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Nanocluster crystals of lacunary polyoxometalates as
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Lacunary polyoxometalates, large inorganic, structure-design-flexible, nanocluster crystals are
found to have higher optical nonlinearity than K0, by the powder second-harmonic-generation
method. Moreover, the capability of generating ultraviolet radiation down to around 300 nm is
found. The basic criteria to design the high nonlinearity are also discovered by the reduction of the
molecular symmetry. €2001 American Institute of Physic§DOI: 10.1063/1.1419230

The development of optical nonlinear crystals for theoctahedron from the XW skeleton the defect-Keggin struc-
frequency conversion of light is a field of great continuing ture XMy, is derived, labeled D1 in Fig.(th), while the re-
interest as the best choice of the material strongly dependsoval of three MQ octahedra leads to the defect-Keggin
on the applications. Of the known nonlinear crystals, phosstructure XN, labeled D3 in Fig. (c). For example,
phate and borate crystals have been the most widel)aySiWgOs, 18H,0™ and Ng GeWyOsy 18H,0™ have the
studied™™” The design philosophy for these materials in- Structure of XM, where X=W, as a result of the removal of
volves the selection of an anionic group which creates théhree MQ units. K;PWgMo,0sq- XH,0' has the structure of
largest possible nonlinearity with sufficient transmission forXMy;, as a result of the removal of one M@nit, and the
the designed wavelength and adequate birefringence faubstitution of two W atoms for two Mo atoms labeled S2.
phase matching. This is demonstrated in crystals of To examine the optical nonlinearity of the nanocluster
B-BaB,0,,* LiB 30s,2 Li,B,0O,,3 CsLiBgO;,*°  crystals, we used the conventional powder SHG method us-
Gd,Y;_,Ca0(BO,),° and KBeBOsF,.” To overcome the ing a 1064 nm optical pulse from aQ-switched
limitations of molecular variation inherent in such small Nd:YzAl;1501, (YAG) laser. The green light at 532 nm was
molecules, research on organic compounds has been pleIered and detected with an image sensor. As can be seen
sued. In spite of significant efforts, a practical nonlinear or-Tom Fig. 2, three of the nanocluster crystals were found to
ganic crystal has yet to be found. In this work we report a€Xhibit significant nonlinearity and NgBiWeOs,- 18H,0
group of large inorganic, structure-design-flexible, nanoclusShowing about ten times the efficiency of KDP powder under

ter materials, lacunary polyoxometalafésthat were found the same conditions was the most efficient. Interestingly, all
to have greater optical nonlinearity than KO, (KDP), and the three compounds are of defect-Keggin structure with
are capable of generating ultraviolet radiation down tohoncentrosymmetry. However, crystal structures of
around 300 nm by the powder second-harmonic-generatioN@0G8W0s4- 18,0 and KPWeM0;05-xH,O could be
(SHG) method!® We will also explain the basic criteria for @nalyzed by the centrosymmetric space groups ofaRd
designing higher nonlinearity into such nanocluster materi—CZ/m' respectwely. Or_1e may point out the d|screpancy be-
als. tween their crystal lattices and observable SHG, since SHG
Historically, nanoclusters of polyoxometalate moleculessgsg:gl bci/c?:ssecr)\;erdefrr?;gg;fevatt?sgrz?sn;?rg;clit(;ﬁepsér:tttﬁ;
have been intensively examined for application as potenti

y PP P factors, three W atoms for NgGeWy0s,4- 18H,0 were found

catalysts. A subset of these nanoclusters was selected _ »
: . . to occupy two disordered positions @fand 8 forms and the
testing of an extremely flexible design methodology for the :
. . ] . ) . occupancy factors for the two equivalent atoms were as-
creation of an optical nonlinear material. Owing to their ex-
. . . . sumed to be 0.1 and 0.9. For;RWyMo0,039- XxH,O, four
tremely large molecular weight as inorganic material, thePO O atoms were also found to occupy two disordered
selected polyoxometalates are related to [tKé1,0,0]" 4 Py

series(noted as XM,), in which X=P, Si, or Ge and MW positions at approximate cubic cornéis P—O distances of

_ 1.50-1.55 A with an occupancy ratio of 1/1 for the two
or Mp ' The structure of XN cqn3|sts of an XQtetrahedron equivalent atoms. Such a disordered crystal structural feature
sharing its oxygen atoms with four J@,5; groups. These

for the two compounds indicates the disappearance of non-
M30;3 groups, made of three edge-sharing octahedra, arg P PP

) e “'Centrosymmetric center in the lattice, which supports the ob-
linked together at the corners. This is the well-known Kegginge yation of SHG signal. Although the crystal structure of the

structure labeled DO in Fig.(4). By removing one M@ most SHG-efficient NaSiWyOs,- 18H,0 compound is not
clear due to a failure of the preparation of its single crystal,
dElectronic mail: murakami@ims.ac.jp we expect the similar disorder ofe and B forms for

0003-6951/2001/79(22)/3564/3/$18.00 3564 © 2001 American Institute of Physics
Downloaded 27 Aug 2010 to 133.68.192.94. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



Appl. Phys. Lett., Vol. 79, No. 22, 26 November 2001 Murakami et al. 3565

Nay SIW,0,,18H,0
(D3SO0
Na,GeW,0,,18H,0
D3S0)

K,PW,M0,05xH,0
(D1S2)
KDP (Reference)
K,PW,,0,5xH,0 ]
(D1S0)
K:BW,,0,,9H,0
(D0S0)
Cs,PW,,T1,0,
(D0S1)
Na,SIW,,0,,
D0S0)

(
CopuoTOnsHO N
0.01 0.1 1 10
SHG Intensity (arb. units)

FIG. 2. Powder second-harmonic-generation method results using a 1064
nm optical pulse from &-switched Nd:YAG laser as the fundamental ra-
diation. Label S denotes the substitution number of metal atom.

edge of the shortest wavelength as shown in Fig. 3.
The cutoff wavelengths for these materials reached
down to 300, 288, and 334 for N&iWO3,4-18H,0,
Na;(GeWy0s,-18H,0, and KPWyM0,059- XH,O, respec-
tively. Such superior transmission down to the ultraviolet
region is the one major attractive feature of these inorganic
complexes. This represents a significant advantage over flex-
ible designed organic material with poor ultraviolet transmis-
sion.

The SHG capability dependence over different funda-
mental wavelengths was evaluated using the powder SHG
method illustrated above. Differing from the prior use of
infrared fundamental light, the fundamental visible optical
pulse from 410 to 700 nm was provided by the output signal
from an optical parametric oscillator pumped by the third
harmonic of aQ-switched Nd:YAG laser in which the output
pulse energy was regulated by a pair of polarizers. For the
XM3,). The structure of XM, consists of an X@ tetrahedron sharing its ~detection of the scattered second harmonic light, an interfer-
oxygen atoms with four ND,5 groups. These ND,; groups, consisting of — ence filter was introduced for the ultraviolet-transparent im-

three edge-sharing octahedra, are linked together at the corners, labeled DO, . . . . ) .
(b) Defect-Keggin structure derived from XMby the removal of one M@ e?glng optics(UV le_kor 105 mm and ultraviolet sen3|t|ye
octahedron, XM, labeled D1.(c) Defect-Keggin structure derived from Charge coupled devid€€CD) cameraHamamatsu photonics

XM, by the removal of three MQoctahedra, XN, labeled D3. C-8000. As the fundamental wavelength was tuned a filter
with appropriate transmission characteristics was selected.

NayGeWyOs,- 18H,0 for the P_lspace group o3 form*®  The intensity of the detected light was digitized from the
The introduction of the disorder of isomers of compound inintegration of the radiation passed through the optics. The
the lattice provides a new design for the SHG-sensitive crystelative SHG efficiency was evaluated by considering this
tals. digitized signal, the spectral response of the CCD detector,

From these results, we have defined three design criteriand the transmission through the optics as shown in Fig. 4.
that are expected to enhance the optical nonlinearity of thighe actual SHG cutoff wavelengths were found to be
class of nanoclusters. The first criterion is that the clusted05, 305, and 250 nm for NgBiWgOs,-18H,0,
molecule should have a heavy center atom%Ge>P) for

@ central hetero atom (X)
@ Oxygen atom (0)
& Metal atom (M)

<

FIG. 1. (Color) Keggin structures of the polyoxometalate) Defect-free
Keggin structure, which is related to tH&XM,0,]"~ series(noted as

larger nonlinearity. The second criterion is that a defect- - T T T T T
Keggin structured molecule has greater nonlinearity than that 10 M vy
of a defect-free molecule. The third criterion is that the metal _2 08| ,5 J 4
atom of the molecule should be partially substituted. The s 0.6 j N |
second and third criteria illustrate the importance of reducing § ' ,’____N%Siwsou_szo (D350)
symmetry within the clusters to increase nonlinearity. 2 0.4~ i) v NayGeW,0,,18H,0 (D3S0) |
Of additional interest is knowledge of the shortest pos- £ 0.2 7 == KPW,M0,0,,xH,0 (D152) |
sible second-harmonic wavelength achieved by the three ® 00 P !
nonlinear nanocluster crystals determined using the linear 200 300 400 700 800

transmission and phase-matching conditions. Before evalua-
tion of nonlinear frequency conversion capabilities in the

FIG

Diffuse
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. . . . . reflection
ultraviolet region, diffuse reflection was measured for theyg Gew,0., 18H,0, K,PWeMo,0,

for
o-XH,0, and KDP. The cutoff wave-

N§BIWeO34- 18H,0,

nanoclusters and KDP powders to determine the transmissiaengths for these materials are defined as the value at 20% reflectance.
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FIG. 4. SHG efficiency of NgSiWg0s4-18H,0, NaGeWyOz4-18H,0,

and KDP for different fundamental wavelengths. All values are normalized 1 mm
by the maximum value of KDP and error bars represent the bandwidth of the
interference filter.

. o FIG. 5. (Color) Photograph of a few millimeter-sized;RWyM0,034-xH,O
Na.J_oGeW903418H20 and KDP, reSpeCtlve|y, W|th|n 10 nm Crysta|s grown from solution.

accuracy considering the 10 nm bandwidth of the interfer-

ence filter. This measurement agrees well with the shortedfpossible to achieve with most organic nonlinear mol-
reported SHG wavelength of 258 nm for the KDP reference€cules. Moreover, we also show three basic design criteria
All of these results using powder material are summarized ifor increasing nonlinearity that are more flexible than pos-
Table | including transmission cutoff wavelength, SHG cut-Sible with most inorganic materials. This application of nano-
off wavelength, and SHG intensity. The application of a SHGClusters in nonlinear optics should open the door to a vast
device with high conversion efficiency or the determination@nd hitherto unexplored region of material science.
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