parameters were derived from a least-squares
analysis of 9157 reflections in the range 2.57� < θ < 28.25�. All
calculations were performedwith programs from theSHELXTL-97
crystallographic software package.19 The crystal structure of the
compound was solved in space group P212121. Final least-squares
refinement on Fo

2 with data having Fo
2 g 2σ(Fo

2) includes aniso-
tropic displacement parameters for all atoms. The final difference
Fourier synthesismap showed themaximumandminimumpeaks at
0.317 and -0.433 e/Å3, respectively. The structure was checked for
missing symmetry elements with PLATON.20 Crystal data and
structure refinement information are summarized in Table 1. Final
atomic coordinates and equivalent isotropic displacement para-
meters of the title compound are listed in Table S1 in the Supporting

Information. Selected interatomic distances and angles are given in
Table S2 in the Supporting Information.

Differential Thermal Analysis. The differential thermal analysis
(DTA) curve for theNVBcrystals was recordedwith a simultaneous
thermal analyzer, NETZSCH STA 449C. The sample was placed in
an Al2O3 crucible and heated at a rate of 10 �Cmin-1 in the range of
25-900 �C under flowing nitrogen gas.

Elemental Analysis. The summary of ICP elemental analysis of
Na, V, and B was performed using a Varian Vita-Pro CCD

Figure 1. Photograph of the NVB crystal grown by the top-seeded
solution growth method.

Figure 2. Ball-and-stick representation of the NVB compound. The sodium atoms distributed in the channels of the three-dimensional
network. One of the VO4 units and one of the hexaborate groups are labeled.

Table 1. Crystal Data and Structure Refinement for the NVB Crystal

empirical formula Na3VO2B6O11

formula weight 392.77
temp, K 273(2)
crystal system orthorhombic
space group P212121
unit cell dimensions, Å a = 7.7359(9)

b = 10.1884(12)
c = 12.5697(15)

vol, Å3 990.7(2)
Z 4
density (calcd), g/cm3 2.633
abs coeff, mm-1 1.215
F(000) 760
crystal size, mm3 0.32 � 0.23 � 0.07
θ range (deg) for

data collection
2.57-28.25

index ranges -10 e h e 10, -13 e k e 13, -16 e l e 16
reflns collected 9157
completeness (%) to

θ = 28.25�
99.9

refinement method full-matrix least-squares on F2

data/restraints/params 2442/0/209
GOF on F2 1.075
final R indices

[Fo
2 > 2σ(Fo

2)]a
R1 = 0.0252, wR2 = 0.0673

R indices (all data)a R1 = 0.0274, wR2 = 0.0693
extinction coeff 0.0078(11)

a R1 =
P

||Fo|- |Fc||/
P

|Fo| and wR2 = [
P

w(Fo
2 - Fc

2)2/
P

wFo
4]1/2

for Fo
2 > 2σ(Fo

2).
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simultaneous ICP-OES spectrometer. Found: Na, 17.78; V, 13.01;
B, 17.05%. Calcd for NVB: Na, 17.56; V, 12.97; B, 16.51%.

Second-Order NLO Measurements. Powder second harmonic
generation (SHG) measurements were carried out on the NVB
sample using theKurtz andPerrymethod.21About 80mgof powder
was pressed into a pellet, which was then irradiated with a pulsed
infrared beam (10 ns, 10 kHz) produced by a Q-switched Nd:YAG
laser of wavelength 1064 nm. A 532 nm filter was used to absorb the
fundamental and pass the visible light onto a photomultiplier. A
combination of a half-wave achromatic retarder and a polarizer was
used to control the intensity of the incident power, which was
measured with an identical photomultiplier connected to the same
high-voltage source. This procedure was then repeated using a
standard NLO material, in this case microcrystalline KH2PO4

(KDP), and the ratio of the second harmonic intensity outputs
was calculated. Because the SHG efficiency has been shown to
depend strongly on particle size,22 polycrystalline NVB was ground
and sieved into distinct particle size ranges, <20, 20-38, 38-55,
55-88, 88-105, 105-150, and 150-200 μm. To make relevant
comparisonswith knownSHGmaterials, we also ground and sieved
crystalline SiO2 and KDP into the same particle size ranges.

Transmission Spectrum Measurement. The transmission spec-
trum of the NVB crystal was recorded at room temperature using
a Lamda 900UV/VIS/NIR (Perkin-Elmer) spectrophotometer. The
measurement range extended from 185 to 3000 nm.

Refractive IndicesMeasurement.The refractive indices dispersion
of NVB was determined by the minimum deviation technique at
seven different wavelengths between 435.8 and 694.3 nm. Since
NVB is a biaxial crystal with point group symmetry P212121, it is
possible to measure nx, ny, and nz using two prisms. The values of
room temperature refractive indices for nx, ny, and nz measured at
specific wavelengths are summarized in Table 2.

Results and Discussion

The DTA curve of NVB is shown in Figure S3 in the
Supporting Information. There are two endothermic peaks
on the heating curve, suggesting that NVB melts incongru-
ently and, therefore, requires the use of a flux for single crystal
growth. A colorless and transparentNVB crystal with dimen-
sions 18� 12� 5 mm3 (Figure 1) has been grown by the top-
seeded solution growth method. It shows that the crystal
exhibits fairly distinguishable facets. The NVB crystal has a
moderate hardness of approximately 5.5 on theMohs scale, so
during the growth, cutting, and polishing processes, it did not
crack. TheNVBcrystal was also very stable in air and inmoist
environments, which demonstrated that it is chemically stable
and not hygroscopic.

NVB consists of a three-dimensional structure composed of
hexaborate groups connected by VO4 tetrahedra with the
sodium atoms distributed in the channels of the three-dimen-
sional network (see Figure 2). The coordination of sodium
atoms with oxygen atoms is shown in Figure S4 in the
Supporting Information. The three BO4 units are joined
together through corner-sharing the O(8) atom; the three
BO4 units and three BO3 units formed a compact hexa-
borate unit. Except for the O(12) and O(13) atoms (see
Figure 2), all the others are borate oxygens. As a result, the

NVB compound is an oxy-borate, which can be formulated as
Na3VO2B6O11.

The bond valence sums of each atom in NVB are calcu-
lated23,24 and listed in Table S3 in the Supporting Informa-
tion. These charges, based on the bond lengths determined
by the X-ray structure analysis, are in agreement with the
expected oxidation states.

Optical properties were measured on a single crystal.
Samples 0.8 mm in thickness were cut from the as-grown
crystal and then polished on diamond-impregnated laps. The
transmittance spectrumwas recordedwith the (001) face at the
incident surface. As shown in Figure 3, it can be seen that a
wide transmission range is observed from370 to 3000 nmwith
the UV absorption edge at about 370 nm; the transmission is
above 80% between 412 and 3000 nm. There are no absorp-
tion peaks in the whole range of the spectrum, but the
transmission intensity sharply decreases below 412 nm and
reaches zero at about 370 nm. This means that the ultraviolet
cutoff edge for the NVB crystal is 370 nm.

Determination of Sellmeier equations is needed for further
prediction of the shortest SHG wavelength and the phase-
matching directions.25 The Sellmeier equations, which are fit
with the above measured refractive indices, are as follows:

nx
2 ¼ 2:57017þ 0:01590907=ðλ2 - 0:05571750Þ- 0:04018709λ2

ny
2 ¼ 2:58674þ 0:01977298=ðλ2 - 0:04197894Þ- 0:01889726λ2

nz
2 ¼ 2:67886þ 0:01864372=ðλ2 - 0:06518985Þ- 0:02493503λ2

where λ is the wavelength expressed in micrometers. The
calculated and experimental values are consistent and match
to the third decimal place. NVB is a positive biaxial optical
crystal, and the birefringence value is around 0.042 over the

Table 2. Refractive Indices for the NVB Crystal

nx ny nz

λ (μm) exptl calcd errors exptl. calcd. errors exptl. calcd. errors

0.4358 1.63649 1.65154 -0.01506 1.68498 1.67818 0.00681 1.68036 1.68036 0.00000
0.4861 1.62371 1.62362 0.00009 1.66927 1.66727 0.00200 1.66789 1.66791 -0.00002
0.5461 1.61883 1.61836 0.00047 1.66232 1.66258 -0.00026 1.66690 1.66688 0.00002
0.5790 1.61576 1.61550 0.00026 1.65917 1.65962 -0.00045 1.65868 1.65874 -0.00007
0.5893 1.61493 1.61458 0.00034 1.65826 1.65865 -0.00039 1.65527 1.65516 0.00012
0.6563 1.60728 1.60830 -0.00102 1.65263 1.65187 0.00076 1.65415 1.65418 -0.00002
0.6943 1.60493 1.60446 0.00046 1.64737 1.64767 -0.00030 1.64892 1.64898 -0.00005

Figure 3. Transmittance spectrum of the NVB crystal.
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measured wavelength region. On the basis of the Sellmeier
equations, the phase-matching curves for SHG can be calcu-
lated with the shortest SHG wavelength for NVB at 427 nm
for type I phase matching. Therefore, the SHG of a Nd:YAG
laser radiation (1064nm) is possible for type I phasematching,
and the phase-matching angles for type I SHG of 1064 nm
calculated from the Sellmeier equations areθ=79.3�,j=0�,
and θ = 47.5�, j = 90�.

Since NVB crystallizes in the NCS space group, P212121,
SHG measurements were carried out (see Figure 4). The
crystal grown by the top-seeded solution growth method
was ground into powder and loaded into a quartz cell. Our
preliminary studies show that green light was observed and its
intensity was similar to that of KDP. Therefor, this demon-
strates that the powder SHG effect of NVB is about the same
as that of KDP. Additionally, phase-matching experiments,
that is, particle size vs SHG efficiency, indicate that the
material is phase-matchable. According to the literature,26

the relationship of the second-order NLO susceptibility in the
borate anions is χ(BO3)

3- . χ(BO4)
5-. The d0 transition

metal V5þ (strong distorter) in the VO4 asymmetric coordina-
tion environments can also bring out a large second-order
NLO susceptibility.14,15 Thus, the SHG response of NVB is
considered to be primarily attributed to the VO4 tetrahedra
and the BO3 triangles, while a smaller contribution to the
SHG response is assumed to be associated with the BO4

tetrahedra in the structure. Therefore, the combination of
borate and vanadate units wouldmake a significant contribu-
tion to the second-order NLO susceptibility of NVB.

Conclusions

AnewNLO crystal,Na3VO2B6O11, crystallizes in the space
group P212121 with cell dimensions a = 7.7359(9) Å, b =
10.1884(12) Å, and c=12.5697(15) Å. Crystals with approx-
imate dimensions 18 � 12 � 5 mm3 have been grown by the
top-seeded solution growth method using a Na2CO3-V2O5

flux. The NLO properties measured indicate that the com-
pound is phase-matchable and gives a similar response to that
of KDP. NVB has a wide transparency range from 370 to
3000 nm with the shortest SHG wavelength at 427 nm, which
demonstrates that it has potential as a SHGmaterial for blue

wavelength applications. Amoderate birefringencewith good
chemical stability and mechanical durability makes NVB a
promising NLO material. Our results are believed to be
valuable in the search and design of new inorganic NLO
materials.
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