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Ag nanoparticles with a diameter of 20 5 nm were generated in the gas phase by using a sputtering/
aggregation source and deposited onto NaCl prisms. Internal reflection spectroscopy was utilized to acquire
UV —vis spectra of the nanoparticles in situ as they were being deposited. As the deposition proceeded, the
interparticle spacing decreased steadily to effectively zero (contact). When the interparticle spacing was in
the ca. sub-10 nm range, near-field coupling between the particles caused an increase in the intensity of the
quadrupolar absorption, relative to the dipolar one. The deposition of gas-phase nanoparticles onto NaCl
allows the average interparticle spacing to be varied, even in ) m region, which is beyond the
resolution of lithography techniques. This is the region where near-field interparticle coupling effects are
important. To our knowledge, these are the first absorption spectra of quadrupolar resonances in particles
less tham~40 nm in diameter.

1. Introduction surface plasmon absorptidhlUnlike the dipolar, quadrupolar
Coupling interactions between metallic nanoparticles are absqrption posi_tions are predict_ed to change little with i_nter-
distance dependent phenomena that profoundly affect theParticle separation, up to the point of contéicthen there is
extinction spectra of the particles by shifting spectral features contact between the particles, both dipolar and quadrupolar
as much as hundreds of nanometers and by manifesting theabsorptions shlft.rad|cally. When |n§erpart|cle spacing is reduced
appearance and the disappearance of entire extinction bandsfurther to negative values, effectively varying the extent of
Dipole coupling occurs readily when the internanoparticle Particle overlap, the intensities and positions of both dipolar
spacing is comparable to or less than the wavelength of peakand quadrupolar absorption bands change significantly.
absorbance of the surface plasmon resonance (SPR) associated Experimental approaches to studying the effect of interparticle
with the nanoparticles. Several experiments have studied theseparation on the optical properties of collections of nanopar-
coupling in detail, monitoring changes in the YVis absorption ticles include nanosphere and e-beam lithography techniques.
spectrum that occur as the distance between adjacent nanoparAt relatively long interparticle distances, comparable to the
ticles in arrays or aggregates is systematically vatiéd The wavelength of peak absorbance of the SPR, experimental results
distance dependence of the dipole coupling is generally well agree with theory. A smooth shift of the SPR to longer
behaved and a shift of the surface plasmon resonance to longewavelengths is observed as the interparticle distance is de-
wavelengths as the interparticle separation decreases is typicallfcreased:246 Using e-beam lithography, Nurmikko and co-
observed. For ordered systems, shifts to the blue may occur,workers have also studied the “negative distance” regime, where
depending on the polarization of the light with respect to the the degree of overlap between particles was varied systemati-
orientation of the nanoparticles. These shifts are typically much cally.! They found that particle overlap effectively eliminates
smaller than the red shift14 Much of this behavior can be  the dipole-dipole interaction. With particle overlap there is a
explained in terms of electrodynamic interactions between dramatic change in the spectra, from that of the separated
particles, the influence of which falls off asrlLivherer is the particles, that includes a large shift of the dipolar absorption
interparticle separatiot?. The electrostatic interactions between and the appearance of a relatively large feature due to quadru-
particles fall off as P and have a much shorter range of polar absorption by the overlapping particles. The dumbbell
influence. These interactions become important when the shape of the particle resulting from overlap of two particles is
distance between particles is less thai0 nm. At these  hought to enhance the probability of quadrupolar absorption.
distances the influence of the _hlgh-fleld gradle.nt (near field) goth the dipolar and quadrupolar features shift to shorter
near the surfaces of the particles becomes important. Oneyayelengths as the extent of particle overlap is increased,
indication of a strong near-field interaction is the appearance (o ding toward the spectrum expected of the single particle that
of a quadrupolar absorption in the extinction spectrum of the eqits when there is full overlap. Interestingly, no spectral

intt)eractigg pallrticleé‘? Qu?drupr?lar: at;gorptionshare fr.eqlé(.antlly features characteristic of quadrupolar absorption were observed
observed as lower wavelength shoulders on the main (dipolar)j, the spectra of particles in contact (interparticle separation of
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results that predict the appearance of a quadrupolar absorptioraes the particle density increases on the surface of the substrate.
when interparticle separation decreases betal® nm26 The In this case, the evolution of extinction spectra can be monitored
discrepancy may simply reflect the inherent limits of the e-beam as the interparticle spacing passes through the0l®m region
technique, which has a resolution of approximately 10 nm. where near-field effects are important. This is the region
Accordingly, the e-beam approach is not appropriate for studying currently beyond the resolution limits of e-beam and similar
particles with separations in the contact to 10 nm rarthe lithography techniques. The gas-phase approach has the dis-
range where near-field effects are expected to be important. advantage that interparticle spacing and the spectra attained are
Experimental examples of nanoparticle spectra containing the average of the ensemble. Nonetheless, the technique does
quadrupolar absorptions have so far been restricted to relativelyafford an opportunity to study the evolution of spectra as the
large nanoparticles. The absence of analogous spectra for smalleffect of near-field interactions with neighboring particles
particles is due in part to the fact that the probability of Increases as the average interparticle separation decreases below
quadrupolar excitation increases with nanoparticle size. Ac- 10 nm.
cordingly, we find no literature examples of spectra with 5 Experimental Section

quadrupolar features for any particles smaller theé8® nm in . . .
Ag nanoparticles were generated in the gas phase by using

diameter, with the possible exception of the work of Panigrahi an aggregation-type source (Mantis Nanogen). A schematic of
et al’® In contrast, there are many examples of quadrupole - T . )
y examp quaarup the apparatus is shown in Figure 1. Briefly, a voltage (200

spectra for larger particles. Perhaps the best example of size .
facilitating multipolar absorption is the recent allthepole paper 400 v, 200-300 mA) applied between an anode cap and a metal

where the dipolar, quadrupolar, hexapolar, and octupolar target, i_n t.he presence of a few milliTorr of Ar, susFained a
absorptions were all observable in the extinction spectrum of a glta;r?;;ni'giéhseori%frg C(";/‘l)lggdlblﬁgf ?gg:kl'g‘;vwfjr:ggﬁggced
relatively large particle (diameter of greater than 90 Afrlp through a showerhead inlet directed at the anode cap and
light of the relatively low probability of quadrupolar excitation ositigned immediatelv in front of the anode cap. The AF as
in smaller particles, near-field excitation and/or strong inter- P ymt P 9
. L - flow could be augmented with a-®20 sccm flow (MKS 1179A
particle coupling is expected to be a general prerequisite for mass flow controller) of He, which could be introduced into
observation of such transitions. Oscillating a quadrupole on the X ' . .
. L X . the aggregation zone through a second gas inlet. Varying the
surface of a nanopatrticle requires imposing a field across the - .
: . . . . flow of He and Ar allowed the size of nanoparticles generated
particle with a gradient comparable to the size of the particle. by th b ied. Cond . f the ol
For smaller nanoparticles, this decay length is much shorter than y the source to be varied. Condensation of the plasma gas
- ’ ) began once the plasma gas exited the plasma region, through a
the wavelength of light used to excite the surface plasmon. hole in the anode cap, and entered the first aggregation zone
G(\:/ci)r(j|ngly, f?r pf;\rr]tlcles W';h I((djlame_ttert_s ml.JCh Sma”ﬁr than The gas then expanded into the second aggregation zone, which
vis wavelengins, near-field excitation 1S generally pre- -, 4 eyacuated by a 500 L/s turbo pump (Varian V-550). The
requisite for observation of quadrupolar absorptions. Theory

. 7 nanoparticles thus generated passed through an orifice into the
shows quite clearly that, even though no quadrupolar absorption b g P g

i ob d with far field itation. th d lar ab " sample chamber where a pressureaf— Torr was maintained
IS observed with far Tield excitation, the quacrupo’ar absorption during deposition by a 300 L/s turbo pump (Varian TV-301).

can b? negrly as strong as the dipolar one when the nanoparticlerhe nanoparticles were deposited onto a NaCl prism (Interna-
IS e?<C|ted |r119the near field, even for particles as small as 20 M tional Crystal Laboratories) positioned in the nanoparticle beam
n d|ametgr. A. key way to e_nhance_ the near field is to position path. Light from a deuterium lamp (Mikropak DH-2000) was
nanoparticles in close proximity, within10 nm of each other,_ piped into the sample chamber through an optic fiber, passed
S0 that _they are coupled through the gffects of the_ near f'6|_d through a collimating lens, through one side of the prism, was
that rselseldes near the surface of the particles as they interact withyfjected, and left the sample chamber through a quartz window
light>** By taking advantage of this coupling, the acquisition  5q shown in Figure 1. The reflected light was then collected by
of spectra containing quadrupolar absorption features should, gecond collimating lens and focused into another optic fiber
be attainable for nanoparticles smaller thaB0 nm in diameter. that carried the light to the CCD array spectrometer (Ocean
In this paper we describe the coupling of internal reflection Optics-SD2000). The spectrometer was set to acquire spectra
spectroscopy with a gas-phase nanoparticle deposition techniquesvery 2-3 s during deposition so that spectra of the nanopar-
that allows us to follow the coupling between nanoparticles that ticles could be acquired in real time, as they were being
occurs as the average interparticle spacing is systematicallydeposited. Alternatively, the deposition was monitored in situ
decreased. We use internal reflection spectroscopy as a way ofn transmission mode, where light exiting the optic fiber was
imposing a near field on nanoparticles via the evanescent field passed directly through a NaCl spectroscopic window (replacing
generated by reflecting light off a satvacuum or saftair the salt prism), exited the chamber, then passed through the
interface, on which nanoparticles have been deposited. Thiscollimating lens and into the collection optic fiber of the SD2000
approach is found to enhance the quadrupolar absorptionspectrometer. Deposition times varied from 30 s to 15 min for
significantly. We use the deposition of naked gas-phase nano-different samples. Analogous spectra were collected outside of
particles as a method of making nanoparticle coated substrateshe chamber in air. For some samples, spectra were first acquired
as it provides an avenue toward the assembly of very smallin ATR (internal reflection) mode by using the NaCl prisms,
nanostructures, the simplest of which are clusters. Key propertiesas described. The backsides of the prisms were then filed down
of the nanostructures synthesized this way include the fact thatthus making a NaCl window-%/, in. thick. The filed side was
they are naked (free of surfactant, oxide, and adsorbed water)then water polished. The window was then placed between the
during the deposition/assembly process and the fact thatsource and detection fiber optics of the SD2000 spectrometer
relatively small nanoparticles can be made. The size of the and a transmission spectrum acquired. In this way, ATR and
nanoparticles can be varied by altering the source conditions.transmission spectra of the same sample could be collected,
The gas phase approach also has the advantage that internan@nce.
particle spacing should change smoothly as a function of Atomic force microscope (AFM) images of nanoparticle
deposition time from large distances to effectively zero (contact) coated NaCl prisms were collected with use of a Dimension
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Figure 1. Schematic of the apparatus used to generate gas-phase Ag nanoparticles and deposit them onto NaCl substrates. The spectrometer allows
the deposition process to be monitored in real time. The main chamber is nominal217fx 10* cm®) in volume. See text for details.
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(“tapping”) mode, in air. The microscope was mounted in an
acoustic-vibration isolation system to minimize vibrational noise 12
in the measurments. Commercial silicon AFM probes (Veeco
Metrology Group, Santa Barbara, CA), with nominal spring
constants of 42 N mt, were used for the measurements. The 1
NaCl prism surfaces could be imaged repeatedly without
damaging the substrate surface or moving nanoparticles with '5
the tip. Nanoparticle diameters were determined by measuring g 0.8
the height of the particle above the substrate surface.
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3. Results 0.6

Sample spectra of the gas-phase Ag nanoparticles deposited
onto a NaCl prism are shown in Figure 2. In transmission mode, (4
where light passes through the nanoparticle sample during
acquisition of the spectrum, a single absorption feature char-
acteristic of the surface plasmon resonance of Ag nanopatrticles 300 400 500 600 700
is observed at 470 nm. In reflection mode, where light is )/ nm
reflected off the back of the nanoparticle sample during Figure 2. Two spectra of the same sample of Ag nanoparticles
acquisition of the spectrum, two bands are observable: the SPRdeposited on NaCl. The upper spectrum is a reflection spectrum taken
band at 470 nm and a second band at 375 nm. The two spectra{)y internally reflecting the light off the surface on which the
shown in Figure 2 are of theame sampl¢L0 min deposition nanoparticles were deposited. The lower is a transmission spectrum
time) and the differences in the spectra are due to differencest";‘ken by passing light through the sampiaienotes wavelength.
in the way the spectra were acquired (i.e., transmission vs

) proceeds. Changing the size of nanopatrticles is known to cause
reflection modes). both the dipolar and multipolar absorptions to shift, opposite
The band at 375 nm was found to increase in size relative to to what is observed. So the appearance and growth of the 375
the SPR band with deposition. Acquiring spectra in situ as Ag nm band cannot be attributed to an increase in the average size
nanoparticles were being deposited onto a NaCl prism in the of the nanoparticles. The lack of shifting of the 375 nm band is
vacuum system allowed the growth of this band to be monitored. also different from that of the band originally near 400 nm,
As seen in Figure 3, at low deposition times the 375 nm band which shifted approximately 100 nm in going from the short to
was not visible. At longer deposition times the band can be long deposition times as shown in Figure 3. The extent of
seen-clearly at the longest deposition time. At later times the shifting of the latter band is more clearly illustrated in Figure
band can become comparable in size to the SPR band, as is thé where the peak position is plotted as a function of deposition
case in Figure 2. It is also a noteworthy general observation time. These data are from internal reflection spectra acquired
that this band does not shift significantly as the deposition in situ during deposition of the Ag nanoparticles onto the NaCl
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LI R B R shown on the graph are scaled deposition data and theoretical
data described further below.

4. Discussion

The effectiveness of near-field excitation as a means of
circumventing the low probability of quadrupolar absorption
in small nanopatrticles is clearly illustrated in Figure 2. The two
spectra shown are tfie same sample0 min deposition), yet
differ markedly. The transmission spectrum consists of a single
band with a peak near 475 nm characteristic of the surface

plasmon resonance expected of nanoparticles of this size (10

1) S S S P — + 5 nm), albeit shifted to the red by coupling as discussed
300 400 500 600 700 800 . - : ) .

A/ um belovx(. AF the ea_rllfast deposition times, when interparticle
Figure 3. Absorption (extinction) spectra of Ag nanoparticles on a .COUpI.Ing Is at a. minimum, t.he .band appeared-a80 nm (as.
NaCl substrate. These spectra were collected in situ as the nanoparticleéS tyP'Ca_" see Figure 4), Wh'_Ch is expected for Ag nanoparticles
were being deposited. A time series is shown with the lower spectrum Of this size?22In the reflection spectrum the surface plasmon
being acquired early in the deposition (125 s), the uppermost later (500 band was also visible but accompanied by a second band that
s), and the others at times in-between (150 and 250 s, respectively).appeared at shorter wavelengths, near 375 nm. These results
The feature near 375 nm is the quadrupolar absorption (see fext). agree reasonably with theoretically predicted spectra of 22 nm
denotes wavelength. radius Ag nanoparticle®. Those spectra have a dipolar absorp-

. ) tion near 400 nm and a quadrupolar absorption near 375 nm
prism substrates. Data for a number of nanoparticle samplesihat is enhanced by near-field excitation, analogous to the results
are shown and for all of them the absorption band is seen to shown in Figure 2. On the basis of this agreement, and the more
steadily shift to longer wavelengths as the deposition proceeds.gjopal observation that quadrupolar absorptions generally appear
At longer deposition times the curves level off, likely due to 3¢ peaks blue-shifted from dipolar absorptibfa?15.17.19.2326
prim_ary_coupling effects being complete, as noted in an earlier the ~375 nm feature can be assigned as that of the Ag
publicationz® nanoparticle quadrupolar absorption. In addition to the sensitivity

The ~375 and~450 nm bands were also found to respond to near-field excitation, the band displayed other behaviors
differently to changes in the angle of reflection used when characteristic of quadrupolar absorption. Unlike the SPR band,
acquiring the internal reflection spectra. In Figure 5, spectra of the feature near 375 nm always appeared at approximately the
a sample of Ag nanoparticles on a NaCl prism are shown. Eachsame wavelength, regardless of the particle density on the NaCl
spectrum corresponds to a different incident angle, the anglesurface. Such insensitivity to the environment is the antithesis
the light makes with the surface as it reflects off the back of of SPR dipolar absorptions and a characteristic of quadrupolar
the nanoparticles that are deposited on the hypotenuse face obnes. The appearance of the 375 nm band at longer deposition
the NaCl prism. As seen, changing the angle has a profoundtimes and its growth as the deposition proceeds, as seen in Figure
effect on the relative intensities of the375 and~450 nm 3, are also behaviors expected of quadrupolar absorption. With
absorption bands. At 54’ The shorter wavelength band is seen decreasing interparticle separation the extent of near-field
to be more intense than the longer. There is also an offset of coupling between particles is expected to increase and enhance
the baseline at longer wavelengths that becomes more pro-the quadrupolar absorption (see below). In light of these
nounced as the critical angle (53)6s approached. This effect  behaviors and the agreement with theory, it is clear that the
is caused by violation of the internal reflection condition at these feature near 375 nm is the quadrupolar absorption. To our
wavelengths (i.e., above-575 nm) due to the wavelength- knowledge, these are the first experimental spectra in support
dependent nature of the refractive index of NaCl. The different of the theoretical predictiof? that is, spectra of Ag nanoparticles
responses of the-375 and~450 nm bands suggest that the as small as these (diameter 10 & 5 nm) in which both
mode of absorption is different for the two bands. quadrupolar and dipolar absorptions are observable.

A sample AFM image of Ag nanoparticles deposited onto  Oscillating a quadrupole on the surface of a nanoparticle
NacCl is shown in the inset of Figure 6. The Ag nanoparticles requires imposing a field gradient across the particle much
are well dispersed and, as seen, each individual nanoparticleshorter than the wavelength of light and is therefore well-known
can be resolved. The nanoparticles shown in Figure 6 are foundto be enhanced by near-field excitatit?/2° Accordingly,
to be 10+ 5 nm in diameter, which is typical of the images varying the relative magnitudes of the near and far fields affords
acquired. There are also some larger nanoparticles evident inan opportunity to enhance the quadrupolar absorption relative
the image. These are thought to result when a gas-phase Ago the dipolar one, which allows the bands to be distinguished.
nanopatrticle collides with a Ag nanopatrticle sitting on the NaCl In ATR spectroscopy, this can be accomplished to some extent
surface during the deposition process and coalescence of théy varying the angle of incidence, which impacts the magnitude
two particles occurs. Consistent with this reasoning, the numberof the evanescent field (near field) present at the N
of these larger particles was found to increase as the depositioninterface. The effect is illustrated in Figure 5 where, as the
proceeded. With increasing deposition time the number of critical angle is approached, the quadrupolar absorbance (shoul-
particles on the NaCl surface increases and the probability of der) increased relative to the dipolar one. The reason for the
such a collision increases. The graph shown with the AFM preferential increase in the quadrupolar absorption stems from
image in Figure 6 illustrates the effect of interparticle distance the different dependences of the absorbances on the field
on the position of the 450 nm (dipolar) absorption band. For strength. The magnitude of the dipolar absorbance is governed
these data, the average interparticle separation was determinet)y the strength of the electric field imposed while the magnitude
from the AFM image and the peak position was determined of the quadrupolar absorption is dependent on the gradient of
from the internal reflection spectrum of the sample. Other data the field. When the critical angle is approached the gradient of

extinction
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Figure 4. The SPR peak positioriéer of Ag nanoparticles on NaCl plotted as a function of deposition time. The different lines correspond to
different nanoparticle samples deposited onto different NaCl substrates.
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300 400 500 600 interparticle separation. The large squares are the theoretical results of
A/nm the Schatz group for 30 nm diameter nanoparti&&he crosses with
Figure 5. Spectra of Ag nanoparticles deposited on NaCl prisms €rror bars are SPR wavelengths acquired for spectra where the average
acquired by using ATR spectroscopy. The incident angle used to acquireinterparticle distance was determined via analysis of AFM images. The

each spectrum is marked. The spectra have been vertically offset forsmall circles are results of an experiment where the SPR peak position
clarity. A denotes wavelength. was measured as a function of deposition time, but the deposition time

has been converted to distance (see text for details). The solid line is
. . . . . a fit of the data shown as a guide to the eye. The inset is a typical
the field increases relative to the field strength itself and the aApm image of Ag nanoparticles on a NaCl prism. The image is

quadrupolar absorption increases preferentially. The effect canapproximately Jum x 1 um.

be qualitatively modeled. Following Novotny and Heéhthe

strength of the evanescent field, at the plane of intemal g jnternal reflection and thus no near-field effects, the
reflection, is proportional to the square of the Fresnal transmis- quadrupolar absorption is not observed (see Figure 2) and the
sion coefficienttZ. A plot of the calculated gradient ¢f (Vt) abSuadrupoic@bsipole ratio plotted in Figure 7 is effectively zero,
ratioed to the field strengtht;, is shown in Figure 7 as a  which also agrees with the predicted trend in Figure 7 when
function of the angle of reflectior. Vt; was determined by  far from the critical angle. Collectively, these results establish
using the second-order finite differences method. As seen inthat by varying the angle of incidence of the excitation beam
Figure 7, the gradient increases dramatically, relative to the field one can selectively excite the dipolar absorption exclusively,
strength itself, as the critical angle is approached. Accordingly, or one can enhance the quadrupolar absorption relative to the
quadrupolar absorptions are expected to increase relative todipolar absorption. As the quadrupolar absorption stems from
dipolar ones, consistent with Figure 5. As a comparison, the nanoparticles that are within the near field of neighboring
ratios of the quadrupolar peak height to the dipolar peak height particles, by tuning the incidence angle and thus the magnitude
are plotted for different angles of incidence in Figure 7. There of the absorption, this population can be distinguished from that
is reasonable agreement between the trend in the absorbancef the rest of the nanoparticles.

ratio and the predicted7t§:t§ (gradient:field strength) ratio. It is well-known that the extent of internanoparticle coupling
Furthermore, when acquiring spectra in transmission mode, with can be systematically varied by changing the distance between
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Figure 7. Graph of the quadrupolar:dipolar peak height ratio {@bsyocabsipoe) plotted as a function of the angle of reflection used to acquire
the ATR spectra. These experimental data are plotted as open circles and correspond to ykexisgfthe solid line is the theoretically predicted
intensity ratio of the gradient of the intensitytﬁ) to the intensitys of the evanescent field generated at the nanoparticle coated-Hda@hterface
off which the light was reflected. Calculation @Itﬁ:tﬁ is described in the tex® is the angle of reflection.

neighboring particles. With the gas-phase deposition techniqueexperimental time values have been converted to effective
used, interparticle spacing decreases as the deposition timalistances by assuming that interparticle separatisrinversely
increases. The spray deposition method naturally deposits aproportional to the square root of deposition tinte[{ t~1/2)
collection of particles randomly oriented on the substrate surface.and applying a scaling factor (i.ed,= at~*?). Qualitatively,
Accordingly, as the deposition proceeds the average interparticlethe trend in the data agrees well with that predicted and with
distance systematically decreases as the probability of depositinghe other experimental data. The fact that the experimental trend
one nanoparticle adjacent to another increases due to the increasmirrors the theoretical effectively confirms that experimentally
in the coverage of the surface with nanoparticles. Mathemati- the interparticle spacing decreases smoothly with deposition time
cally, because the particle flux (number of particles per unit and is proportional tot-%2 Consequently, the extent of
area per unit time) is constant, it is straightforward to show interparticle coupling increases with deposition time. More
that the interparticle spacing should be proportionat importantly, there is good overall agreement between the results
wheret is the deposition time. Accordingly, the effects of attained from the spectra of these small gas-phase-generated
increased coupling as deposition time increases are obvious innanoparticles and the theoretical findings.
the spectra and include a steady shifting of the dipolar absorption Theory predicts that near-field interactions between nano-
to longer wavelengths. Sample data are shown in Figure 4 whereparticles in close proximity significantly enhances the quadru-
the SPR position is plotted as a function of deposition ttme  polar absorption of these particles. The results presented here
With the exception of longer times, where the leveling off of clearly support these predictions. Having established that
the SPR position indicates that all particles on the surface areinterparticle separation decreases with deposition time, it is clear
coupled in the far field, the SPR position varies smoothly with that the growth of the quadrupolar absorption that occurs as
t. This trend is that expected as the internanoparticle separationthe deposition proceeds correlates with the concurrent decrease
steadily decreases with deposition time. in interparticle spacing. For near-field coupling to be effective,
As interparticle separation decreases as the deposition timeparticles have to lie within~10 nm of each othet® An
is increased, the opportunity arises to compare the dipolar experimental example of the importance of near-field coupling
coupling observed in the spectra of deposited Ag nanoparticlesfor observation of multipolar absorptions comes from work on
with the theoretically predicted results of coupling between 30 nanogold particles where spectra of particles separated by as
nm Ag nanoparticles. The latter have been studied by the Schatdittle as 75 nm contained no quadrupolar absorption features
group and some of their results are plotted in Figufé As even when near-field excitation (via reflection spectroscopy)
seen, with decreasing interparticle separation, the SPR peakwas used.The gas-phase deposition approach has no inherent
position shifts in an exponential manner to longer wavelengths. limit preventing sub-10-nm proximity from being attained and
The SPR peak positions of some Ag nanopatrticles depositedit is clear from the AFM image in Figure 6 that many particle
on NaCl prisms are also shown, superimposed over the pairs within 10 nm of each other are in fact present on the
theoretical results. For the experimental results, the averagenanoparticle-coated salt surface. The coalesced particles evident
interparticle spacing was determined by using AFM images, a in the AFM image are larger particles expected to result when
sample of which is shown in the inset in Figure 6. For a given a gas-phase nanoparticle collides with a nanoparticle on the
distance (deposition time) different samples display slightly substrate surface and the two coalesce into one bigger nano-
different SPR peak positions and these are reflected in the erromarticle comprised of two spatially overlapped nanoparticles.
bars shown. As seen, there is agreement between the experiThese particles may also contribute to the quadrupolar absorp-
mental and theoretical results. A series of data points corre-tion observed but interparticle coupling is still expected to be
sponding to the SPR peak position determined as a function of prerequisite. It is unlikely, however, that these particles con-
deposition time for a sample monitored in situ during the tribute significantly to the absorption. The variety of sizes of
deposition is also shown in Figure 6. For these data, the such particles, which varies with extent of overlap and number
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of constituent particles, would likely manifest the appearance  (2) Rechberger, W.; Hohenau, A; Leitner, A.; Krenn, J. R.; Lamprecht,
of quadrupolar absorptions at a variety of wavelengths in the B- Aussenegg, F. Ropt. Comm2003 220, 137-141.

spectra in contrast to observatibRurthermore, previous work (3) Haynes, C. L; van Duyne, R. B.Phys. Chem. B001, 105 5599~
ha_s shown that the dipolar absor_pti(_)n_ of coale_sced particles is 4) Wei, Q. H.: Su, K. H.: Durant, S.; Zhang, Xano Lett.2004 4
shifted markedly from that of the individual particles (as much (g, 10671071.

as 150 nm for 30 nm high particlswhich would necessarily (5) Malynych, S.; Chumanov, G. Am. Chem. So€003 125 2896~
appear as an additional peak in the extinction spectrum, which 2898.

is not observed. Accordingly, the quadrupolar absorption (6) Su, K. X.; Wei, Q. H.; Zhang, X.; Mock, J. J.; Smith, D. R.; Schultz,
observed is that of individual 1 5 nm particles coupled with S Nano Lett:2003 3 (8), 1087-1090.

their neighbors less tharv10 nm away through a near-field 114876)_ Sandrock, M. L.; Foss, C. A.J. Phys. Chem. 8999 103 11398
interaction. This result is somewhat in contrast. with the work (8) Fort, E.; Ricolleau, C.; Sau-PueyoNano Lett.2003 3 (1), 65—
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