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Polarized extinction spectra of large fractal aggregates of colloidal silver deposited gravitationally
onto a quartz substrate were measured by transmission as a function of angle of incidence. The
spectral components tangential and normal to the average plane of the clusters compacted along the
direction of deposition were extracted from these and compared with spectra calculated from
simulated fractal aggregates that were projected onto a plane. The two sets agree acceptably,
suggesting that the normal and tangential spectral components represent “universal,” i.e.,
size-independent extinction spectra characterizing({@mpacted cluster—cluster aggregates of
colloidal silver. © 1999 American Institute of Physids$S0021-9609)71414-5

I. INTRODUCTION characterizing the aggregate, and hence independent of the
specific positions occupied by the monomers, so long as the
The optics of fractals has been the subject of a numbesverall geometry belongs to a given fractal class. These pre-
of theoretical” and experimentér® studies over the past dicted properties have been discussed and revited
decade. Those studies were motivated, in part, by the corheed not, therefore, be expounded at length here. Pertinent to
tinuing fascination with surface-enhanced effects such aghis study are the facts thét) many optical properties such
surface-enhanced Raman scatterif®ERS and surface- as the extinction spectrum of fractal clusters of a certain
enhanced nonlinear optical phenomena; in particular, fourclasd! become independent of cluster size beyond a mini-
wave mixing by colloidal metal aggregates. Many SERS-mum size; hence, there will be a “universal extinction spec-
active systems such as aggregated silver or gold colloid angum” characterizing fractal clusters of any given type, and
cold-deposited films have been demonstrated to be fretfals. (2) that the absorption spectrum will be broad compared with
A common approach to the treatment of such fractals ishose characterizing compafte., nonfractal clusters, the
to consider them to be assemblies of many “monomers,”yidth being the inhomogeneously broadened envelope of the
which for colloidal clusters can each be associated with &ormal modes characterizing the cluster. Some elements of
colloid particle, that mutually interact by dipole—dipole cou- these predictions have been tested experimentally and re-
pling. (Of course, higher-order coupling can also be includedyorted previously. For example, the extinction spectra calcu-
at the expense of added complexity and very much greatgated for 3-D Ag colloidal clusters formed by cluster—cluster
computational demands) The resulting coupled equations aggregation were reported and compared with measured ex-
can be diagonalized to yield a multitude of normal modesiinction spectra of silver hydrosols aggregated with fumaric
each associated with a normal-mode frequency. When thg:ig2 | ikewise, SERS excitation profiles of silver colloidal
cluster is excited by light with wavelength in the neighbor- aggregates containing-4000, 7000, and 15000 particles
hood of the surface plasmon excitation of the colloidal par\yere found to be virtually independent of the number of
ticles the magnitudes of the individual dipole oscillators be'particles constituting the clustr.
come Iarge_, and so do the amplitudes of the re_sulting normal |4 this paper, we report polarized extinction spectra of
modes. This sort of treatment is ger_1eral and mdepe_ndent iver colloidal clusters aggregated by the addition of ph-
the arrangement of the monomers in the fractal. With fracyns1azine and deposited gravitationally onto a quartz sub-
tals, however, a number of robust, general optical propertieg ate. The deposition was carried out at a sufficient dilution
have been shown to restif from the dilational symmetry such that, on average, no colloid cluster fell on top of an
already deposited aggregate. Extinction spectra were mea-
dAuthor to whom correspondence should be addressed. sured both fors- and p-polarized light as a function of the
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angle of incidence. The-polarized spectra correspond to
excitation tangential to the average surface of the deposited
clusters. The extinction cross section for radiation polarized
normal to the average surface can be extracted from the
p-polarized spectra at angles of incidence greater than O deg.
The normal and tangential extinction spectra were compared
with calculated spectra, numerically determined for clusters
containing up to 10 000 particles, generated in 3-D, then al-
lowed to project onto a surface, simulating the experimental
situation.

Il. EXPERIMENT

Ag colloid was prepared by reducing AgN@AIdrich)
with J\éaBH“ (Meer) as in Ref. 12. Briefly, 7,'5 mL of 4.4 FIG. 1. Optical micrograph of the deposited colloidal silver clusters aggre-
X10"° M solution of AGNQ; cooled to approximately 10 °C  gates used for the polarized extinction measurements.
were added dropwise, with constant stirring, to a solution
containing 3.5 mg of NaBKin 75 mL of water precooled to
2°C. Stirring was continued for-45 min. Distilled deion- other rearrangement of the monomers. The clusters were
ized water was used throughout. The colloids were aggreconstructed assuming 5 nm radius silver monomers arranged
gated by adding 1QL of a 102 M solution of phthalazine on an 8 nm square lattice. The optical constants for silver
(Aldrich) to 2 mL of Ag colloid. The resulting suspension were taken from Ref. 14. The fractal dimension of the 3-D
was diluted in the ratio 1:4 colloid/water prior to deposition. cluster generated was1.8. When collapsed, the quasi-2-D
Ag colloidal aggregates were gravitationally deposited out ofaggregate becomes self-affine, with a fractal dimension
this solution onto a quartz plate placed on a bottom of a&=2.6, determined from the height—height correlation mea-
covered beaker. The quartz plate was previously cleaned bsured as a function of andy (z being the direction of the
immersion in 1:1 nitric acid for 20 min, and the clusters werecollapse.
allowed to settle for 8 h. The cluster-bearing quartz plates The method used to calculate the components of the ex-
were dried in air and immediately transferred to the spectinction efficiency of the cluster along theyz directions is
trometer for polarized extinction measurements. Samples fodescribed elsewhefeThe extinction coefficien@,z, where
TEM imaging were prepared by placing one drop of diluted,« indicates the direction of propagation of the incident light
aggregated colloid on a Formvar-coated Cu grid, allowingand B the direction of polarization of its electric vector, is
the system to dry before imaging. The grids were pretreatediven by Qaﬁzae/(Nwan), where o, is the extinction
in a glow discharge. cross section an®,, the radius of a monomer.

A Zeiss optical microscope equipped with axd@bjec-
tive and a video camera in lieu of eyepiece was used tQ; RESULTS AND DISCUSSION
image the deposited aggregates. Images were photographed

directly off the video monitor. TEM imaging was carried out  Figure 3 shows the calculated components of the extinc-
on a Hitachi H 600 microscope operating at 75 kV. tion coefficients for a 10 000-monomer cluster. The ambient

Polarized UV-visible spectra were obtained using amedium was assumed to be vacuum. The extinction coeffi-
Hewlett—Packard HP 8952 UV/vis spectrometer. The inci-cient calculated for an incident wave propagating along the
dent radiation was polarized either or p- with a Glan— average surface of the collapsed cluster and polarized normal
Thompson polarizer placed in the sample compartment of
the spectrometer. The quartz plate bearing the deposited ag-
gregates was mounted on a calibrated rotational stage en-
abling the angle of incidence to be varied.

An optical micrograph of the sample of silver colloid
aggregates gravitationally deposited onto a quartz plate used
in the absorption experiments is shown in Fig. 1. A typical
TEM image of deposited silver colloid clusters is given in
Fig. 2, indicating the clusters to be fractal aggregates, as
previously reported by Weitet al®

Ill. CALCULATIONS

Calculations were performed on a cluster—cluster aggre- /
gate built out of 10 000 monomers. The 2-D cluster was first I ki i
constructed as a 3-D fractal on a square lattice using the ‘
:13
method of Meak'&a then collapsed onto a plane such tha_t NOF|G. 2. TEM image of a drop of Ag colloid aggregated by phthalazine,
empty spaces existed underneath any monomer, but with noluted, deposited, and allowed to dry on a Formvar-coated copper grid.
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FIG. 3. Calculated extinction coefficient®(), for a silver aggregate com-  FIG. 5. Extinction spectra of deposited colloidal aggregates measured with
prised of 10 000 monomers and collapsed onto a plane alorgditection  p-polarized radiation as a function of the angle of incidet@e40, 60, 70,
(e, B indicate, respectively, the propagation direction of the incident lightand 80 dey
and its polarization curve A: a tangential extinction coefficier®,, ; curve
B: a normal extinction coefficienf,, .

ment to measurement. Accordingly, the measured spectra
(i.e., along thez-axis) to that surface Q) drops off rather Were normallzeq su.ch that t'he extinction minimum~&820

nm and the extinction maxima at700 nm were brought

rapidly in the visible region of the spectru@00—700 nm . o o
whereas the extinction coefficients for waves polarized tan'—mO (_:0|nC|denc_e fqr all of the spectra. When th.'s is done, one
gentially (Qy, andQ,,) (only one of which is shown in the obtains an gxtlnctlon spectrum more-or-less independent of
figure for clarity are predicted to fall off much more gently, angle of incidence for thgcomponent, as expected, qu the
actually remaining more or less constant over the visibld>-component, the norma.hze.d spectra are aIsp approximately
region. The two tangential components, one corresponding t dependent of angle_of |nC|den.ce in the region to the red of
a wave propagating along the surface normal, the Othe?5t50tpm.fHot\/vever, in the rehglzn.from320—5$t(r)] nm, an.
propagating along the surface, although qualitatively similar&X '?C |c;n. e'il ure appe?r_s Wtrl10t tlrrllpr?astes W('j _mcrefasmg
differ quantitatively indicating that, in general, the spectraange ot Incidence, Implying that this Teature derives rom
also depend on the direction of propagation of the light aéhe component of extinction normal to plane of the substrate.
well as on its polarization A normal component of extinction was extracted from these
The analogous experimental results are shown in Figss_.pectra using the express_@;;orma,z (.Q"_ Qo)/tand, where
4—6. Figures 4 and 5 show thsepolarized andp-polarized _Qo_anon are the normahzep—polanzed spectra at fingle of
extinction spectra obtained for the deposited silver clusterglc'dencea’ and 0 deg, rgspectlvely. Th? ta_merm arnses as
as a function of angle of incidence. The angles used were: result of the angle—of-|_nC|dence contribution (.)f the normal
40, 60, 70, and 80 deg. Because the sample had rather lo mponent to the-polarized cpmponent of extinction, and
absorption, the baseline shifted significantly from measure= S0 as aresult of the nprmahzatlon of thg spectra. .A Spec-
trum of Q,oma@s a function of wavelength is shown in Fig.
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FIG. 4. Extinction spectra of deposited colloidal aggregates measured with
s-polarized radiation as a function of the angle of incide(e40, 60, 70, FIG. 6. Spectrum of the normal component of extinction extracted from the
and 80 dey spectra shown in Fig. 5.
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