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The advent of high power lasers, in both civilian and military
applications, makes the search for efficient optical limiters for a
wide range of personnel (e.g., eye) and equipment (e.g., sensor)
protection the highest priority.1 An ideal optical limiter exhibits
a high,linear transmission below a certain “limiting” threshold,
but its intensity is greatly attenuated (opaque with constant, low,
andnonlinear transmittance) above the threshold1 (cf. Chart 1,
Supporting Information). Among many promising optical limiting
materials, organometallic, metallophthalocyanines, metallopor-
phrins, and metal clusters containing a small number of metal
atoms have attracted considerable attention.1-4 Compared to
organic optical limiting materials, these compounds have the
advantage of multiple electronic transitions such as metal-ligand
charge transfers. However, these systems often suffer from low
damage threshold and inefficient optical limiting.

We report herein a highly efficient optical limiter based on a
nanosized metal cluster, the 38-metal-atom cluster (Ph3P)12Au18-
Ag20Cl14 (1)5,6 of a single size, shape, and structure. Previous
studies have indicated that metal nanoparticles not only exhibit

greatly enhanced optical nonlinearities over those of bulk metal,
but are also capable of enhancing the optical nonlinearities of
organic molecules attached or close to the particle surface.7 The
present study represents the first observation of a new class of
highly efficient optical limiting materials based on a novel series
of vertex-sharing polyicosahedral Au-Ag supraclusters synthe-
sized and characterized in our laboratory.6

Optical limiting measurements were performed using frequency-
doubled Nd:YAG laser as the light source to generate 12-ns pulses
(30 Hz) at 532 nm. The experimental setup is depicted in Chart
2, Supporting Information. The standard Air Force test bed was
used. The collimated laser beam was focused on the sample by
a lens with 20 cm focal length. The sample was positioned on
the focal plane. The quasi-parallel (slightly converging) incident
beam had a spot size of about 0.5 mm. Two detectors were used,
one to detect the output energy and one to monitor the input
energy. The output beam detector was positioned at 36 cm from
the sample. The results for both solid and solution samples were
calibrated with a calibration curve which was recorded before
the sample was inserted. The solution sample was housed in a
sample cell made of two pieces of transparent glasses separated
by a Teflon ring gasket measuring 380µm in thickness. The solid
sample, in the form of a free-standing PMMA film of 0.5 mm in
thickness, was clamped to the sample holder. The measurements
were performed with and without an aperture (5 mm in diameter)
placed at 6 cm in front of the detector. The purpose of the aperture
was to block out peripheral scattered light entering the detector.
Since the results are quite similar, only the latter are reported
herein.

Figure 1, a and b are plots of the transmitted versus incident
energies, depicting the optical limiting responses of solid (dis-
persed in organic polymer PMMA) and ethanol solution samples
of 1. It is apparent from Figure 1a that for solid samples, the
optical limiting threshold occurs at around 32µJ and that the
limiting output energy is about 1.5µJ for an input energy of up
to 110µJ. Permanent, irreversible damage was observed at the
test spot only for input energies above 110µJ and was caused by
the breakdown of the PMMA host material rather than that of1
itself. In solution, the optical limiting response occurred at a
threshold of 14µJ with a limiting output of 8µJ for input energies
of up to 85µJ (Figure 1b). This trend was reversible, indicating
that there was no damage to the test spot. Below the limiting
threshold, the linear transmittance of the solid and solution
samples were 15% (Figure 1a) and 40% (Figure 1b), respectively.
Above the threshold, the maximum output energies for the solid
and solution sample were about 2 and 8µJ, respectively, indicating
that the limiting response of the solid sample was four times more
efficient than that of the solution.

The origin of the optical limiting behavior observed for both
solid and solution samples of1 is currently under investigation.
We believe that the optical limiting behavior observed for1 is
intimately related to the third-order nonlinear optical effect,ø(3),
or, specifically, the Kerr effect.8,9 In other words, since the valence
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electrons in a large metal cluster such as1 are highly delocalized
and free-electron-like, they behave like metal when subject to
the large electric field of the intense laser beam. It is known that
there is, in general, a 3-6 orders-of-magnitude enhancement of
the third-order susceptibility,ø(3), of “bare” metal particles over
that of the bulk metal.7,11 These enhancements inø(3) were
attributed to electromagnetic effects, in a way analogous to the
surface-enhanced Raman scattering (SERS)12 and other nonlinear

optical effects associated with a roughened metal surface.13 Since
the refractive index,n(ω) ) n0 + ∆n(ω), has a field-induced term
∆n(ω) ) ø(3)(ω)|E(ω)2|/2n0 that depends linearly onø(3) and
quadratically on the electric field,E(ω), of the incident beam,8a

the orders-of-magnitude enhancement inø(3) for isolated metal
particles of dimensions smaller than the optical wavelength causes
a change in the refractive index (grating) within the laser path,
refracting away the incident light.14

In conclusion, in either solid film or in solution, structurally
well-defined large bimetallic Au-Ag clusters such as1 can
achieve nearly 2 orders of magnitude of attenuation of high-
intensity laser power. More importantly, it opens the door to a
new class of highly promising optical limiting materials based
on nanosized metal clusters. Work is in progress to design and
fabricate new optical limiters based on nanosized metal clusters
and to understand their optical limiting mechanism(s).14

Acknowledgment is made to National Science Foundation (Materials
Initiative Grant to B.K.T.(UIC)) and to National Research Council (H.Z.
(WPAFB)) for financial support of this research. H.K.L. thanks the U.S.
Army Research Office (Contract No. DAAG55-98-C-0053) and U.S.
Department of Energy (Contract No. DE-AC05-960R22464 via CEASAR
of Oak Ridge National Lab. To Lumin, Inc.) for support. We are grateful
to Professors R. Y. Shen (Department of Physics, University of California
at Berkeley) and C. Flytzanis (Laboratoire d’Optique Quantique du
C.N.R.S. Ecole Polytechnique, France) for helpful discussions.

Supporting Information Available: Chart 1 shows an idealized
optical limiter and Chart 2 depicts the experimental setup (PDF). This
material is available free of charge via the Internet at http://pubs.acs.org.

JA010412N

(9) It should be emphasized, however, that we cannot rule out mechanisms1

such as reverse saturable absorption (RSA), two-photon absorption (TPA),
free-carrier absorption (FCA), induced scattering due to local heating (thermal
effects), etc. We also cannot rule out scattering mechanisms involving the
characteristic plasmon resonance(s) of the Au-Ag nanoclusters, especially
when the wavelength of the incident laser light approaches, or coincides with,
that of the plasmon resonance of the metal cluster (which occurs at 495 mn
for 1).10 In fact, at or near resonance, plasmon scattering may be operative.
Experiments such as Z-scans using fs and ps laser pulses are being planned
to gauge the relative importance of these mechanisms.

(10) Teo, B. K.; Keating, K.; Kao, Y.-H.J. Am. Chem. Soc.1987, 109,
3494.

(11) The third-order nonlinear optical properties (such as the Kerr effect)
measured at the surface-mediated resonance of the metal nanoparticles was
found to be enhanced by several orders of magnitude over those measured
off-resonance.7,15

(12) See, for example: Van Duyne, R. P. InLaser Excitation of Raman
Scattering from Adsorbed Molecules on Electrode Surfaces, Chemical and
Biochemical Applications of Lasers; Moore, C. B., Ed.; Academic: New York,
1978; Vol. 4.

(13) (a) Chen, C. K.; de Castro, A. R. B.; Shen, Y. R.Phys. ReV. Lett.
1981, 46, 145.(b) Chen, C. K.; Heinz, Y. F.; Richard, D.; Shen, Y. R.Phys.
ReV. Lett. 1981, 46, 1010.

(14) Generally speaking, there are three major contributions to theø(3) of
metallic particles.15 The first originates from the interband electric-dipole
transitions between the states of the d valence bands and the states of the
s-p conduction band. It has a very fast response time in the femtosecond
regime (∼10-13 s). The second is the hot electron excitation near the surface
plasmon resonance, which has a response time of ps. The third is the thermal
contribution which has a very slow response time of ns. For the Au:TiO2
composites,15 for example, it has been demonstrated that, on the fs time scale,
the thermal contribution can be ignored, and theø(3) can be attributed mainly
to the interband electric-dipole transitions with partial contribution from the
hot electron excitation. Since Nd:YAG laser of 532 nm and 12 ns (30 Hz)
was used in the present study, it is likely that all three mechanisms are operative
here. Work is in progress to measure theø(3) of 1 and related clusters (via
four-wave mixing or heterodyned optical Kerr effect16) and to gauge the relative
importance of these three contributions using fs and ps laser pulses.

(15) Liao, H. B.; Xiao, R. F.; Wang, H. Wong, K. S.; Wong, G. K. L.
Appl. Phys. Lett.1998, 72, 1817.

(16) Deng, Y.; Xu, Y. H.; Lin, L.; Qian, W.; Xia, Z. J.; Teo, B. K.; Zou,
Y. H. J. Mater. Sci. Lett.2000, 19, 549-551.

Figure 1. Optical limiting behavior of (a) solid sample (dispersed in
PMMA) and (b) ethanol solution of the nanocluster, (Ph3P)12Au18Ag20-
Cl14(1), plotted as transmitted versus incident energies for 12-ns, 532
nm laser pulses. For the sake of clarity, the ligands in1 are not shown
in the inset.
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