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Cu nanoparticles of 2.8 =+ 0.5 nm diameter were synthesized in the gas phasc using a sputtering—aggregation-

type source. High-density films of nanoparticles

were deposited onto NaCl substrates, and sTong interparticle

coupling was observed. In the near-field spectrum, the surface plasmon absorption was more intense than,

and shified 20 nm to longer wavelengths from,
near-field spectra of such small Co Ranopartic

1. Introduction

Dominated by higher-order surface plasmon modes and scvere
damping of the dipolar surface plasmon resonance absorption.
the absorption spectra of Cu nanoparticles appear very different
from those of Ag and Au.! Unlike Ag, scartering contributes
little to the overall extinction of Cu nanoparticics at wavelengths
satisfying the dipolar surface plasmon resonance condition,
Furthermore, the surface plasmon resonance is predicted to be
amufeaminmeexﬁncdonspectmmoprpumnopuucles
(unlike Ag), and the interband electronic tansitions, which are
negligible in Ag nanoparticle Spectra, are expected 70 be the
dominant features. In some respects, copper shares these
charucteristics with gold, which is also predicted to have ag
extinction spectrum where scattering plays only a minor role.!
One aspect unigue to Cu, however (in comparison 10 Au and
Ag), is that the appearance of its near-field spectrum is predicted
to be totally different fram that of its spectrum in the far field.
The pear-field extinction spectrum of small (22 nm) copper
nanoparticles is predicted by electrostatic calculations to appear
like that expected of a rypical nanoparticle.! It has a prominent
peak ar visible wavelengths due to absorption by the surface
plasmon of the nanoparticle. According to this theory, higher
order surface plasmon modes are responsible for the near-field
lbsaption.andthcpeakiubiﬁedzznmfmmmcpakpoddon
in the far-ficld extinction spectrum, accordingly. The near-field
peak is also greatly enhanced in intensity relative to its far-
field connterpart. By comparison, the surface plasmon peak
8ppeats as a relatively small bump in the far-field extinction
spectrum. The enhancement and the 22 nm shift are predicted
to be the primary differences between the far- and near-ficld
Specaa of copper nancparticles. In this context, the near-field
enhancement of the surface plasmon resonance a tion is
due 1o growth of the multipolar absorption, which is inefhiciently
excited in the far field, to the red of the dipolar absoeption. As
the peaks are unresolved, however, the preseace of the multi-
polar absorption appears to be a shift and growth of the dipolar
absorption, which is incarrect. For Ag, on the other hand, the
interband wansitions appear at shorter wavelengths and do not
damp the surface plasmon resonances as much s is the case
for copper, so the dipolar absorption Is typically dominant in
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thar observed in the far-field spectrum. These are the first

les, and the results agree well with theoretical predictions.

both near- and far-field specira.! Accordingly, the near- and
far-field spectra look similar, unlike the copper case.

The amount of work done on copper Danoparticles is
negligible compared to that done on Ag and Au. As most
experiments are carried out in the far field, the relatively low
extinction of the Cu nanoparticles is g disadvantage o typical
applications involving surface plasmon resonance spectroscopy.
Perhaps a greater disadvamtage is thar copper nanoparticles
readily oxidize,? which makes oxygen-free environments pre-
requisite for working with copper. However, with the ever
increasing interest in spplications exploiting nanaparticle near-
field excitation.> one might expect copper nanoparticles to be
utilized more cxecusively in the ncar furure, One predicted
advantage of copper is that near-field and far-field contributjons
to the extnction are easily distinguished. This contrasts Ag,
for example, where the far-ficld and near-field speotra arc
predicted by electrostatic calculations to be effectively identical,'
except for the enhanced multipolar absorptions thar sppear with
oear-field excitarion.® The same is true for Au according to
electrostatic theory.' A second advantage of copper, according
to this theory, is that first-order surface plasmon excitation
makes a relatively small contribution to the near-field spectrum !
Therefore, if one is relying on higher order surface plasmon
excitations or utilizing techniques relying on stroag neay-field
influences (e.g., surface-enbanced Raman scattering), spectra
may be cleaner since there is little first-order or far-ficld
background contribution to the overall signal. Much of this,
however, is prefaced by the assumption that the theoretical
predictions of the characteristics of near- and far-field spectra
are correct, which, 1o our knowledge, has not bees verified

experimentally.

deposition of high-density nanoparticle films as a way of
studying near-ficld effects on the surface plasmon resonance
spectroscopy of metallic nanopartcles. It was shown that, as
the interpanticle spacing decreased to values around 10 om or
50, near-field coupling between namoparticles became pro-
oounced. Spectroscopic features associated with pear-field
excitation, such as multipolar surface Pplasmon ions, were
then observed. To distinguish far-field and pear-field cffects,
we compared the transmission and internal reflectiog spectra
of identical sasuples. The former showed no cvidence of the
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multipolar absorptions, while, in the latter, such feamres were
- prominent in the spectra. The evanescent wave preseat at the
air—salt interface, where the internal reflection occurred, is well-
known to provide the ncar field necessary to observe such
effccts.3$7 Employing both small interparticle spacing and
evanescent excitation, we were sble to generate near ficlds
strong enough that we could observe quadrupolar surface
plasmon ebsorptions in 10 + 5 nm diameter particles. Although
intemnal reflection is not prerequisite for observing pear-field
effects, for the interpartcle spacings and small particle sizes
used, it was necessary to enhance the near field this way;
otheswise, the field was 100 weak and multipolar absorptions
were not observed The observadon of multipolar surface
plasmon absorptions in such small nanoparticles is, to our
-Jmowledge, unprecedented. The groups of Chumanov and
Cotion have also used high partcle densities as a means of
enhancing ncar-field effects on the surface plasmon spectra of
larger (100 nm) Ag nanoparticles.? In that case, the near-field
coupling was strong enough that no evanescent excitation was
required 1o enhance the near-fleld effects. The appearaace of
d:equadrlapolarabeorbanoeinthemmission(far-ﬁeld)specm
obtained is evidence of the relatively swong near-field present
in the larger particles. An interesting finding of their work is
the effect of polarization on the near-field coupling. Because
the nanoparticles were all in a plane, with s-polarization, near-
field coupling of quadrupoles dominated the extinction spectrum.
With p-polarization, such coupling was minimized, especially
at larger angles of incidence, and more far-field-looking spectra
were obtained. That is, the dipolar surface plasmon absorption
prominent in far-field spectra was much larger than the
quadrupolac oue, which is known to be enhanced by the presence
of the near field. One key advantage of our approach, compared
 this work of Chumanov, is that our interparticle spacing can
be varied systematically w very small values while being
roonitored spectroscopically. With increasing deposition time,
the average nanoparticie spacing on a subswate decreases
steadily from large to effectively zero. The ability to vary the
spacing from 10—0 nm is particularly attractive as this is the
region where near-field coupling between neighboring nano-
particles is most pronounced. This region is also beyond the
current limits of lithography techniques, such as e-beam, which
have a current resolution of ~10 nm. Our approach affords an
opportunity to scudy the near-field spectra of high-deasity films
of small nanoparticles with varisble interparticle spacing beyond
the resolution limit of other approaches.

Interparticle coupling interactions have been well studied in
the contex: of nanoparticle dimers,!0=1¢ aggregateg, 1516 gpd
films.%17=19 At relatively large distances, dipole coupling occurs
readily. With decreasing interparticle separation, dipole coupling
typically results in a shift of the surface plasmon resonance to
longer wavclengths.!!1220-28 For ordered systems, shifts to
shorter wavelengths may occur, depending on the polarizaton
of the lighr with respect to the crientation of the nanoparticles.
These shifts are typically much smaller in magnitude than the
shift to longer wavelengths observed in non-ardered systems 29
Much of this bebavior can be explained in terms of electrody-
Damic interactions berween particles ™ When intecpacticle
spacing is small (~10 nm or less), however, the electrostatic
interactions berween particles become important, and near-field
coupling can occur. Under the influence of near fislds associgted
with neighbocing particles, higher order surface plasmon absorp-
tions can occur in nanoperticies. As mentioned above, for the
case of Cu, the resulting extinction Spectra may then appear
Quite different from those observed under far-field conditions.
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In the work presented in this paper, we utilized the gas-phase
nanoparticle deposition techaique to follow the coupling between
238 % 0.5 nm diamcter copper nanoparticles that occurred as
the average interparticle spacing was systematically decreased.
Using internal reflection spectroscopy, near-fleld coupling
between the nanoparticles was observed. Unlike Ag,’ for the
Cu nanoparticles, extinction in the far field is weak. la the near
field, extinction is much stronger. In fact, using the same light
intcasity and the same particle density, the observed extinction
using near-field (s-polarized, intemal reflection) excitation was
340 times that observed using far-field (nonpolarized, transmis-
sion) excitation. The spectra acquired agree well with the
theoretical predictions for 22 om diameter Cu nanoparticles. !
To our knowledge, the near-field extinction spectrum of Cu
nanoparticles has not been observed before. As the Cu, Ag, Au
triad contains the simplest metals to trear theoretically, experi-
mental spectra of such small Cu nanoparticles in both far and
near fields are useful data for the continued development of
theorics dealing with light extinction by small metal nanopar-
ticles and the effects of near- and far-field coupling interactions
on such extinction.

2. Experimental Section

Copper nanoparticles were prepared in the gas phase by using
a magnetron dc sputtering source described elsewhere.52
Briefly, an oxygen-free high conductivity copper target (99.95%)
with a 2 in. diameter and 3 mm thickness was anached to the
sputter head, which acted as the cathode. The anode cap with
a central hole 46 mm in diameter was placed S mm from the
targer. Ar, a5 the discharge gas, was introdnced at a flow rate
of 50 sccm (MKS 1179 gas flow contoller) through a
showerhead inlet directed at the anode cap and positioned
immediatcly in front of the anode cap. The sputtered metal left
the discharge and entered the aggregation zone where copdensa-
tion and the formation of Cu nrnoparticles occurred. A 10 sccm
How of He gas was introduced into the aggregation zone through
2 separate gas inlet. The nanoparticles then eatered a secondary
aggregation zone evacuated by a 500 L/s nrbo pump (Varian
V-550). Finally, the nanoparticles passed through an orifice into
the deposition chamber where & pressure of <10~ Torr was
maintained during deposition by a 300 LJs turbo pump (Variaa
TV-301).

The nanoparticles were deposited onto NaCl prisms (Inter-
national Crystal Laboratories) positioned in the nanoparticle
beam path and monitored by a2 UV—vis spectrometer in zitu
during the deposition process. Ligin from a balogen lamp was
introduced into the deposition chamber through an optic fiber
with a collimaring lens attached to its end. For internal reflection
raode experiments, the beam of light was incident through one
side of the prism and internally reflected off of the interface
where the nanoparticles were deposited. The reflected beam
passed through the other side of the prism and left the deposition
chamber through a quartz wivdow. The reflected light was then
coliected by a second collimating lens and focused into another
optic fiber that carried the light to the CCD armay spectrometer
(Occan Optics, SD2000). Consecutive spectra were acquired
every 2-3 s during deposition so that spectra of the nanopar-
ticles could be obtained in real time, as they were being
deposited. Alternatively, the deposition was monitored in situ
in ransmission mode, where light was passed directly through
a NaCl plate (replacing the salt prism) at a normal angle. The
NaCl plate with 2.5 mm thickness was made by filing down
the back side of a salt prism and then water polishing. Polarized
light was geacrated by placing a .polarizer between the col-
limating lcns of the incident light and the prism.



Near/Far-Field SPR Sprectra of Cu Nanopanticles

v 1 v T g AJ v
5 % B % % 40 4
depasition time / min

Figure 1. STM image of an HOPG substrate on which gas-phase Cu
nanoparticlcs were deposited {5 shown in the inset. The image
Wmaﬁmmm.mmmmmmm.
these samples have been exposed to air, aud the particles have been
oxidized. The graph is a plot of the average number of particles in a
4733nm’muduundaedfrom8ﬂdimagﬂ.vmudlpodﬁon
tme. Data values are thown as black squares. A solid line is shown as
a guide to the eye.
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The scanning wnneling microscope (STM) images of Cu
nanoparticles deposited on graphite were obtained with the uge
of an easyScan E-STM (Nanosurf) operating in constant current
mode. Fresh highly ordered pyrolytic graphitc (HOPG) sucfaces
were obtained by peeling off the top layers with tape (3M-
Scoxch) before deposition. The HOPG substrate (SPT) was placed
in the panoparticlc beam path at a similar position as the salt
prism and salt plate. STM images were obtsined immediately
after the deposition was finished and the sample was exposed
to air. All STM images were acquired in ambient air at a gap
voltage of 0.03 V and a set-point current in the range of 0.2—
1.0 nA. '

3. Results

The comelation betwees Cu nanoparticle coverage and
deposition Gme was examined utilizing STM and HOPG
substrates. NaCl substrates used for spectroscopic measurements
could not be examined directly, as they are nonconducting and
incompatible with STM. A sample STM image is shown in
Figure 1. Siwatwed in front of the orifice connecting the
nanoparticle source to the sample chamber, the HOPG substrate
was exposed to the flux of nanoparticles for 25 min. The
nanoparticles are clearly discernible as white circular features
against the darker HOPG background. Higher deposition times
yielded higher particle densities. A series of samples cocre-
sponding to 0, 10, 25, and 40 min deposition times were
analyzed using STM imaging, and the particle density was
determined. The results are plotted in Figure 1 as a plot of the
aumber of particles versus deposition time. For deposition times
less than 40 min, the nanoparticles were always well dispersed
in subraonolayer films, analogous to the results shown in the
STM image in Figure 1. The possibility that the nanoparticles
were partially oxidized via the presence of background O, in
the deposition chamber and that this oxide layer prevented
significant aggregation and coalescence from occurring was
investigared. Variation in experimental parameters affecting
oxidation, such as sariple chamber pressure and the extent of
oxidation of the Cu twget, had no noticeable effect, and
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Figure 2. A scricg of transmission specta acquired in sit during the
deposition of Cu nunoparticles onto a NaCl plate. The lowest spectrum
was acquired 1220 s after deposilion was started, the second lowest
500 3 lstcr, and the rest every 400 s theceafter. The vertical dashed
linc marks the position of peak surface plasmon sbaorbance in the
lowest particle density (1220 s deposition time) apectrum. For longer
depasition times, there {5 an obvious shift of this band 10 longer
wavelengths. Absorbance corresponds to log(/yl), where 1 is the
inwensity of light detccted. and Z is the intensity of the light detected
initially in the reference (i.e.. before deposition began). Units are
absorbance tmits.

monodispersed films were always obtaincd. So it Is more likely
that the Cu particles were naked during deposition. It is clear
that the amount of any oxide present on thc particles was
minimal. Venting the chamber to ambicnt air resulied in shifting
of the spectra to longer wavelengths, consistent with formation
of Cu@Cu-oxide core—shell nanoparticles. 3%

Mouitoring the extinction specira during nanopardcle deposi-
tion onto NaCl substrates in situ allowed the growth and shifting
of surface plasmon resonances to be followed as the interparticle
spacing steadily decreased with deposition fime. A sample series

" of spectra is shown in Figure 2. These spectra are transmission

spectra acquired using 2 NaCl plate. Afier 1220 s of deposition,
the surface plasmon absorption could be observed. Note that
longer deposition times are peeded than for the STM measure-
ments because of the relative insensitivity of the optical detection
method. With increasing deposition time, the sizc of this peak
increased steadily and shifted o longer wavelengths. Similar
tends in the spectra were arsined using internal reflection
spectroscopy with s- and p-polarized light, with notable differ-
ences discussed below. A comparison of ssmplc spectra acquired
using transmission of nonpolarized, intenal reflection of p-
polarized, and internal reflection of s-polarized light is made
in Figure 3. Light with p-polarization has the electric field vector
panalie]l to the incidenr planc, as defined by the incident and
internally reflected light rays. Becanse of the angle of reflection
utilized, which must exceed the critical angle in order for internal
reflection to otcur, the largest component of the field vector of
the p-polarized light was orieatated perpendicular 1o the NaCl
surface off. of which the light was reflected. This places the
field vector parallel 1o the evancscent field generated at the NaCl
interface. The s-polarized light had the electric ficld vector
eatirely parallel to the plane in which the nanoparticles resided
on the NaCl surface. As seen in Figure 3, the transmission and
p-polarized reflection spectra appear very similar. The spectrum
acquired via internal reflection of s-polarized light has a more
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Figure 3. In the upper frame, spectra of Cu nancparricles deposited
onto NaCl were acquired in sin during deposition (a) using tansmission
of nonpolarized light, (b) using internal reflection of p-polarized light,
and (c) using invernal reflection of s-polarized light. The lower two
Spocua have been scaled by a factor of 10, Specum b has been offser
verucally. The deposition time was 2100 + 50 s for all samples. In the
lowerhme,dmmdogouswmouinﬁgmzhufwmhﬂud
light are shown. Absarbance corresponds t Jog(y/l), where [ is the
inlensilyollightdmmd,mdloisﬂ:eimityofdnhgmdeleaed
initially in the veference (i.e.. before deposition bogan). Units are

tmits.

intense surface plasmon absorption that is significandy shified
&nmlhepeakposiﬁoninlheo:haspecm(ﬂsominﬁgum
3).

4. Discussion

The deposition of gas-pbase Cu nanoparticles onto HOPG
substrates resulied in submonolayer coverage of the substrates
with monodispersed Cu nanoparticles. This fact is illustrated
inFisurcl.whereasampleSTMlmageislhowu.’l'be
Panoparticles appear clearly as white circular features against
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the darker HOPG backgrouad. As copper is known o oxidize
readily,? and the STM images were acquired in air, it is most
likely that the particles observed are in fact copper oxide, or at
least Cu@Cu-oxide core~shell nanoparticles. However, the
oxidation process is not expected to change the topography of
the sample significantly outside of perhaps a small distortion
of the shapes of individual particles. The fact thar the pardclcs
are well dispersed in these images is almost conclusive evidence
that the nanoparticles were initially deposited as well-dispersed,
isolated namoparticles. It is difficult to imagine a process
whereby highly aggregated or even coalesced nanoparticles
could be convested into well-dispersed collections of isolated
nanopariicles, all nearly equal in size, via oxidation. Previous
work has shown that monodispersed collections of nanoparticles
are also produced on NaCl substraics.’ Accordingly, although
wchavemwayofusinzscanningmianscopytoimageCu
nanoparticle samples prior to exposure to air and the resulting
oxidation, the evidence we do bave, including the spectroscopy
discussed below, strongly favors the assumption that the
nanopasticles deposit onto NaCl as monodispersed flms.

The spacing and size of the nanoparticles can be estimared
from the STM images. Analysis of data such as that shown in
Figure ] indicates thar the individual nanoparticles are 2.8 +
05 mm in diameter, independent of depositon tme. This
estimate is Likely high for two reasons. First, the well-known
tip-distortion effect causes particics to appear slightly oval and
slightly larger than they actually are. Second, the particles have
been oxidized 8o the volume of the particles has likely increased
to accommoxdate the intercalation of the axygen into the particle.
Spacing between nanoparticles is expected to vary with deposi-
tion tirc. Longer depositions produce higher particle densities
in the submonolayer film that wanslate into smaller intcrparticle
spacings. From STM images, the average interparticle spacing
bas been detenmined for samples with different deposition times.
Good quality images could not be acquired for deposition times
greater than 40 min, because the particle density was so high
(approaching monolayer coverage) thar the STM had limle

interaction with the underlying HOPG. and individual particles -

could not be distinguished from one another. The results atained
for lower coverages are plotted in Figure 1. As seen, the number
of particlcs per 4733 nm? area increased linearly with deposition
time, There is also linle evidence of aggregation and coalescence
of the nanoparticics. Mathematically, because the particle flux
(aumber of particles per unit area per unit ume) is constant, it
Is smaighdforward v show thar the jnterparticle spacing should
be proportional 10 112, where r is the deposition time, provided
the pracess is statistical. That is, the particles deposit randomly
on the surface in a submonolayer film. Ag nancparticles were
found to have behaved in such a way when deposited oato NaCl
substrates.’ The linearity of the plot in Figure 1, of number of
particles per 4733 am® against ;, indicates that the deposition
Process is in fact a statistical one, and interparticle spacing is
proportional w -2,

For randomly oriented nanoparticles, dipole coupling is well-
known to manifest a shift of the surface plasmon resonance to
longer wavelengths as interparticle spacing is decreased, 89393631
Appropriately, the series of transmission spectra in Figure 2
shows a gradual shifiing of the surface plasmon resonance to
longer wavelengths as the deposition time is increased, inter-
particle spacing decreased, and the extent of dipolar coupling
increased. Initially, thc peak of maximal surface plasmon
resonauce absorbancc appeass at 570 nm, slightly 1 the blue
of the vertical bar. At this minimal particle density, interparticle
coupling cffects are minimal so the 570 nm value closely

'
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approaches that of isolated Cu nanoparticies, albeit perturbed
by the preseace of the NaCl substraie. The 570 nm value agroes
with other availsble dara on Cu nanoparticles of comparable
size, which have dipolar surface plasmon absorptions at §70 &
10 am.¥35-37 The steady shift of this band to longer wave-
lengths is similar to that observed when Ag nanoparticles were
deposited onto NaCl.* A major difference is that, for Cu
nanoparticles, the shift is much smaller. For Ag, the dipolar
surface plasmon absorption was observed to shift nearly 100

nm, even at submonolayer coverages. For Cu, the largest shift .

observed, as seen in Figure 2, was 15 am. Clearly, the extent
of dipolar coupling in Cu nanoparticles is much less than that
for Ag.

For near-field coupling of adjacent nanoparticles in submono-
layer films to be effective, the angle of incidence and the
polarization of the light become important factors.? Typically,
for internal reflection, one considers the near ficld strongest
when using p-polarized light, gs it is the out-of-plane (i.c., plane
of the sali—air iaterface) component of the clectric field
associared with the incident light that generates the strongest
evanesceat field at the interface.? For the case of high-density
nanoparticle films, however, near-field coupling between neigh-
boring particles is more effective. As this type of coupling occurs
in-plane, s-polarized light is more effective for observing near-
ficld effects in these types of nanoparticie films.* A comparison
" of spectra atrained using s-polarized reflection, p-polarized
reflection, and nonpolarized wansmission spectroscopy is shown
in Figure 3. The transmission specttum and the p-polarized
specyum are very similar in appearance. They both resemble
. the spectra acquired ar low particle deasiry, each having a
surfacc plasmon resonance band at 570 nm as their prominent
feature. The similarity of the two is not surprising, as both
cotrespond to absorption under conditions of effectively far-
field excitaon. The spectrum acquired using internal reflection
of s-polarized light, on the other hand, is different. The
prominent feature in this spectrum occurs at 619 nm, signifi-
cantly shifted from the 570 nm position of the dipolar surface
plasmon resonance absorption in the other two spectra. Note
that all three spectra correspond t0 2100 s deposition times, so
the nanoparticle deasity is the same for all three samples.
Accordingly, the shift observed in the s-polarized spectrum
cannor be attribured to more extensive dipolar coupling due 0
smaller interparticle separation as a result of a higher particle
deasity. The shift is most likely thar expected in the presence
of strong near ficlds. Theoretically, the near-field spectrum of
22 am diamcter Cu panoparticles (the literature result for
particies closest in size t our 2.8 + 0.5 nm diameter particles)
Is predicted to have a surface plasmon resonance peak red-
shifted 22 nm from that observed in the far ficld.! Here, the
multipolar sbsorption dominates, but, because of overlap of
dipolar and multipolar absorptions, the two peaks are mot
resolved (as in the case of Ag).’ but instead a shift in peak
position toward the multipolar peak, positiencd at longer
wavelengths, occurs. The red shift predicted mirrors that
observed experimentally for the 2.8 =+ 0.5 wn diameter particles,
8s seen in the lower frame of Figure 3. This agreement between
experiment and theory indicates that the s-polarized spectrum
is dominated by near-field coupling between nanoparticies. Even
more compelling evidence of the strong near-ficld nature of this
specaum is the large cohancement of the overall magnitude of
the absorption. Note that, in the upper frame of Figure 3, the
uansmission and p-polarized spectra have been scaled by a factar
of 10. At peak extinction. the amount of s-polarized light
scuttered and/or absorbed is 340 times that scattered and/or
absorbed using p-polarized light or nonpolarized light in
transmission. The large enbancement in extinction is a common
characteristic of near-field excitation and is predicred to occur
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Figure 4. A comparison of the expetimental reflection spectra acquired
with s-polarized and p-polarized light with the theorerically predicted
extinction spectra of 22 nm diameter Cu nanoparticles upon near-field
and far-field excitation.! The theoretical spectra are black and have
been shified 29 nm to longer wavelsagths so that the good relatve
agreement is seen without the distraction of the sbsolute (ie., 29 am)

discrepancy. In the upper part of the figure the experimental s-polarized
and theoredcal near-field spectra e overlaid In the lower part the
cxperimental p-polarized and theoretical far-field spectra are overlaid.
These lamer two have both been scaled by a factor of 10,

for Ag. Au, and Cu nanoparticles of comparable size,!-133
Spectra analogous to those shown in Figure 2, but acquired using
s-polarized light in reflection mode (ie., an aftenuated total
reflection spectroscopy configuration), initially appeared the
same as those acquired using vertical polarization or transmis-
sion mode spectroscopy, as seen in the Jower frame of Figure
3. Only after the particle density became higher, and the
interparticle separation became smaller, did shifting and en-
hancemear of the spectrum octur. As close proximity of the
nanoparticles is required for near-ficld coupling to be effactive,
this behavior is consistent with the differences between the
s-polarized spectrum and the others in Figure 3 being artributable
to srong near-field interactions in the former but minimal in
the latter.

The ability to wne the extent of near-field coupling between
nanoparticles, by varying the polarizadon from s- to p-, affards
an oppoctunity to acquire pseudo near-field and far-ficld spectra
thar can be compared with the theoretically predicted ones.
Maximizing the exteat of near-field coupling, by using relatively
high particle deasitics and internal reflection spectroscopy and
exploiting s-polarized light as a means of enhancing in-plane
interactions between the Cu nanoparticles, yields a specuum
that is effectively a near-field spectrum. Avoiding these condi-
tions allows spectra to be collected under far-field excitation
conditions. In Figure 4 sample spectra of each type are shown,
for our 2.8 + 0.5 am diameter particles, and compared with
the theoretically predicred specura for 22 pm diameter Cu
nanoparticles. The theory predicts spectral peak positions at
waveleagths 29 nm shorter than those observed experimentally,
a factor compensated for in the figure by shifting the theoretical
specoum 29 am 10 the red. There arc a couple of possible
reasons for the 29 nm discrepancy. First, the experimentally
obtained spectra are not pure far-field or pure near-field; there
is always some contribution from both. Second, the theoretical
spectra are for an isolated particle in water, whereas the



17498 J. Phys. Chem. C, Vol. 111, No. 47, 2007

experimental spectra correspond to high-density nanoparticle
films where coupling interactions and a relatively high refractive
index of the medium surrounding the nanoparticles, both of
which may shift spectral features to the red, are present. The
laner is most likely responsible for much of the difference
observed. Outside of the 29 am shift invoked, the overall
amementbetweenmeoryandexperimemisverygood.
Certainly. the relative peak positions of near-field versus far-
ficld arc well reproduced by theary. The relative peak heights
are also correct. A remarkable characteristic of Cu nanoparticles
of this size is that the near-field spectrum appears 10 be very
different from the far-field spectrum. In this coatext, the spectra
oftheCunmopmclesued:ffmﬁ'omdmeong where
ncar- and far-ficld spectra of pamclcs of eonplnble size appear
very similar. {013 For Cu, it is notable that, in experiments
conducted under similar conditions, near-field excitation yielded
more discernible peaks thap observed with far-field excitation.
Near-field excitation Is therefore more suitable for applications
dependent on the detection of surface plasmon resonances of
Cu nanoparticles.

The good overall agreemeat between the experimental and
theoretical results allows conclusions to be drawn regarding the
nature of the near-fleld spectrum of small (<22 nm in dizmeter)
copper nanoparticles. It is remarkable that the near-field
spectrum of the high-density nanoparticle film resembles the
theoretical spectrum of an isolated nanoparticle. Clearly, the
pear-field coupling between adjacent panicles, which is pre-
requisite for the near-field spectrum to be observed in our
experiments, does not distort the spectra significantly, and the
spectrum acquired is effectively that of the individual non-
coupled particles. It appears that the role of aeighboring pasticles
is solely to generate the near-field required; the presence of close
neighbors does not alter the near-field spectroscopic properties
of the nlnopmicles. and no collective plasmon modes, as
obscrved in the presence of far-field (dipolar) cou-
pling, 122022262831 regylt from the near-field interactions. This
finding is somewhat in conwast w the expectations of Messinger
et al! that their results arc not amenable to high-deasity
arrangements (clusters) of nanoparticles. Clearly, they apply w
the high-density monolayer types of films studied in our work.
A second suggestion of Mcssinger et al., that it is not necessary
to have peaks in near-field spectra appear at the same wave-
lengths as thosc in the far-fiold spectra, is fully supported by
our experiments. Asneenmﬁgure4 the aear-field and far-
field spectra are quite different in appearance, and the peaks of
maximal absorbance are shifted 22 mm from each other.
According to theory, multipolar surface plasmon resonances and
retardation effects give rise to additional peaks in the near-field
spectra and manifest a shift of the surface plasmon resonance
peak to longer waveleagths, as observed. This result is in shacp
coutrast to Ag, where far-ficld and near-field spectra, for
particles in this size regime, arc very similer in appearance. Cu
oanoparticles are remarkable in this respect,

S. Cummary and Conclusions

Spectra of 2.8 + 0.5 nm diameter Cu nanoparticles have been
attained under both far- and near-ficld excitation conditions.
Deccreasing the interparticle spacing, using evanescent excitation,
and using s-polarized light were all found to be effective ways
of enhancing the extent of near-field conpling between particles.
When the near-field was maximized, spectra appeared different
from those artained vnder far-field conditions. To our knowl-
edge, these arc the first experimental spectra of small Cu
nanoparticles acquired using near-ficld excitation. These results

Pedersen and Wang

demonstrate that Cu nanoparticles are different from Ag and
Au analogues: the far- and near-field extinction spectra of Cu
nanoparticles are quite different from each other, whereas the
spectra of Ag and Av appear similar in both the far and near
ficlds. Multipolar absorptions were the dominant feanures in the
Cu spectra. Changing the magnimde of the near-field, however,
changed only the intcosity of the mulripolar absorption bands.
Their positions and shapes were unaffectsd. Despite the presence
of multiple neighboring particles short distances away, the near-
field features were identical to those expected in a spectrum of
an isolated particle. Accordingly, spectra acquired under far-
and pear-field conditions agree very well with the theoretical
spectra of isolated 22 nm diameter Cu nanopartictes. These
experimeats effectvely confirm the theoretical predictions made
by Messinger et al.! over 25 years ago.
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