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Nonlinear optical properties of metal-dielectric composites, such as fractal colloid aggre-
gates and clusters created by ion implantation, are studied. Strong fluctuations of local
fields result in huge enhancements of optical nonlinearities in fractal colloid aggregates.
The real and imaginary parts of the cubic susceptibility of silver colloid aggregates are
measured. It is found that the coefficient of nonlinear absorption strongly depends on
the laser wavelength and intensity. Optical limiting effect in fractal silver colloids is
-observed. Nondegenerate forward four-wave mixing technique is used to investigate the
third-order nonlinear susceptibility for nanocomposite material with Au nanocrystals
formed inside a SiOz glass matrix. The Au nanocrystals are formed by the ion implan-
tation and annealing method that produces very high volume fraction of nanoparticles.
The large value Ix(3)| = 1.3 x 10~7 esu is measured. Two characteristic relaxation times,
5.3 ps and 0.66 ps, are estimated from the detuning curve of |x(3)|, as the probe beam
wavelength changes. A novel class of optical materials, microcavities doped with nanos-
tructured fractal aggregates, is also studied. In our experiments, lasing at extremely
low pump intensities, below 1 mW, and dramatically enhanced Raman scattering was
observed in microcavity/fractal composites.

1. Introduction

The physics of metal-dielectric composites has recently gained increasing interest
because of their unique linear and nonlinear optical properties, and their high appli-
cation potential as nonlinear media and media for optical data storage. There are
two types of composites commonly used: spatially separated metal nanoparticles
embedded in a dielectric host and fractal aggregates of metal nanoparticles formed,
for example, in colloidal solutions.

Enhanced optical processes in composite structures were studled by Sipe, Boyd,
and their co-workers both theoretically and experimentally.! The large nonlinear op-
tical susceptibility, x(®, was reported for nanocomposites with gold,® silver,23:7:8
copper,®? and tin'® particles. The high values of the susceptibility (x® ~ 10 esu)
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are caused by strong enhancement of the local fields in metal particles at the sur-
face plasmon resonance and by the high hyper-polarizabilities of metal particles.3
The third-order polarizabilities of small metal particles can reach as high values as
those of resonant atoms, and moreover, metal particles possess much wider spectral
band of resonances than atoms. The mechanisms contributing to the third-order
polarizability of the nanoparticles were considered in previous reports,® including
the saturation of the absorption by the electron gas inside the particle,%1! the satu-
ration of the interband transition,® and the hot electron contribution.% Hot electron
contribution (“Fermi smearing”) for gold nanoparticles at A = 532 nm for picosec-
ond pulses was found to be the dominant one.® For a long pulse duration, heating
of nanoparticle crystal lattice becomes essential.!?

The response time of the cubic nonlinearity was measured by the pulse delay
technique in degenerate four-wave mixing (DFWM) experiments.%88913 It was
found that there are fast and slow relaxation processes, and the fast decay time is
shorter than the pulse duration, which was typically several picoseconds. The recent
investigations of electron dynamics in metal films and nanoparticles by the pump-
probe technique with femtosecond pulses revealed femto- and picosecond relaxation
processes, 14717 the characteristic times of those were found to be dependent on the
electron and lattice temperatures.!4

There are two ways to increase the susceptibility of nanocomposites; they are
(a) to increase the volume fraction of metal particles in the sample (it has been
shown that high concentrations of nanocrystals can be achieved by ion implantation
of high doses®10:13,18) and (b) to aggregate the nanoparticles to form fractals,
which will increase the enhancement factor in the long-wavelength spectral range
substantially.”

One of the most interesting examples of metal fractal cluster media are colloidal
aggregates in solutions. The optical properties of silver and gold colloidal solutions
containing fractal clusters have been studied in several papers.>192! Nonlinear
optical phenomena experience enhancement by several orders of magnitude in so-
lutions of aggregated particles relative to those consisting of spatially separated
nanoparticles.!® The enhancement is associated with strong fluctuations of local
field in metal fractal clusters.??

Optical excitations of nanomaterials with fractal structure result in highly lo-
calized dipolar modes.?%?3 The localized modes of fractals cover a broad spectral
range, from the visible to the far-infrared. In metal fractals, collective plasmon os-
cillations are strongly affected by the fractal morphology, leading to the existence
of “hot” and “cold” spots (i.e., areas of high and low local fields). Local enhance-
ments in the “hot spots” exceed the average surface enhancement by many orders of
magnitude?4~26; this is because the local peaks of the enhancement can be spatially
separated by distances much larger than the peak sizes. The spatial distribution of
these high-field regions are very sensitive to the frequency and polarization of the
applied field.?3726 The positions of the “hot spots” change chaotically but repro-
ducibly with frequency and/or polarization. This is similar to speckle created by
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laser light scattered from a rough surface with the important difference that the
scale-size for fractal plasmons in the hot spots is in the nanometer range rather
than in the micrometer range for photons.

For the special case of fractals formed by metal particles, the dipole eigenmodes
span the visible and infra-red regions of the spectrum. Since the mode quality-factors
increase with the wavelength, the local fields are especially large in the long wave-
length part of the spectrum. Calculations and experiments reveal a huge enhance-
ment of the nonlinear responses in silver fractal clusters.2”!9?% The enhancement
factors for the Kerr nonlinearities grow considerably when the wavelength detunes
from the monomer absorption peak, A = 400 nm, toward the infrared.?

Enhancement of 10° times for a degenerate four-wave mixing in aggregated sil-
ver colloid in comparison with the non-aggregated was experimentally observed in
Ref. 19. Frequency selective threshold photomodification of silver clusters was ob-
tained when irradiating by nanosecond laser pulses with fluence W > 1 +
10 mJ/cm?.1® Change in nonlinear response due to photomodification of silver col-
loid aggregates was also reported.??!

This paper presents results of experimental studies of the four-wave mixing, non-
linear absorption and refraction of non-aggregated and aggregated metal nanocom-
posites. High-concentration non-aggregated Au-silica composite and aggregated
colloids of Au and Ag nanoparticles are studied. It is shown that metal fractal
structures possess very high optical nonlinearities. The figure of merit (FOM),
Ix®|/a, (where a is the linear absorption coefficient), and response time, which
are important characteristics of a nonlinear medium, are measured and discussed.
Sign reversal in the nonlinear absorption and refraction of aggregated metal colloid
was observed when laser frequency and intensity changed. A novel class of optical
materials, microcavities doped with fractal aggregates, is also studied. It is shown
that fractal/microcavities composites possess unique optical properties, including
extremely large linear and nonlinear susceptibilities.

2. Fractal Colloid Aggregates

In our experiments, colloidal solutions were prepared by two different techniques.
In first method,?” 1-3 mg of sodium boron hydrate was first dissolved in 20 ml of
cooled distilled water (5 ml of water was used to dissolve silver nitrate). Then, the
silver nitrate solution was quickly added to the test-tube with the sodium boron-
hydride solution and the mixture was intensively shaken. The resultant colloid was
yellow-colored. After several days, the hydrosol aggregated and the solution color
changed from yellow to green or grey. Gold colloids used in the experiments were
prepared by similar techniques. In the second method of sample preparation,?®
90 mg of AgNO3 was dissolved in 500 ml of water and boiled. After that, 10 mL
of 1% sodium citrate was added. The mixture was then boiled for 1 hour. In our
experiments the aggregated silver colloid solution with the volume fraction filled by
metal of 10~% was used.
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In Fig. 1, we show an electron microscope picture of a typical aggregate of silver
colloidal particles. The fractal dimension for these aggregates is D ~ 1.7. Note that
voids are present in all scales from the minimum (about the size of a single particle)
to the maximum (about the size of the whole cluster); this is an indication of the
statistical self-similarity of a fractal cluster. The size of an individual Ag particle is
approximately 10 nm, whereas the size of the whole fractal cluster is ~ 1 pym.

Fig. 1. Electron micrograph of a silver fractal cluster.

The absorption spectra for non-aggregated colloids exhibit a single peak re-
lated to the surface plasmon excitation at A ~ 400 nm for silver colloids, and at
A ~ 530 nm for gold colloids. The absorption spectra for aggregated colloids are
broadened in comparison to the non-aggregated. The broadening is caused by the
interaction of dipoles induced by light in monomers, forming a cluster.

In our experiments we used an optical parametric oscillator MOPO 730 tun-
able within the range 440~700 nm with a pulse duration approximately 4 ns. The
nanosecond pulses of Nd:YAG and Nd:YAIO; lasers at fundamental and second har-
monic frequencies also were exploited. For the high intensity pulses we registered
not only energy of the pulses, but also their temporal shape by using a Tektronix
2467B 400 MHz oscilloscope, a Tektronix C1002 videocamera, a Tektronix digitizing
computer system DCS 01, and fast photodiodes.

The modulus of the cubic susceptibility of aggregated silver colloid was measured
by degenerate four-wave mixing technique. The value of [x(¥| =~ 10~° esu was ob-
tained for the most aggregated boron-hydride silver colloids with a volume fraction
of metal, p = 5 x 10~%, at A = 1064 nm for a laser intensity of 1 MW/cm?.? This
means that the susceptibility per unit volume of metal is more than 10~4 esu. The
measured |x(®| at A = 532 nm is only one half of that. The figure of merit (FOM),
Ix®|/e, is about 10~° esu-cm. The analogous spectral dependence was obtained
for gold colloids.?® The values of |x®|/p and FOM for aggregated colloid exceed
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substantially (more than one to two orders of magnitude for nanosecond pulses) the
corresponding values for non-aggregated composites at plasmon resonance?® (see
also below). The wavelength dependence of |x(®)|/p and FOM differ from those for
non-aggregated samples significantly. Measurements with picosecond pulses show
that the susceptibility is two orders of magnitude smaller than that with nanosecond
pulses. This indicates that the thermal effects, namely heating crystal lattice!? and
host medium around absorbing particle, play essential role in the case of nanosecond
pulses.

It is known that for certain optical switching and processing devices the refrac-
tive nonlinearity in the low absorption media is preferred. To measure the nonlin-
ear refractive index, and the nonlinear absorption coefficient, we used the Z-scan
technique.3¢ This method allowed us to determine the nonlinear correction to the
refractive index, ng, and to the absorption coefficient, aq, from experimental data
and hence, calculate Re[x(®)] and Im[x(®)]. It was found that for A = 540 nm the
aggregation of silver colloidal particles into fractal clusters was accompanied by the
increase in nonlinear absorption from ag = —9 x 1071% cm/W to o = ~5 x 10~7
cm/W, i.e., the enhancement factor was 560.2! The enhancement factor exceeding
400 was obtained for the nonlinear refractive index. The calculated enhancement
factors for the Kerr nonlinearity at A = 540 nm are approximately 5 x 10%. The
values obtained for x(®) were Re[x(®] = 10x 10~!! esu, Im[x(®] = —8.3 x 101! esu
for A = 540 nm, and Re[x®] = —3.5 x 10~!! esu, Im[x¥] = —2.7 x 10~!! esu for
A = 1079 nm for p = 5 x 1075, This suggests that the nonlinear absorption and the
nonlinear refraction provide nearly equal contributions to the nonlinearity.

When the intensity exceeds 3 MW /cm?, the results of the Z-scan fitting proce-
dure from Ref. 30 become unsatisfactory. This implies that the nonlinearity deviates
from the simple cubic law. To investigate the behavior at high intensities that sig-
nificantly exceed the photomodification threshold, we used colloidal solutions pre-
pared by the Lee and Meisel’s method.2® The concentration of the colloid solutions
was adjusted so that ag = 1.6 cm~?! at all wavelengths studied. The solution was
placed in a cell with a thickness 10 mm and moved along a focused lagser beam in
order to vary the intensity of the incident pulse from approximately 1 MW /cm?
to 318 MW/cm?. The absorption coefficient was measured. Figure 2 summarizes
our findings and presents the dependence of nonlinear correction to the absorption
coefficient, A, on the peak intensity of the incident radiation at A = 442 nm,
532 nm, and 650 nm. The colloid displayed three different types of behavior for
the absorption. At A = 440 nm, the absorption of silver colloid dropped with the
intensity, demonstrating the effect of nonlinear “bleaching.” At A = 650 nm, we ob-
served the increasing absorption as a function of the intensity. At A = 532 nm, the
dependence of absorption on intensity was more complicated; it showed both non-
linear “bleaching” and darkening within certain intensity intervals. The analogous
intensity dependence was observed at A = 1064 nm.

Thus, we may conclude that both the absorption and the refraction nonlinearities
of an aggregated silver colloid solution change their signs with the wavelength.
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Fig. 2. Intensity dependence of the nonlinear correction to the absorption coefficient for different
laser wavelengths at the peak of the incident pulse.

These changes may be related, on the one hand, to the variations of the signs of the
enhancement factors.?5 On the other hand, and this is more likely, the sign changes
may be due to the band structure of silver, laser heating of electron gas and crystal
lattice of nanoparticles, and heating of the host medium surrounding the particles
by thermal diffusion.

Two processes may be responsible for the darkening at high intensities: nonlinear
absorption and nonlinear scattering. Actually, we observed the increase in scattering
in an angular cone of width 0.05 rad when the darkening occurred, but the loss of
laser energy due to the scattering was at least 10 times smaller than the absorbed
energy. Backscattering and breakdown were not detected in our samples.

Figure 2 shows that the dependence Aa(I) at A = 440 nm is similar to the
saturated absorption curve under the conditions of photoburning of the resonant
modes. When the intensity is relatively low, I < L = 4 MW/cm?, the nonlinear
absorption obeys the law Aa/ap = (I/1,)/(1+ 1/I5) = (a2/as)I with az = —6.6 X
10~8 cm/W; however, when the intensity exceeds the photomodification threshold,
Iy, the photoburning of the resonance domains in colloid aggregates occurs, and the
dependence of Aa(I) deviates from this law. The analogous behavior of nonlinear
absorption was observed at A = 540 nm for I < 3.5 MW/cm?.22!
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The corresponding curve for higher intensities at A = 532 nm in Fig. 2 shows
that in the range 60-170 MW /cm? there is a linear increase of the absorption versus
intensity. This suggests that, in this range, the main nonlinear absorption mecha-
nism is two-photon absorption. The measured coefficient for two-photon absorption
is oy = 1.7 x 1078 cm/W at the peak of the incident pulse (Aa = of - I). Ap-
proximately the same value of o} was obtained at A = 650 nm for intensity I ~
100 MW /cm?.

The temporal shape of laser pulses transmitted through the solution is given in
Fig. 3 for different intensities. One can see from this figure that the contribution
of two- (or multiphoton-) absorption increases during the laser pulse. This sug-
gests that induced absorption is connected with heating or modification of silver

nanocomposites by laser radiation.
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Fig. 8. Oscillograms of the laser pulses transmitted through the silver colloid for different incident
intensities at A = 532 nm.

This phenomenon may be interpreted as follows. The nonlinear optical “bleach-
ing” is caused by the presence of aggregates of nanoparticles in solution leading to
high local fields within fractal structures. Colloid aggregates are modified by high
intensity light within ¢ < 10~%, and the optical nonlinearity related to the fractal
structure of the medium decreases.!® After that, the weaker nonlinearity of iso-
lated particles and bulk metal becomes essential. Therefore, 1 ns after the leading
edge of the pulse, we observe the strong nonlinear absorption related probably to
two-photon absorption in bulk silver. The above data shows that the coefficient of
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two-photon absorption is 30 times smaller than that of nonlinear “bleaching” for
low intensities. According to Ref. 31, the probability of two-photon absorption near
the L-symmetry point increases with the wavelength as A8, That is why the effect
of two-photon absorption is larger in the green region of the spectra than that in
the blue region.

Increasing the intensity up to 100 MW /cm? leads to the optical limiting regime
at A = 532 nm, A = 650 nm and 1064 nm (see Figs. 2 and 3); the energy of the
transmitted pulse does not grow with increasing incident energy. Specifically, at the
intensity I ~ 170 MW/cm? at A = 532 nm, the peak intensity of the transmitted
pulse decreases to 1/5 of that in the linear absorption regime.

3. Non-Aggregated Gold Nanocomposites

Below, we consider nondegenerate four-wave mixing (FWM), w3 = 2w; — ws, in
gold composites formed by ion implantation of SiO2, where wy, we, and w3 are the
frequencies of the pump, probe, and signal waves respectively. The high value of
x®(ws) = (0.26 — 1.3) x 10~7 esu was obtained in the range of the frequencies
w1 — we| < 28 cm™1.

The samples were prepared by implantation of Au ions into Corning fused silica
glass substrates. The implantation energy was 2.75 MeV with a dose of 1.5 x 1017
ions/cm®. The substrate was heated during implantation and kept at 400°C to
facilitate the formation of Au nanocrystals. The implanted Au concentration profile
measured by Rutherford backscattering (RBS) is shown in Fig. 4. The thickness of
Aut-implanted layer is about 1 um, the width at the 1/e peak concentration level
is 0.65 pm. Cross-sectional transmission electron microscopy studies showed that
the average diameter of gold particles in the samples was 6 nm.32 At the center
of the high concentration region, a few large Au particles have sizes almost 10 nm.
At the low concentration regions, the small Au particles are about a few nanometers
in sizes. The gold volume fraction p was estimated to be 7% in the implanted region.
More details on the ion implantation of Au at different temperatures and doses can
be found in Ref. 32.

The absorption spectrum of the samples measured with a HP spectrophotometer
is shown in Fig. 5. The peak of the surface plasmon absorption is at A, = 520 nm and
has a half-width at half-maximum Aw, = 2000 cm~?, which is close to the typical
value for 6 nm Au particles.!® The absorption in the short wavelength range is
attributed to defect centers in SiOg induced by ion implantation. The near-infrared
wing in the absorption spectrum can be attributed to collective effects resulting
from the high concentration of Au particles.

The absolute value of the cubic susceptibility at the surface plasmon resonance
of gold particles in silica is measured by a two-beam FWM configuration. The
MOPO-730 is the source of the tunable probe wave, ws, with spectral width less
than 0.2 cm™!. The narrow-band pump wave, w;, is provided by the frequency-
doubled output of a Nd:YAG laser. The pulse duration is 4 ns for the wa beam
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Fig. 4. Concentration profile of Au implanted into SiO2 matrix measured by RBS.
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Fig. 5. Absorption spectrum (solid line) of the Au implanted glass sample and |x®)| values (filled
circles) measured by DFWM at different wavelengths.
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and 10 ns for the w; beam. The diameters of the beams are about 2 mm. Both
beams have the same linear polarization. The intensity of the probe beam, I, is
normally less than one half of the pump intensity, I;. These two beams intersect
in the sample at the relatively small angle (5°). The signal beam w3 = 2w; — w; is
emitted in the direction ks symmetric to the probe wave vector, ko, with respect to
the pump wave vector k;. A Tektronix 2467B oscilloscope, a C1002 video camera,
a digital computer system DCS01, fast photodiodes, and neutral filters are used to
measure the conversion efficiency for FWM, 5 = I3/I,, where I3 is the intensity of
the signal beam.

It is observed that I3 o< IZI2 when the intensities of the incident beams I; and
I, are less than 2 MW /cm?. Taking into account that our medium is absorbing and
that the frequency detuning range |w;— wa| <« Awy, we can calculate the absolute
value of x®®(ws) from the following equation

ncA; o a o Vi
Urd T (1-TWT L’

where a is the absorption coefficient, T = exp(—al) is the transmittance, A3 is the
wavelength of the signal, n is the refractive index, and c is the speed of light.?¢ The
values of a, T, and n are taken at the pump wavelength A;.

For DFWM at A3 = A = 532.1 nm and I; = 1.9 MW/cm?, we have measured
Ix(a)l = 1.3 X 10”7 esu. This value is several orders of magnitude larger than
that measured for DFWM in the low-concentrated gold colloid solution® and gold-
doped glass,® and it is also larger than that previously reported for ion implanted
samples measured with picosecond pulses.!3 The corresponding susceptibility of gold
particles xg), which, according to Refs. 3 and 6, describes the nonlinear response
to the internal field, is x'2) = x(®) /(pf2|f1|2) = 2.2 x 10~7 esu, where p is the metal
volume fraction and f; is the ratio between the internal field E; and external field
Ey. For 6-nm particles, f; is estimated as 1.7.8 Our value of xsg) is close to the
value of 1.1 x 10~7 esu obtained in Ref. 6 for the nonlinear susceptibility due to
the hot electron contribution. The |x(®)| values measured by the DFWM method
at different wavelengths (w = w; = wy) is shown in Fig. 5. Both the w; and ws
waves were generated by the MOPO-730. The spectral width of DFWM |x(®)| as a
function of w is approximately one half of that of plasmon absorption peak. This
means that the absorption is controlled by homogeneous broadening in our sample,
and it can be explained by the effective medium theory.!?

The |x®)| values have also been measured by nondegenerate FWM by detuning
the probe beam frequency ws. Figure 6 represents the dependence of |x®)(ws)| on
the frequency detuning |w; — wa|. The curves for w; — we > 0 and w; —wa < 0 are
almost symmetric. It is noteworthy that the value of |x(®)| decreases only by a factor
of 5 for a detuning |w; — wg| = 28 cm™?. The dependence of x®(w; — ws) changes
slope in the log—log scale at 2, = |w; —wz| = 1 cm™!, and at Qp = w1 —ws| =
8 cm™~!. At the first point the slope changes from 0 to 0.2, and at the second, from
0.2 to 1.

|x‘3)(w3)l =
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Fig. 6. Dependence of |x{3)} on the frequency detuning |wi — w2| (Jog-log plot). The square
symbols represent data for w; — wa > 0, and triangular symbols for w; — w2 < 0.

According to the simple model of FWM in a two-level system,33 x(3) as a function
of jwy — wa| may have two points of change of the slope on the curve mentioned
above. These points correspond to longitudinal (71) and transverse (72) relaxation
times. In this model, the slope at small |w; — ws| is 0; at intermediate detuning, the
slope is 1; and, at large |w; — wa|, the slope is 2.

To describe the x(® dependence on w3 for a gold particle, a more complicated
model was considered.? In Ref. 4 it is taken into account that plasmon oscillations
decay nonradiatively into a reservoir of electron and phonon energy. This thermal
reservoir cools down with relaxation time 7,. The numerical analysis? showed that,
for short 71 and 72 times, the lifetime associated with energy transfer into or out of
the reservoir introduces another slope change to x(®. The x® dispersion calculated
for 7, = 5.3 ps and 73 = 3.5 fs showed slope changes at |w; — wz] = 1 cm™! and
1000 cm~1.4 The FWM signal at 2.8 < |w; — we| < 110 cm™! without the change
of the slope was observed for gold particles with a diameter of 30 nm in colloidal
solution.

We suppose that the points of the slope change in the detuning curve (Fig. 6)
observed in our experiments correspond to characteristic times of the thermal dif-
fusivity from a gold particle to a host medium, 7, = 7, = (2mcQ,)~! = 5.3 ps,
and to electron-phonon energy relaxation time, 7ep = 7 = (2mcf%)~! = 0.66 ps.
The time of thermal diffusivity responsible for cooling a single-particle reservoir
may be estimated as 7, = c1p172/3k2 = 5.5 ps (the values of gold lattice spe-
cific heat ¢; = 0.13 J/g-K, density py = 19.3 g/cm® and silica thermal conduc-
tivity k2 = 0.014 W/cm- K were used). The evaluated lattice temperature of gold
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nanoparticles in silica irradiated by a 2 MW /cm?, 10 nanosecond pulse, T; = 350°K,
is approximately equal to the electron temperature. At the characteristic tempera-
tures 300~-600°K, for the thermally excited quasiparticles in the nonthermal electron
model,!4 the electron—electron collision time is equal to the electron-phonon energy
relaxation time, 7o = 7Ti/g = 0.77 ps, where v = 66 J/m3K? (electron specific
heat is ¢, = 7T%), and electron-phonon coupling coefficient g = 3 x 10'®¢ W/m?. K.
One can see good agreement between the measured values 7,, 7, and the estimated
Tys Tep-

For DFWM process, we note that the FOM value drops sharply with detuning
of the laser frequency from the surface plasmon resonance. The FOM is 4.5 x 10712
esu-cm at A = 532 nm and 6.3 x 10~13 at 600 nm. Quite different spectral depen-
dence is found for the aggregated gold colloid.?? Aqueous gold colloidal solutions
were prepared by the method.> The measured values are x®) = 0.56 x 10~10
at 532 nm and 2.4 x 10710 esu at 1064 nm. The FOM also increases toward the
infrared, with the value at 1064 nm of 1.7 x 10710 esu-cm. These data show the
increase in the local field enhancement in gold aggregates and it is in agreement
with the data for silver aggregates discussed above.

To determine contributions of the real and imaginary parts to x(®), we have
done the z-scan measurements (by the technique from Ref. 30) with gold colloids at
A = 532 nm. It was found that the imaginary part of the x(® exceeds the real one,
as expected.

4. Fractal Aggregate/Microcavity Composites

The giant enhancement of the optical response in fractal colloid metal aggregates
has been analyzed in the preceding paragraphs. However, there exists an alter-
native approach for achieving large enhancement of optical responses which in-
volves the exploitation of morphology-dependent resonances (MDR’s) in dielectric
microcavities.3% These resonances, which have high quality factors (Q = 10° — 109),
result from confinement of the radiation within the microcavity by total internal
reflection.

Light emitted or scattered in the microcavity may couple to high-Q MDR'’s
lying within its spectral bandwidth, leading to enhancement of both spontaneous
and stimulated optical emissions. For example, enhanced fluorescence emission from
an organic dye-doped cylindrical or spherical microcavity occurs when either the
laser pump or the fluorescence (or both) couple to microcavity MDR’s.36 Moreover,
the increased feedback produced by MDR’s is sufficient to obtain laser emission
from a dye-doped microdroplet under both cw37 and pulsed?® laser excitation, with
a threshold cw pump intensity three orders of magnitude lower than that of a
conventional dye laser in an external cavity.

The existence of high-Q microcavity modes is also responsible for stxmulated
nonlinear effects including:

(1) Stimulated Raman and Rayleigh-wing scattering and four-wave parametric os-
cillation under moderate intensity cw excitation3s;
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(2) A large (> 100) quantum electrodynamic (QED) enhancement3® arising from
MDR-induced changes in the density of states; the largest enhancement occurs
when the MDR mode spacing is greater than the homogeneous linewidth of the
nonlinear process while the latter is greater than the MDR mode width;

(3) Optical bistability connected with the thermal nonlinearity of fused silica mi-
crospheres under low power (10~8 W) cw excitation.3?

Although strong existing evidence suggests that fractal nanocomposites and mi-
crocavity resonators individually result in large enhancements of optical emissions,
recent experiments performed in the laboratory of some of us*? confirm that, in
fractal aggregate/microcavity composite media, giant, multiplicative enhancement
factors are obtained under the simultaneous, combined action of these two resonant
processes when an emitting species is adsorbed onto metal fractal aggregates con-
tained within high-Q microcavities. We observed lasing from Rhodamine 6G (R6G)
dye molecules adsorbed onto silver colloidal aggregates seeded into a cylindrical
microcavity for dye molarities approximately 3 orders of magnitude lower than for
the corresponding microcavity dye laser in the absence of colloidal aggregates, and
for a threshold pump intensity approximately 3 orders of magnitude less than for
a conventional dye laser. The enhancement factor for Raman scattering resulting
from fractal aggregate collective resonance modes was found to be 3 x 10%, with an
additional (multiplicative) enhancement factor greater than 1.5 x 10* due to MDR'’s
of a silica microcylinder containing the fractal aggregate solution. We believe that
these findings demonstrate the unique potential of such devices in the development
of ultralow threshold microlasers, nonlinear-optical devices for photonics, as well as
new opportunities of microanalysis.

Silver fractal aggregate colloid solutions, which were prepared using the method
of (see Ref. 28), consist of silver monomers of average diameter 26 nm with aggre-
gates typically containing 102 monomers. The absorption spectra of non-aggregated
silver colloids exhibit the surface plasmon resonance feature at 400 nm, which, with
aggregation, results in the appearance of a broad wing extending toward the long-
wavelength part of the spectrum (see Fig. 7(c)).

In lasing experiments, a small amount of a parent solution of 10~% M R6G dye
in methanol was added to the colloid solution; the resulting dye concentration in
the samples studied ranged from 10~8 —10~% M. A cylindrical microcavity was fab-
ricated from a cylindrical quartz tube (inner and outer diameters, 0.7 and 1.0 mm),
and the dye/colloid solution placed within the tube. A 10 mW cw Argon-ion laser
(514.5 nm) and & 0.75 mW cw green He-Ne laser (543.5 nm) were used as pumping
sources. The pump beam (approximately 2 mm in diameter) was focused into the
tube by a 75 mm focal length lens; focal plane beam diameters were 70 pm and
35 um for the Argon and HeNe lasers. Pump beam polarization was vertical (along
the axis of the tube), and output radiation was collected at 90 degrees to the incident
radiation as shown in Figs. 7(a) and 7(b). Spectroscopic measurements were per-
formed using a CCD camera mounted to a SpectraPro-300i spectrograph; an 1800
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Fig. 7. Schematic diagram of the experimental configurations: (a) Microcavity MDR’s efficiently
excited; (b) MDRs effectively unexcited; (c) Absorption spectra of silver colloidal particles (1) and
their fractal aggregates (2) in 1 mm path length cell. Lens 1, focal lengths 756 mm; lens 2 used for
f/number matching into spectrograph. Quartz cylinder inner diameter, 0.7 mm.

groove per millimeter grating provided a full width at half maximum (FWHM)
spectral resolution of 0.04 nm.

Elastic scattering of a laser beam passed through the outer edge of the empty
cylindrical tube exhibited well-defined, MDR angular structure; when the beam
was passed through the inner edge of an empty tube (see Fig. 7(a) — most of our
experiments were performed using this illumination geometry), the MDR intensity
significantly decreased. However, filling the tube with a colloidal solution again re-
sulted in strong elastic scattering with a clearly resolved MDR angular structure;
this observation suggests that light scattering by colloidal particles facilitates trap-
ping of the radiation in the MDR's cavity modes. Alternatively, for some calibration
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experiments, we did not wish to excite MDR,; for these experiments, pumping scheme
7(b) was used.

Elastic scattering by fractal aggregates and monomers also contributes to out-
coupling of radiation from microcavity MDR’s. Scattering, together with absorp-
tion, decreases the Q of the cavity modes according to Q! = Q7! + Qg + Q3s,
where Q;1, Q's"l,, Qg} are losses due to absorption, volume scattering, and surface
scattering.3® (Diffraction losses are negligible in our case.) If colloidal aggregates
are present in the microcavity, volume absorption is the most important loss mech-
anism. The measured absorption coeficient at 543.5 nm is ~ 5 cm™! yielding Q, ~
3.4 x 10%. The measured scattering loss, Qg%,, is smaller than Q7! by at least an
order or magnitude, implying that scattering may be regarded in our experiments
simply as an outcoupling mechanism for microcavity radiation.

Figure 8 contrasts the luminescence spectrum of & 5 x 107 M dye solution in
a microcavity with and without the presence of fractal aggregates. Without aggre-
gates, under 514.5 nm excitation, a weak, broad luminescence band is observed with
a maximum near 560 nm and a FWHM of 30 nm; the lower trace in Fig. 8 shows
the central portion of this spectrum and the insert provides an expanded view. In
the insert, representative groupings of small amplitude peaks may be seen corre-
sponding to luminescence emission coupled to microcavity MDR’s. The intermode
spacing between these peaks is approximately 0.066 nm, which is slightly smaller
than the theoretical intermode spacing, 0.078 nm, for a quartz cylinder of radius,
a = 0.5 mm, and refractive index, n = 1.46. However, in our experiments, the
effective path length of a single traversal of the cavity may be greater than 2waq,
because, multiple, near-field scattering in a colloidal solution plays an essential role
in the coupling between molecular emissions and microcavity MDR's; the increased
effective path length would result in the observed decrease in.

In the presence of dye-doped fractal aggregates, the luminescence intensity and
spectrum are changed dramatically. Figure 8 illustrates the huge increase in MDR
peak intensities in a narrow spectral region centered near 561 nm with a band-
width of approximately 3 nm. The minimal spacing between peaks in this region is
the same as for pure dye luminescence (i.e., in the absence of fractal aggregates).
However, their spectral widths, limited by our instrumental resolution, are approx-
imately 0.04 nm; this spectral width allows us to estimate a lower bound for the
MDR @ > 1.5 x 104, _

Similar results were observed for the spectrum of a R6G-doped aggregated sil-
ver colloid solution in a microcavity excited by a 543.5 HeNe laser; huge MDR
peaks are centered near 600 nm in this case. The narrowing of the emission spec-
trum (from 30 nm to 3 nm) is characteristic of laser action. To test this hypothe-
sis, the emission intensity of different spectral components was studied as a func-
tion of pump intensity. It was found that this dependence is linear for low excita-
tion intensities for all spectral components. However, when the pump intensity ex-
ceeded 20-50 W/cm?, some peak signals grew strongly, exhibiting a lasing threshold
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Fig. 8. Luminescence spectrum of 5 x 10~7 M R6G dye solution in microcavity, with (heavy line)
and without (thin line) fractals, for Ay, = 514.5 nm, cw Argon laser excitation. Insert gives detail
of spectrum without fractals showing typical mode structure.
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Fig. 9. Inelastic scattering spectra of non-aggregated silver monomers without dye (dashed line,
lower trace) and fractal aggregated monomers with 5 x 10~7 M dye solution (solid line, upper
trace) in microcavity for Ay = 543.5 nm, cw He-Ne laser (maximum power is 0.75 mW).
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dependence (see Fig. 9). The threshold power for the 543.5 nm HeNe pump laser
was as small as 2 x 10~* W in these experiments.

The enhanced emission was found to be confined within an approximately 50 ym
region of the tube in a vertical direction, which contained the incident pump light;
moreover, emission from this region exhibited angular radiation patterns character-
istic of microcavity MDR'’s.

Thus, the spectral, threshold, and spatial dependencies confirm the lasing nature
of the observed emission. It is noteworthy that the R6G concentration was only 5 x
10~7 M in these experiments, three orders of magnitude lower than for conventional
dye lasers with an external cavity and three orders of magnitude lower than for a
microdroplet laser without silver fractal aggregates.®” These findings suggest that
the lasing effect is due to dye molecules adsorbed on the surface of silver aggregates.
This conclusion is also supported by the fact that increasing the R6G concentration
up to 1078 M did not result in additional growth of the lasing peak intensities over
their level for the 5 x 10~7 M dye concentration. The additional dye molecules are
apparently not adsorbed onto the silver particles, but remain in solution as free
molecules, where they do not effectively contribute to lasing. Lasing emission was
observed for R6G concentrations as low as 10~8 M, from which we conclude that the
surface-enhanced lasing effect was observed for the first time in our experiments.

Microcavity surface-enhanced Raman scattering (SERS) was also investigated.
SERS spectra from sodium citrate molecules adsorbed on silver fractal aggregates
in a microcavity were obtained under conditions where MDR’s either were, or were
not, excited (see Figs. 7(a) and 7(b)). We found that SERS is 103105 times more
intense when MDR’s are excited. However, of greater interest is the coupled, multi-
plicative enhancement factor caused by both fractal aggregates and microcavities.
By comparing Raman signal levels from sodium citrate adsorbed on silver colloid
aggregates and from a high- molarity sodium citrate solution in the absence of frac-
tal aggregates, we found that SERS enhancement resulting from fractal aggregation
of colloidal silver is 105-10%, consistent with the data of Ref. 41. Thus, with the
additional, multiplicative, enhancement provided by microcavity MDR's, the resul-
tant average SERS enhancement produced by fractals in a microcavity is estimated
to be in the range 10® — 10!, It is also important to note that, since the optical
excitations are localized in sub-wavelength, nm-size, regions of the fractal aggre-
gate medium, local enhancement factors can be significantly larger still, up to 10'S.
These average enhancement factors are comparable with, and can even exceed, the
local enhancements for single molecule SERS (1012 — 10'%) observed in Ref. 42.
We expect that placing fractal nanostructures in a microcavity will facilitate new
possibilities for optical micro-analysis and studies of lasing and nonlinear optical
effects in single molecules. .

This is illustrated in Fig. 9 which contrasts microcavity spectra of non-aggregated
silver monomers without R6G dye (lower trace) with fractal aggregates containing
a 5 x 10~7 M dye solution (upper trace) under 543.5 nm HeNe excitation. Two
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spectral fragments are shown between 575 and 615 nm. One can see a set of lu-
minesceiice peaks whose minimal spacing is approximately equal to the intermode
spacing of our cylindrical microcavity. In addition, two extremely large peaks dis-
tinguish themselves in the observed spectra. We have identified the largest peak (4
times more intense than the emission at 600 nm) at 612.6 nm with the combination
Raman band (1310 + 780) cm™~! of sodium citrate, used to grow silver monomers,
and present in minute (3 x 10~* M) concentrations in our monomer solutions; the
other peak at 580 nm corresponds to the 1160 cm~! fundamental Raman mode of
the citrate molecule. These peaks exhibit a nonlinear dependence on pump inten-
sity and may be regarded as surface-enhanced stimulated Raman scattering in a
microcavity, excited by a 0.75 mW cw pump laser.

8. Conclusions

This study has shown that forming fractal structures of nanoparticles is an effective
way to increase the nonlinear optical response. Localization of plasmon excitations
in metal fractal aggregates provides a huge enhancement of local electric fields and,
as a result, dramatic increase of the nonlinear susceptibility and figure of merit
(FOM). For third-order optical nonlinearity, the FOM as high as 10~° esu-cm was
obtained in fractal colloid aggregates at very low metal filling factors p = 5 x 106,
Nonlinear absorption and refraction coefficients of aggregated colloid solution were
found to change signs with wavelength and laser intensity.

The nondegenerate four-wave mixing, characterized by high nonlinear suscepti-
bility [x®] > 10~7 esu, for frequency detuning |wy — we| < 28 cm™! was observed
for the nanocomposite of gold imbedded in silica. The response and relaxation time
has been determined based on the detuning curve. The x{®)(ws) dispersion is gov-
erned by different responses with characteristic times of 0.66 ps, 5.3 ps and possibly
also by shorter femtosecond time-scale response. The first of the relaxation times
was attributed to electron-phonon relaxation, and the second, to thermal diffusion
to the host medium.

As a final mechanism for increasing the optical response, composite media, con-
sisting of fractal aggregates seeded into dielectric microcavities, were discussed.
Extremely large enhancements of optical emissions are observed in such systems.
For example, addition of micromolar concentrations of a laser dye, Rhodamine 6G,
to the parent fractal aggregate solution, results in intense lasing emission from the
microcavity even for cw pump powers in the sub-mW range.
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