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Abstract. A novel class of materials, fractal-microcavity composites, that pro-
vides unprecented enhancement of optical responses is developed. These composites
combine the energy-concentrating effects due to localization of optical excitations
in fractals with the strong morphology-dependent resonances (MDRs) of dielectric
microcavities. Optical excitation of fractal-microcavity composites may result in
truly gargantuan local fields. By coupling the localized plasmon modes in fractals
with MDRs, strong lasing and nonlinear Raman scattering can be obtained at low
light intensities. This allows developing efficient microlasers and makes Raman and
hyper-Raman spectroscopy a powerful analytical tool for detecting and character-
izing a small number of, or even single molecules.

Advances in science and technology often result from the development of new
or improved materials. For example, the arrival of advanced optical media has
heralded companion advances in photonics and in laser and detector technology.
In this contribution, we demonstrate that nanostructured materials fabricated in
our laboratory exhibit dramatically superior optical performance characteristics,
foreshadowing great promise for both fundamental and applied studies.

1 Introduction

Since the advent of the laser nearly 40 years ago, its unique characteristics
have been used to generate a variety of linear and, especially, nonlinear op-
tical emissions such as stimulated scattering and harmonic generation. The
initiation of nonlinear emissions typically requires intense pumping sources so
that, in practice, emissions are observed only for powerful laser sources whose
intensity exceeds some threshold value. The threshold depends on many fac-
tors, notably, the quality (Q) factor of the optical resonator containing the
emitting medium and the strength of the nonlinear interaction, expressed in
terms of a nonlinear susceptibility.

V. M. Shalaev (Ed.): Optical Properties of Nanostructured Random Media,
Topics Appl. Phys. 82, 149-167 (2002)
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Given the dependence of the threshold pump intensity on medium pa-
rameters, it is natural to inquire whether media exist for which initiation of
nonlinear emissions occurs for threshold pump intensities dramatically lower
than for conventional media. We suggest that a defining characteristic of such
media is the existence of greatly enhanced local fields; here, we quantify this
concept in terms of an “enhancement factor” given by the magnitude of the
ratio of the local to the incident electric field amplitudes. If the enhancement
factor is sufficiently large, even extremely weak pump beams will drive local
field amplitudes above the threshold required for a particular nonlinear pro-
cess with the result that emission generated by this process is excited in the
medium.

The media of interest here are composites consisting of colloidal silver
fractal aggregates and dielectric microcavities. The colloidal silver particles
have an average diameter of the order of 10 nm. Using well-established chem-
ical or other fabrication methods, fractal aggregation of the particles may be
achieved, and the resulting aggregates, typically comprising 10%-~10% silver
particles, have dimensions of approximately 1 pum. Composites are formed
when aggregates are seeded into a dielectric microcavity; in our experiments,
this consisted of a hollow quartz tube of outer diameter 1mm and inner
diameter 0.7mm. As we shall see, since each component possesses a large
enhancement, factor and the enhancement factor of the composite depends
multiplicatively on the enhancement factors of the individual components, the
enhancement factor of the composite can become enormous. Because of this
gigantic enhancement, the lasing threshold can decrease significantly, and the
efficiency of various optical processes can dramatically increase. In particu-
lar, we show here that record-high enhancement for Raman and hyper-Raman
scattering can be achieved in the fractal-microcavity composites making pos-
sible nonlinear Raman spectroscopy at very low light intensities.

In the remainder of this contribution, we first review the important prop-
erties of fractal aggregates and dielectric microcavities and discuss fabrication
of the composites. We follow this by a discussion of selected experiments per-
formed in our laboratory that exhibit the remarkable optical characteristics
of the composites.

2 Optical Properties of the Composites

The giant enhancement of optical responses in metal nanocomposites and thin
metallic films containing nanoscale surface features has been intensively stud-
ied in recent years [1,2]. This enhancement is associated with the excitation
of surface plasmons, collective electromagnetic modes whose characteristics
depend strongly on the geometric structure of the metallic component of the
medium.
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2.1 Fractal Silver Aggregates

Nanocomposites often are scale-invariant, and their structure is characterized
by fractal geometry [3]. Since fractal objects do not possess translational in-
variance, they cannot transmit the running waves that are characteristic of
homogeneous media. Rather, collective optical excitations in fractals result
from near-field multiple scattering within subwavelength regions of the fractal
medium; hence, optical excitations, such as surface plasmons, are often spa-
tially localized in fractals [2,4]. The localization is inhomogeneous in the sense
that, at any wavelength, modes of different coherence radii are excited [5].
This localization leads to the presence of nanometer-scale spatial regions of
high local electrical fields, “hot” spots, and accordingly, to significant en-
hancement for a variety of optical processes, such as Raman scattering, four-
wave mixing, the quadratic electro-optical effect, and nonlinear absorption
and refraction [2,6].

The symmetry of fractals is distinctly different from that of continuous
media, for example, crystals or gases. Continuous media possess translational
invariance so that the medium has the same appearance (at least statistically)
at different spatial locations. However, fractal media possess the distinct sym-
metry of scale invariance so that a fractal has the same appearance (again,
at least statistically) when viewed on different spatial scales. These funda-
mentally different symmetries strongly influence the nature of their resonant
excitations. Resonance modes of continuous media are typically delocalized;
moreover, medium constituents within a given region absorb light at approx-
imately equal rates and possess approximately equal excitation amplitudes.
In contrast, resonance modes of fractal media are spatially localized within
subwavelength regions, “hot spots”, and the excitation of constituents within
these hot spots can greatly exceed those of constituents at other spatial lo-
cations [2].

The localization of optical excitations in fractals within small, subwave-
length, spatial regions results in extremely large enhancement factors and
the corresponding enhancement of many optical effects such as Rayleigh,
Raman, and nonlinear light scattering [2]. The enhancement is especially
large for nonlinear processes since, in this case, the intensity depends on the
power of the enhanced local field. For example, consider degenerate four-wave
mixing (DFWM), where both the driving field and the nonlinear amplitude

-are enhanced. Theory predicts [2] a large enhancement, G o< Q°, confirmed -

experimentally [4], where an enhancement factor of the order of 108 occurs
upon fractal aggregation of colloidal silver nanoparticles.

2.2 Microcavities

Microcavities, such as liquid or solid microspheres and microcylinders, are
a second essential component of a composite. Microcavities exhibit a rich
spectrum of electromagnetic resonances [7], termed morphology-dependent
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resonances or MDRs. These resonances, which may have extremely high qual-
ity factors (Q = 103-10%), result from confinement of the radiation within
a microcavity by total internal reflection. Light emitted or scattered in a
microcavity may couple to the high-QQ MDRs lying within its spectral band-
width, 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 MDRs [8]. Moreover, the
increased feedback produced by MDRs is sufficient to obtain laser emission
from a dye-doped microdroplet under both CW [9] and pulsed [10] laser ex-
citation, with the threshold CW pump intensity three orders of magnitude
lower than that of a conventional dye laser in an external cavity. Lasing emis-
sion from a microcavity doped with two fluorescent species (a dye-doped sol
and a liquid dye) occurs via enhanced radiative (MDR) and nonradiative
(Forster) energy transfer [11]. The existence of high-Q microcavity modes is
also responsible for numerous stimulated nonlinear effects, including stimu-
lated Raman and Rayleigh-wing scattering and four-wave parametric oscilla~
tion under moderate intensity CW excitation [12]. The microcavities used to
obtain the results discussed in this contribution consist of hollow quartz tubes
(approximately 1mm o.d., 0.7mm i.d.) in which we place silver colloids or
colloidal silver fractal aggregates for spectroscopic study. These microcavities
possess resonance modes having Qs of the order of 103-105.

With increasing pump power, even in the absence of fractal silver or col-
loidal silver material in the microcavity, resonance enhancement provided by

the MDRs may drive the emission into the nonlinear regime. However, with

the introduction of such material, SERS- and fractal aggregate-related en-
hancement effects may be many orders of magnitude greater; hence, numerous
nonlinear processes may be observed, even at extremely low concentrations
of the emitting species and extremely low pump power.

2.3 Composites

To perform optical experiments with fractal-microcavity composites, the ini-
tial problem is to be able to fabricate them reliably. This process, in turn,
requires fabrication of fractal aggregates, microcavities, and subsequent cou-
pling of the two. Fractal aggregates have been fabricated by other groups [1],
and we too developed fabrication capabilities in our laboratory. Normally,
the fractal fabrication process consists of two distinct phases: the growth of
colloidal particles and the formation of fractal aggregates of these particles.
We have used two chemical methods to grow colloidal silver particles, the
Lee-Meisel method [13] and Creighton’s method [1]. Although both methods
result in the formation of colloidal solutions of silver particles with diameters
of the order of 10 nm, our experiments show that the Lee—-Meisel method re-
sults in colloidal solutions possessing a somewhat higher silver concentration;
this, in turn, results in more intense optical emissions during spectroscopic
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investigations. Hence, in the remainder of this contribution, most of our re-
sults for chemically produced fractals were obtained using the Lee-Meisel
method.

The formation of the colloidal silver solution is the most delicate step
in the chemical fractal fabrication process. Careful control of both the con-
stituent concentrations and the ambient temperature is needed to obtain
uniform size distribution of silver particles; this, in turn, strongly influences
the optical properties of aggregates formed from the particles. Once the col-
loidal solution is obtained, fractal aggregation may readily be induced by the
addition of a suitable organic acid; we used fumaric acid in our experiments.
'The acid pH is a convenient parameter that may be used to control the ag-
gregation rate; the lower the pH, the faster the aggregation rate. Fractal-
microcavity composites are formed by the simple expedient of dipping the
open end of the quartz microcavity into the fractal solution where capillary
action readily introduces the fractal solution into the microcavity.

‘T'wo nonchemical methods were also used to fabricate fractal aggregates:
the laser ablation technique and the photoaggregation method. In the laser
ablation method, a vacuum chamber containing a silver target is first evacu-
ated and subsequently backfilled to a selected pressure with an inert gas such
as helium. Irradiating the target by a high-power laser (entering through a
window in the vacuum chamber) causes ablation of silver; in our experiments,
we used a Nd:YAG laser to accomplish this. As a function of gas pressure
and pump power, first silver monomers, and subsequently silver fractal ag-
gregates, are formed in the ambient gas above the target; this material is
subsequently deposited on a substrate inside the chamber. This method pro-
vided us with fractal aggregate colloidal silver samples primarily used in
experiments designed to increase our understanding of fractal media.

The photoaggregation method, first suggested in [14], was further devel-
oped during a series of our experiments discussed later in this contribution.
These experiments clearly indicated that irradiation of a colloidal solution by
an external pump laser results in the formation of fractal aggregates. Subse-
quent experiments employing scanning electron microscopy revealed that the
aggregation rate as well as the maximum size of the resulting fractal aggre-
gates exhibits a strong dependence on both the wavelength and power of the
pump laser. .

We conclude this section by noting that there are several reasons for
the giant enhancement factors exhibited by fractal-microcavity composites.
First, local-field amplitudes are increased in the neighborhood of individual
silver monomers via coupling to the localized surface plasmon resonances of
fractal aggregates. Second, seeding the aggregates into microcavities further
increases the local fields because of light trapping by microcavity resonance
modes [7]. Finally, evidence will be presented here that chemical modifica-
tion of adsorbed molecules may occur resulting in the presence of a sizable
chemical enhancement factor [1].
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For the spectral emissions reported in this contribution, our results in-
dicate that the enhancement factor may be enormous, exceeding 1026 in
one of our experiments. Such gigantic enhancement factors foreshadow many
other results, including the detection of emissions from single molecules and
nanoparticles.

3 Lasing in Fractal-Microcavity Composites

The initial optical study of fractal-microcavity media was an investigation
of lasing [15]. Fractal aggregate optical excitations may be concentrated in
regions smaller than the diffraction limit of conventional optics, resulting in
large local fields. Seeding the aggregates into microcavities further increases
the local fields because of light trapping by microcavity resonance modes.
These composites possess unique optical characteristics, including extremely
large probabilities of radiative processes. In our experiments, we observed
lasing at extremely low threshold pump intensities, well below 1 mW (for
some experimental trials, below 50 uW), and dramatically enhanced Raman
scattering.

Strong existing evidence suggests that fractal nanocomposites and micro-
cavity resonators individually result in large enhancements of optical emis-
sions. We demonstrate that huge, multiplicative enhancement factors are ob-
tained under the simultaneous, combined action of these two resonant pro-
cesses when the emitting species is adsorbed onto fractal aggregates contained
within high-@Q microcavities. We found that doping a dye solution inside a mi-
crocavity containing fractal silver aggregates results in a giant enhancement
of the efficiency of lasing and nonlinear Raman scattering. Note that, al-
though colloidal Ag aggregates introduce absorption and, hence, linear losses
inside the microresonator, at the same time they increase the efficiency of
dye excitation and emission. We believe that results discussed in this contri-
bution demonstrate the unique potential of such devices in the development
of ultra low threshold microlasers, nonlinear optical devices for photonics, as
well as new opportunities for micro analysis, including spectroscopy of single
molecules.

Colloidal silver solutions, prepared using the Lee—Meisel method [13], re-
sult in the formation of silver nanoparticles (monomers) with an average
diameter of 25 nm. Addition of an organic acid (e.g., 0.03 M saturated fu-
maric acid) to the monomer solution promotes the aggregation of colloidal
nanoparticles into fractal clusters, containing, typically, 10® monomers. Elec-
tron microscopic analysis of the aggregates (see inset in Fig. 1a) reveals that
they possess a fractal structure with the fractal dimension D =~ 1.8 charac-
teristic of the cluster—cluster aggregation of monomer particles.

Extinction spectra of nonaggregated silver colloids in the visible region
of the spectrum exhibit a single resonance feature centered at 420 nm and
width 80 nm; this peak is due to the surface plasmon excitation in single silver
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Fig. 1. (a) Absorption spectra of silver colloids in different aggregated states (from
lem path length cuvettes) and TEM image of fractal aggregates. With an in-
crease of the aggregation degree, the peak at 420 nm decreases and the broad long-
wavelength wing becomes stronger. (b) Experimental illumination scheme

nanoparticles. Aggregation leads to the appearance of a broad wing extending
toward the long-wavelength part of the spectrum. Enhanced extinction in
the long-wavelength region (see Fig. 1a) is a consequence of induced high-Q
optical modes in metal fractal aggregates [2].

Lasing experiments were performed using Rhodamine 6G (R6G) dye.
A small amount of a parent solution of 1074 M R6G in methanol was added to
the colloidal silver solution; the resulting dye concentrations ranged from 10~8
to 107° M. Cylindrical microcavities were fabricated from cylindrical quartz
tubes (diameter, 700 wm, outer diameter, 1000 um), with the dye/colloidal
solution placed within the tube.

A 10-mW CW Ar-ion laser (A = 514.5nm) and a 0.75mW CW green
He-Ne laser (A = 543.5nm) were used as pumping sources in these experi-
ments. 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 pum
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and 35 um for Ar- and He—Ne lasers, respectively. Pump beam polarization
was vertical (along the axis of the tube), and output radiation was collected
at 90° to the incident radiation, as shown in Fig. 1b; different configura-
tions shown in Fig. 1b were used when MDRs were (were not) excited in the
cylindrical microcavity. Spectroscopic measurements were performed using a
CCD camera mounted to a SpectraPro-300i spectrograph; an 1800/mm grat-
ing provided an instrumental spectral resolution of 0.028 nm (full width at
half maximum, FWHM).

Elastic scattering of a laser beam passed through the outer edge of the
empty cylindrical tube exhibited a well-defined, MDR, angular structure; al-
ternatively, when the beam is passed through the inner edge of the empty
tube, the intensity of the MDR peaks is significantly reduced. However, filling
the tube with a colloidal solution again resulted in strong elastic scattering
with a clearly resolved MDR angular structure. Most of our experiments
were performed using this illumination geometry. Our observations imply
that elastic scattering by fractal aggregates and monomers contributes to
output coupling of radiation from microcavity MDRs. Scattering, together
with absorption, decreases the quality factor @ of the cavity modes according
to Q7' =Q 1+ QL+ QL where Q7 1, QF, and Q! are losses due to ab-
sorption, volume scattering, and surface scattering, respectively [6]. (Diffrac-
tion losses are negligible in our case.) If colloidal aggregates are present in the
microcavity, the volume absorption is the most important loss mechanism.
The measured absorption coefficient o = 5ecm™! at A = 543.5nm, so that
Q. = 27n/al = 3.4 x 10*, where n = 1.46 is the refractive index. The mea-
sured scattering loss, Q5. + QZ!, is smaller than Q! by, at least, one order
of magnitude, implying that scattering may be reégarded in our experiments
primarily as an output-coupling mechanism for microcavity radiation.

Figure 2 contrasts the luminescent spectrum of a 5 x 10~7 M aqueous dye
solution in a microcavity with and without the presence of fractal silver aggre-
gates. Without aggregates, a weak, broad luminescent band is observed with
a maximum at A = 560 nm and a FWHM of 30nm for A1, = 514.5nm excita-
tion; the lower trace in Fig. 2 shows the central portion of this spectrum, and
the inset provides an expanded view. In the inset, representative groupings
of small amplitude peaks may be seen corresponding to luminescent emission
coupled to microcavity MDRs. The intermode spacing between these peaks is
approximately A A = 0.066 nm. This spacing is slightly smaller than the theo-
retical intermode spacing of A A = (A\?/27a)[(n? —1)"/?tan~ 1 (n? —1)1/?] =
0.076 nm, calculated for a quartz microcavity of radius ¢ = 0.5 mm and re-
fractive index n & 1.46. The spectral widths of the peaks were limited by our
instrumental resolution.

In the presence of fractal aggregates, the luminescent intensity and spec-
trum are changed dramatically. Figure 2 illustrates the huge increase in MDR,
peak intensities within a narrow spectral region centered near A = 561 nm
with a bandwidth of approximately 3nm for the tube containing the Ag-
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Fig. 2. Luminescent spectrum of 5 x 1077 M R6G dye solution in microcavity, with
(heavy line, neutral density o. d. =5 filters are used) and without (circles, thin line)
fractals, for A\ = 514.5nm, CW Ar laser excitation. Inset gives detail of spectrum
without fractals showing typical mode structure

R6G composite. Closely spaced but spectrally distinct modes in this region
have intermode spacings essentially identical to those for the aggregate-free
spectra discussed in the preceding paragraph. The measured value of a single
peak FWHM, 6\ = 0.04 nm (it is close to our instrumental width), allows us
to estimate a lower bound for the quality factors, @ > \/6\ = 1.5 x 10%. This
lower bound value is consistent with the previous estimate of Q & 3.1 x 104.

Analogous enhanced emission spectra from a dye/fractal/microcavity sys-
tem are observed under He-Ne laser excitation. Huge MDR peaks are cen-
tered near A = 600 nm in this case. The narrowing of the emission spectrum
(from 30 nm to 3nm) is characteristic of laser action. To test this point, we
studied the emission intensity of different spectral components as a function
of the pump intensity. It was found that this dependence is linear for low
excitation intensities for all components. However, when the pump intensity
exceeds a certain critical value in the range between 20 and 50 W/ cm?, some
peaks grow dramatically, exhibiting a lasing threshold dependence (Fig. 3).
The threshold power for A, = 543.5 nm He-Ne laser excitation is as small as
2 x 1074 W.

The enhanced emission was found confined within an approximately
50-um region of the tube in a vertical direction, which contained the incident
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Fig. 8. Nonlinear dependence of luminescent peak intensity on pump power. A
typical luminescent spectrum near 572 nm is shown as the dashed line. Peaks in the
presence of fractals are shown as the solid lines

pump light; moreover, emission from this region exhibits angular patterns
characteristic of microcavity MDRs.

Thus, the spectral, threshold, and spatial dependencies confirm the laser
nature of the observed emission. It is noteworthy that the R6G concentration
was only 5 x 1077 M in these experiments, three orders of magnitude lower
than that for conventional dye lasers with an external cavity and for a micro-
droplet laser without fractal silver aggregates [12]. In our experiments, the
minimum R6G concentration that results in lasing can be as low as 1078 M.
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 to 105 M does not result in ad-
ditional growth of the lasing peak intensities compared with the 5 x 10~7 M
concentration; the additional dye concentration is apparently not adsorbed
onto the silver particles, but remains in solution as free molecules, where it
does not effectively contribute to the enhanced lasing effect. We conclude
that for our composites, the effect of increasing local pump and emitted
fields losses is connected with optical absorption by fractals and nonradiative
quenching of excitation. Possibly, saturation of fractal absorption facilitates
the lasing. The problem of luminescent excitation and amplification (and a
possible role of cooperative radiative effects) for molecules adsorbed onto a
metal fractal requires further studies.

We note that during the course of the lasing experiments, we also observed
pump-induced photoaggregation, reported earlier in [14]. Our experiments
carried out to investigate the spectroscopic consequences of the photoaggre-
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gation effect had dramatic results. A system consisting of an approximately
108 M R6G dye solution together with unaggregated colloidal silver par-
ticles was placed within a microcavity and irradiated by a 543.5-nm, CW,
He-Ne pump laser with a power of approximately 50 uW. For more than
20 min, only very weak luminescent emission was observed from the micro-
cavity. Then, during a very brief period (a minute or two), intense laser
emission became visible, coupled to a small number of microcavity MDRs.
This emission persisted for a time of the order of 1h before disappearing. At
that time, examination revealed that no fractal material remained in solution
within the microcavity; the fractal aggregates presumably grew large enough
that they precipitated out. Corroborative experiments using the electron mi-
croscope confirmed that, for irradiation with this pump laser, significant ag-
gregation occurred on a timescale of the order of 15-30 min, and sedimenta-
tion of the fractals occurred within an hour or so. We interpret these novel
findings as direct evidence for the existence of enhancement due to fractal
resonance modes. A pump power of 50 uW corresponds to below-threshold
conditions for the dye-colloid-microcavity system; however, if aggregation
occurs, thereby increasing the enhancement because of the contribution of
fractal resonance modes, the system will be driven above threshold (for the
same pump power). Our experiments strongly suggest that photoaggregation
has resulted in this increased enhancement. Another important factor in the
observed time-dependent effect can be related to the light-induced pulling of
fractals into the high-intensity area associated with the whispering gallery
modes of the microcavity.

To summarize this section, results reported here promise an advance in
the design of micro/nanolasers, operating on a small number of, or even on
individual, molecules adsorbed on metal nanostructures within a micro/nano-
cavity, as well as offering the possibility of combining surface-enhanced radia-
tive processes and high-@Q morphology-dependent resonances in microcavities.

4 Ultra-Broadband 200-800 nm Light Emission

The Raman effect has long been used in spectroscopic analysis. However,
until recently, Raman methods were seldom the method of choice due to the
extremely small Raman scattering (RS) cross section, which is of the order
10~22 cm?. Nonlinear Raman spectroscopy is, in principle, a useful analyt-
ical tool, but requires intense laser pumping sources which may introduce
unwanted side effects such as photo-induced damage and plasma breakdown.
However, even with the use of intense pumping sources, nonlinear Raman pro-
cesses may still be extremely weak. Consider hyper-Raman scattering (HRS),
where the Raman emission is excited by harmonics of the pump laser. The
ratio of HRS to ordinary Raman scattering intensities depends on the inci-
dent laser pump intensity and is typically 108 — 10~ for pump intensities of
the order 107 W/cm? [16]. A significant increase in the RS intensity results
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from the mechanism of surface-enhanced RS (SERS), where samples of inter-
est are adsorbed onto nanoscale roughened metal surfaces or nanostructured
metal colloids. SERS, which has proven to be a very sensitive spectroscopic
method with high molecular specificity, increases the average Raman intensity
by a factor of ~ 10° [1]. Hyper-Raman scattering from adsorbed molecules
also benefits from surface enhancement [17,18], which generally includes both
enhancements of local electromagnetic fields and the resonant character of
nonlinear processes resulting from the charge-transfer band [17]. Under the
resonance conditions, hyper-Raman processes could be accompanied by cas-
cade, step-like processes, in which the intermediate and upper energy levels
are first populated and then the radiative decay occurs from these states.
Since one may not distinguish these processes, we call them nonlinear reso-
nance scattering processes. However, to be observable, it still requires very
large intensities, ~ 106 W/ cm? or larger. Here, we present evidence that far
greater enhancement of Raman and may be achieved at low pump intensity
in fractal-microcavity composite media. With the aid of these composites,
nonlinear Raman spectroscopy can become an efficient analytical tool for
detecting and characterizing a small number of, or even single molecules.

We have observed enhanced light emission on the metal surface in the
stokes and anti-stokes sides of a spectrum from such media using a CW
He-Ne pump laser with a power level as low as 1mW (the corresponding
intensity is as low as 20 W/cm?). To obtain the enhanced light emission
spectra, fractal-microcavity composites were irradiated by a Spectra-Physics
632.8 nm laser with a maximum power of approximately 15 mW. The He—Ne
laser was focused near the rim of the microcavity in a plane perpendicular to
its axis; this geometry insures efficient coupling of the pump light to micro-
cavity MDRs (see Fig. 1b). The He-Ne pump excites Raman and luminescent
emissions from Ag-particles/ sodium citrate complex, present in concentra-
tions of 5x107*M as a by-product of fractal preparation. The role of each
component of this complex is under study. These emissions, likewise coupled
to MDRs, emanate from the microcavity rim where a portion of the light is
gathered by a collecting lens and input to an Acton imaging spectrograph
fitted with either a 300- or an 1800-groove/mm holographic grating. Spec-
trally analysed emissions are recorded with the aid of a Princeton Instruments
two-dimensional CCD detector.

To avoid possible spectral contamination by laser plasma lines, a laser
filter was placed before the sample. A blocking notch filter was inserted after
the sample to minimize the amount of stray light at the pump wavelength
reaching the CCD. Composite spectra were obtained by superposing eight in-
dividual overlapping spectral regions from the 200-800 nm band, using long-
or short-pass filters placed after the sample to isolate each region. Individual
spectra were combined by matching the relative values of peak intensities in
the overlapped portions accounting for the spectral sensitivity of the CCD.
This procedure eliminates possible spectral contamination by grating ghosts
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or overlapping diffraction orders; thus, there is no doubt in the credibility
of the measured spectra. However, we should note weak reproducibility of
the spectra described here and in Section 3, which could be a result of the
short-time stability of the used colloid. Figure 4a shows a low-resolution spec-
trum obtained using a 300 grooves/mm grating. The spectra obtained are
extremely broadband, spanning a range from at least 200 to 800 nm; spectra
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Fig.4. (a) Emission spectrum of the composite and Raman Stokes spectrum of
sodium citrate (inset). (b) Stokes sides of the spectra with respect to vp, 2uy,
and 3vo
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were not recorded outside of this range because of the degraded response of
the spectrometer and the CCD. The spectrum on the anti-Stokes side con-
sists of several groups of well-resolved lines in the v to 2vy region with the
spectral resolution from 5 to 20 cm™!. In the 2ug to 3vy region, CCD “pixel”
errors are larger, 47cm™?!, and spectral structures are poorly resolved or un-
resolved. The features in this spectrum will be discussed below. The insert
displays the Stokes-side spectrum, which contains Raman peaks and a broad
emission band.

To estimate the contribution of hyper-Raman scattering from pure molec-
ular transitions to the anti-Stokes spectrum, we should specifically compare
the emission spectrum with Raman peak positions, and estimate the hyper-
Raman/Raman intensity ratio.

According to previous studies[21,22], SERS spectra from sodium citrate
on Carey-Lea citrate-stabilized silver hydrosol show a weak band near 650—
660 cm™!, no band near 1640-1660 cm™!, and a dominant band at 1400 cm™?.
As described above, we prepared silver sol using the Lee-Meisel method with
addition of NaCl. In this case, sodium citrate, a salt of a propanetricarboxylic
acid C¢HgO7, exhibits a modified SERS spectrum (see Fig. 4a insert) char-
acteristic of some carboxylic acids, such as substituted acetic [23] and formic
acids [24]. The spectral signature of the modified spectrum includes a re-
duced intensity of the COO~ vibration near 1410cm™" (the dominant band
in bulk spectra) and increased intensity of Raman bands near 1640 cm™!
(C=0 stretch), with the ratio of intensities strongly depending on adsorp-
tion details. Previous studies of SERS spectra of different carboxylic acids
[21,22,23,24,25,26] exhibit slightly different spectra for the same adsorbate
and equivalent SERS spectra for different adsorbates. Explanations for the
modified spectrum include geometric orientation effects of the adsorbate with
respect to the metal surface [23,26] and chemical transformation during for-
mation of the adsorbate-metal complex [24], so that the spectra depend on
sol preparation and age. The presence of Cl~ results in an intense 1636 cm—?
band and an unobservable 1400 cm™! band, indicating that COO~ has been
desorbed from the silver surface and the molecules are adsorbed mainly via
the OH group [25].

Summarizing, the comparison of spectral lines near 2vg with Raman peaks
near vy (see Fig. 4b) reveal that only a small number can be interpreted as
hyper-Raman scattering from adsorbate molecules: specifically, two peaks
(at 800 and 933cm™!) have shifts from 2vy approximately equal to the
SERS shifts 807 and 921 cm™!; in addition, a number of other peaks may
be regarded as overtones of the Raman fundamentals (e.g., 2 x 1256 cm™?,
2 x 1642cm™, 3 x 1256 cm ™). Thus, although we can identify a fraction of
peaks as resulting from surface-enhanced Raman and hyper-Raman scatter-
ing, many peaks in the broad-band spectrum may not be attributed to either
Raman or hyper-Raman scattering from adsorbate molecules and should be
treated as nonlinear resonant scattering resulting from multi-photon-pumped
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luminescence from discrete states of metal particles or adsorbate-molecule /
metal-particle complexes [26]. This conclusion is also supported by compar-
ison of the measured ratio of the RS/nonlinear scattering intensities and
theoretical estimates for hyper-Raman scattering discussed below.

The measured enhancement factor for Raman scattering, GE9) s de-
fined as the product of two measured RS intensity ratios. The first ratio
comes from comparison of RS in citrate adsorbed on fractal aggregates and
in concentrated sodium citrate solution without colloid, I; /Iy ~ 105-108; and
the second one comes from comparison of RS from fractal solutions with and
without a microcavity, It—mc/If ~ 10%. The resulting factor GRS ~ 109
10%0, exceeds by up to four orders of magnitude the average (macroscopic)
RS enhancement on rough metal surfaces and colloidal aggregates.

With the proven fact that the RS enhancement in fractals is concentrated
in nanometer-sized hot spots where it exceeds the average RS-enhancement
by up to six orders of magnitude [2], we conclude that the local RS-enhance-
ment in the hot spots of the fractal-microcavity composites can be as large
as 10'°-10%° [15]. These enhancement factors exceed the local enhancements
for single molecule SERS (102 ~ 10'%) observed in [19,20]. Therefore, we
expect that placing fractal nanostructures in a microcavity will facilitate
new possibilities for optical microanalysis and studies of lasing and nonlinear
optical effects in single molecules.

Following Reference [17], the ratio of hyper-Raman /Raman intensity may
be estimated from the ratio of RS and HRS intensities in bulk solution, which
is Turs/Irs ~ 107 14-10"1° for a pump intensity, I ~ 50 W/ cm?, used in our
experiments. For pure molecular transitions, the cross-sections are assumed
to be unchanged; hence, this ratio may increase only as a result of the local
field enhancement in fractal-microcavity composites.

In general, the intensity for n-photon pumped HRS can be approximated
by I.urs = onurs! :QMNQ Qmw,w“ where opurs is the n-photon-pumped HRS
cross section, [ is the intensity of the pump at the fundamental frequency,

G™ s the local-field HRS enhancement factor in fractals, and Qmm,w is the

fract

local-field HRS enhancement of the cavity’s MDRs. The case of n = 1 cor-

responds to conventional RS so that QMMWQ = Qmwww the cases of n = 2 and
n = 3 correspond to two- and three-photon pumped HRS, respectively. MDR
and fractal enhancements are decoupled in this approximation.

Hrmmwmowm_lmm_mobrmbnmEobﬁ QMNQ for HRS is defined through the av-
eraging of a ratio (raised to a proper power) of the local and external fields.
Following the general approach described in [2], we found an analytical ex-
pression for QMNVQ in terms of X (w) and 6(w), which are the known functions
of the wavelength and defined via —[ag]™' = Z = X + i§, where aq is the
polarizability of individual spherical monomers forming the fractal. The cor-
responding formulas are as follows. For conventional RS, with a relatively

small Stokes shift (so that X (ws) = X (w) = X), GRS |Z/8]* dIma (X).

fract
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For RS (n = 1) with a large shift and for HRS, Qmw@ ~ TN\%_ms 5Im o ANL

X TNm\%m_w ds I ANWLQ where X = X (ws). In these formulas, Im« (X) is
the average absorption by fractals (Fig. 1a) calculated in [2]. As seen in Fig. 5,
the formulas above are in good accord with our simulations based on numer-
ical solution of the coupled-dipole equations in fractals [2]. Both theory and
simulations show strong enhancement for RS, especially, for HRS, that in-
creases toward the infrared, where quality factors of fractal plasmon modes
are much larger [2].

The microcavity enhancement bmm,w depends on whether the fundamental
and Stokes waves couple to the MDRs of the cavity. It can range from mmm,w ~
QY (only the fundamental wave is coupled to the MDRs) and mmw,w ~ @,

(only the Stokes wave is coupled to MDRs) up to m,mm,w ~ Q%Q>,, when both
waves are coupled to MDRs (@ and @, are the cavity quality factors at A
and As). However, if none of the waves couples to MDRs, mmm,w ~ 1. Typical
quality factors for our microcavities range from 10* to 10°. Thus, even if
we assume that the cavity enhancement for the two-photon pumped HRS is
close to its maximum, g\2) ~ Q3Q», ~ 10*, and multiply it by the fractal

enhancement QMMWQ ~ 10% at A = 632nm, the resultant factor is still much

less than experimentally observed. Since the experimental spectra contain
many anti-Stokes emission peaks whose intensities are approximately equal
to the Stokes Raman peak intensities, we conclude that they cannot arise
from hyper-Raman scattering from pure molecular transitions. We believe
that there is an additional source of strong enhancement in our composites,
which we assume to be the chemical enhancement. We also note that to
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Fig. 5. Theoretical and simulated SERS and SEHRS fractal-field enhancement fac-

tors; Qmwat in silver fractals
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describe properly this enhancement one needs to take into consideration the
discrete metal-particle states, as was pointed out in[26].

Chemical enhancement results in modification of the cross section OnHRS,
occurring when adsorbates bind strongly to the SEHRS-active surface so
that Raman emission does not arise from the adsorbate alone, but rather
from an adsorbate-surface complex (e.g., see [28,29,30]). These new charge-
transfer states can contribute resonantly to the Raman and hyper-Raman
cross section of the surface complex, greatly increasing its magnitude.

The fractal plasmon modes can play an important role in the chemical
enhancement, as they do in electromagnetic (EM) enhancement. For example,
energy transfer, which is facilitated by the Ag, clusters, can occur between
fractal plasmon modes and vibronic excitations of molecules adsorbed onto
the metal surface. Plasmons can decay into single electron excitations that
lead to the resonant enhancement of RS and HRS enhancement [31]. The
process can also be mediated by so-called ballistic electrons arising through
the plasmon excitations (see [32] and references therein).

We believe that the giant nonlinear emission observed is due to com-
bined contributions from the electromagnetic and chemical enhancements,
both strongly benefiting from the fractal plasmon modes.

The dramatic EM enhancement in fractal-microcavity composites and
the resonant character of Raman processes resulting from the charge-transfer
bands can result in an unusual dependence of the observed emission on pump
intensity because of saturation effects. For example, if a two-photon transition
is saturated so that the upper level population does not further increase with
intensity, then, the intensity dependence for three-photon-pumped HRS is
quasi-linear rather than I® because the hyper-Raman process, in this case, can
be roughly thought of as a conventional Raman process from the upper level of
the two-photon transition. Similarly, if the one-photon transition is saturated,
then two-photon-pumped HRS should have a quasi-linear dependence. Our
experimental studies of the intensity dependence (not shown) support this
conclusion. The measurements indicate that with an increase in the laser
pump power, the intensity dependence (initially nonlinear) quickly becomes
quasi-linear for pump power above 2mW. The saturation means that the
HRS cross section becomes intensity-dependent. We stress that the lasing
effect [15] observed in the same system also provides strong evidence for
saturation at low pump power. Finally, we note that at saturation, one may
not distinguish between truly multiphoton processes (such as conventional
HRS) and cascade, step-like processes, in which the upper energy level is
first populated and then a Raman process occurs from that state [33)].

Thus, in fractal-microcavity composites, nonlinear Raman spectroscopy
becomes possible at low light intensities that makes it a powerful analytical
tool for detecting and characterizing molecules.

Because of giant multiplicative enhancement of optical responses in frac-
tal-microcavity composites, we can also expect generation of higher harmon-
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