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Plasmon resonances of silver nanowires with a nonregular cross section
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We investigate numerically the spectrum of plasmon resonances for metallic nanowires with a nonregular
cross section, in the 20—-50 nm range. We first consider the resonance spectra corresponding to nanowires
whose cross sections form different simplexes. The number of resonances strongly increases when the section
symmetry decreases: A cylindrical wire exhibits one resonance, whereas we observe more than five distinct
resonances for a triangular particle. The spectral range covered by these different resonances becomes very
large, giving to the particle-specific distinct colors. At the resonance, dramatic field enhancement is observed
at the vicinity of nonregular particles, where the field amplitude can reach several hundred times that of the
illumination field. This near-field enhancement corresponds to surface-enhanced Raman sq&ERSg
enhancement locally in excess of'40The distance dependence of this enhancement is investigated and we
show that it depends on the plasmon resonance excited in the particle, i.e., on the illumination wavelength. The
average Raman enhancement for molecules distributed on the entire particle surface is also computed and
discussed in the context of experiments in which large numbers of molecules are used.
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[. INTRODUCTION tallic particles with a variety of shapes and dimensions are
now readily available for experiments. A thorough under-
Nanosized metal particles with subwavelength dimen-standing of the detailed local fields associated with plasmon
sions exhibit a wealth of optical phenomena directly relatedesonant particles is therefore warranted, to enhance the de-
to geometry-dependent surface plasmon resonances that csign and optimization of applications based on these par-
be excited in response to applied electromagnetic fieldgicles. However, an accurate solution of the local fields of
Plasmon resonances lead to large scattering cross sectioplesmon resonant particles of arbitrary shape remains a the-
(SCS’9 at specific wavelengths in many metal nanoparticlespretical challenge. Analytical solutions for the fields are
including those made of silver and gold, and are responsiblenown only for particles with a very simple shape, like that
for the characteristic color associated with suspensions aff a sphere or an ellipsofd;® or spherical shells and peri-
colloidal metal particles. The connection between the scatedic cylinder gratings®~**While electrostatic methods can
tered spectrum of a nanoparticle and its physical propertieprovide some level of insigh complete electromagnetic
was established long ago; medieval artisans, for examplesolvers are needed to obtain accurate results. Many groups
made use of metal colloidal particles in the production ofhave developed methods of solving Maxwell's equations to
certain types of stained glass. investigate nonregular plasmon resonant particles in the
In addition to their large SCS’s, plasmon resonant par100-200 nm size rand&;*®however, although particles of
ticles have very large and very localized local electromagihis size provide large SCS’s at the plasmon resonance, the
netic fields. These local fields play a key role in surface-resonances are very broad and the field enhancement in the
enhanced Raman scatterif@ERS, wherein the Raman Vvicinity of the particles is relatively small.
spectrum of a molecule near a nanoparticle surface is en- Recently we have presented a numerical approach for the
hanced by several orders of magnitddelhis enhancement solution of the fields associated with plasmon resonant nano-
can be large enough that the Raman spectrum of a singlearticles of arbitrary two-dimensional geometry, which leads
molecule can be acquiréd® The enhanced local fields of to highly accurate, converged solutions, even for particles
plasmon resonant particles are useful for a variety of applihaving extremely large local enhancement and field
cations, including biosensofs? as sources for variation® Recently we demonstrated that nanowires with a
nanolithograph}f and as probes in scanning near-field opti-triangular section had a very complex spectrum of plasmon
cal microscopy(SNOM).*-*2 Finally, their spectral selectiv- resonance®’ For sections smaller than 50 nm, we observed
ity may make plasmon resonant particles a key component imany distinct, narrow resonances, associated with strong
future passive optical devices based on evanescent opticakar-field distributions. In Ref. 51 we illustrated with movies
transport>~® or even in newly proposed active optical the spectral response of triangular particles and demonstrated
components® that a strong near-field enhancement was obtained for par-
In recent years, considerable progress has been made tigles smaller than about 50 nm. The topology of these dif-
the fabrication of metallic nanostructures in a controlledferent resonances was correlated to the polarization charges
manner, including features in the 10-50 nm rahgé®Me-  distributions induced in these particles in Ref. 52.
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The objective of the present publication is to study in  One may wonder whether the classical description of the
detail the relation between the cross-sectional shape of material that we use, based solely on Maxwell’'s theory and a
nanowire and its resonance spectrum. In Sec. Il we recall odpcal dispersion relation, is appropriate for the small struc-
formalism and address some of the specific issues related tores investigated here. Actually, it has been experimentally
the accurate simulation of plasmon resonances. In Sec. Il wghown that this macroscopic approach is adequate for par-
investigate the resonance spectrum corresponding to nanowicle dimensions as small as 2 rir**8-®Quantum effects
ires whose cross sections form different simplexes and cormust only be taken into account for smaller particles, using
sider the implication of these results for SERS. We preserfior example a jellium or quantum-chemical modéf!—%3
our conclusions in Sec. IV. For particles in the 2—20 nm range, the dispersion relation

depends noticeably on the particle geometry, since the elec-
tron mean free path decreases as electron scattering at the

Il. EORMALISM surface becomes more importdnt®-%° However, for the
silver particles investigated here, only the imaginary part of
A. Theory the permittivity increases slightly, and the bulk values of

The electromagnetic scattering properties of metal nanoPermittivity still represent a good approximation. This point
partides can be described by so|ving Maxwell’'s will be addressed in greater detail in Sec. Il C.
equations>°*In this model, the complete description of the
material properties of the metal is encompassed in the dis- B. Model

persion relation, which gives the complex permittivitf) As established in the previous section, Maxwell's equa-

as alfulnctlon fOf the frequfer;]cgor Walverl]eng_tm Ne_ar th? tions are well suited to study the plasmon resonances of sil-
metal plasma frequenay, of the metal, the dispersion rela- o o icles in the 20-50 nm range, and we shall use the

tion Is governed by the interaction betwgen l'ght and theexperimentally obtained permittivity values from Johnson
conduction electron gas or expressed with their quantu

by the ph I : on. Th Mnd Christi€* For nonmagnetic media, Maxwell's equations
counterparts by the photon-plasmon interaction. The coMysqy,ce in the frequency domain to the vectorial wave equa-

bined_ exciton is often refe_:rred to as a plasmon p_olgriton. Fo{ion, which is formally solved by the volume integral equa-
certain metals such as silver, copper, and galgs in the tion

visible frequency range. At specific negative permittivity val-

ues, plasmon resonances will be excited in these small par-

ticles. These specific permittivity values strongly depend on E(r;w)zEO(r;w)va ar'GB(r,r";w)

the particle size and shape, since the boundary conditions v

impgsed by Maxwell's equ_ations determine whether such a -kS[s(r’;w)—sB]E(r’;w). 1)
particle resonance can build up. These resonances are often

referred to as the surface modes of the parfitle. HereEy(r;w) is the incident electric field with vacuum wave

The plasmon resonances are analytically known only fohumberk,, E(r;w) is the unknown total scattered field,
simple geometries, such as a sphere or a cylifthera very  &(r;w) the particle permittivity, anctg that of the back-
small sphere, for instance, one single resonance can be eground. The dyadi&G3(r,r’;w) is the Green’s tensor asso-
cited, whene=—2 (Ag: A=355 nm, Au:A=490 nm), ciated with the infinite homogeneous backgroGhdlote
whereas a cylinder is in resonance whes —1 (Ag: A that this formalism can also be used when the background is
=337 nm, Au:A=253 nm). With increasing particle size, a surface or a stratified mediufh®”
these resonances are redshifted and broadened, and addi-We study two-dimensiondRD) silver particles, i.e., par-
tional higher-order resonances can be excifed. ticles having a translation symmetry along the thirbt

More than one single resonance can be excited in a norshown direction, such as nanowires or infinitely long nano-
regular structure, irrespective of its size. A small ellipse, forrods. The particles are illuminated in the plane of the figures
instance, exhibits two resonances, corresponding to the illuwith the electric field in the same plarfransverse-electric
mination directions along and normal to its major axis. Re-polarization). For transverse-magnetic polarization, where
cently we demonstrated that triangular nanoparticles havehe incident magnetic field is in the plane, plasmons cannot
several resonances for each illumination direction. be excited.

Whether these different modes of a nanoparticle of arbi- We solve Eq(1) with a newly developed technique based
trary shape can be resolved strongly depends on the materiah finite elementé® The arbitrary particle section is dis-
absorption(the imaginary part of): large absorption broad- cretized using triangles, and the unknown fi€l@r; ) is
ens the resonances and can result in a nearly featurelesgpanded into a sum of basis functions defined on each tri-
band. Silver, compared with other metals that have theiangle. A Galerkin test procedure is then used to obtain a
plasma frequency in the optical ran@eg., gold and coppgr  system of algebraic equations for the unknown field. We re-
has a comparatively low absorption and thus narrower resder the reader to Ref. 49 where this technique is described in
nances. detail.

Another phenomenon that can arise at wavelengths where Since the spectrum of resonances for nonregularly shaped
the permittivity changes its sign is the excitation of longitu- particles is not known, it was very important to first assess
dinal plasmons#®%5"However, this is a very weak effect, the accuracy of this technique. In Refs. 49 and 50 we com-
and for flat boundaries this mode is hardly excitéd. pared the results from our numerical approach with analyti-
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FIG. 2. Relative field amplitude distribution for the 20 nm sim-
FIG. 1. SCS’s for the 20 nm simplexes. plexes, at their respective main resonafgee Fig. 1 The arrow
indicates the propagation direction of the illumination field.

cal reference solutions for simple geometries. The agreement

between the solutions was exact. A key component in achievriangle ath =357 nm. The influence of the direction of il-
ing these high-accuracy results was a new regularizatiofmination on the SCS’s is very small due to the symmetry
scheme that we developed to extract the singularity of th@f the simplexesnot shown.

Green'’s tensor. This regularization scheme was further ex- The large SCS's that occur at the plasmon resonances are

tended to neighboring elements, which considerably im_associated with large field amplitudes at the vicinity of the
proves the accurady ' particle. In Fig. 2 we show this near-field amplitude distribu-
The particle cross sections are discretized with 2000_t|on for the main resonance of each simplex. The amplitude
. e o ._ .. is normalized to the incident amplitude and the illumination
3000 triangular elements. We verified that this d'scret'zat'orcﬁirection indicated by the arrow.

number was large enough that the numerical results did n The amplitude inside the circular particle is almost homo-

depend on it. To provide a more real|§t|c m.oc'jel Qf a reallz'geneous, about 7 times the incident field. The boundary of
able nanopatrticle, and to avoid numerical difficulties, all the,

el ded off by 0.25 Thi int .”the cylinder is not visible in the amplitude distribution be-
E:rdlfs?:ucsos?derii ?jreetari(l)Lijr? Seecolll Dy -2 M. THIS POINt Will -5 se the resonance happens whes close to—1. Max-

well's boundary conditions impose then that the field ampli-
tude is continuou$® The field amplitude decays rapidly
outside the particle.
IIl. NUMERICAL RESULTS The field becomes strongly heterogeneous for the non-
A. Simplexes regular structures. At the main resonance, the field amplitude
) o . ) . takes large values at the corners transverse to the incident
Knowing that a cylindrical silver particle exhibits only \yaye vector(Fig. 2). There the relative field amplitude ex-
one resonance, while a complex triangular particle exhibits 8taeds 20 for the hexagon and the pentagon, 70 for the square
least five resonancé&8we anticipate that the resonance SP€C-and 150 for the triangle. Let us stress hére that the Iarge’
trum should increase in complexity as the cross section ofig|gs we observe near the corners are not produced by the
the particle is reduced from one of high symmetry to one Ofjighining rod effect. The latter provides only a field amplifi-
lower symmetry. In this section, we investigate the plasmon.aiion factor in the order of 5-10, even for very large per-
resonances of small silver wires with varying simplex CrosSmittivity values, as illustrated in Fig.(d) of Ref. 51.

section. _ , In Fig. 3 we show the near-field distributions for the tri-
_ Figure 1 shows the scattering cross sections from nanoWsngle corresponding to the three resonances observed in Fig.
ires having cross sections corresponding to that of a circle, & For the main resonance €385 nm) and the resonance

of the circle is 20 nm, and all the particles have the samgansyerseto the illumination direction. However, the field

area, so that the SCS's should be comparable. The illumingyisiributions have a very different topology for each reso-
tion direction is along one of the particle’s symmetry axis.

For the circle we recover the well-known result of a single

resonance, at\=338 nm (corresponding toe=—1.07 100] 110 ORI
+0.29i). The full width half maximum(FWHM) of the 5
resonance is about 25 nm. As can be seen in Fig. 1, the 10 A
structure of the SCS’s becomes more complex for less regu- A

lar particles. The main resonance is redshifted fram 1

=338 nm (circle) to A=350 nm (hexagom, A=357 nm

(pentagoi A =361 nm(square, and\ =385 nm(triangle. FIG. 3. Relative field amplitude distribution associated with the
An additional resonance appears for all the noncircular parthree resonances of the trianglEig. 1). (a8) Main resonancej
ticles. Moreover, a third resonance can be observed for the 385 nm;(b) A\=358 nm; andc) A=329 nm.
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FIG. 4. SCS for the 50 nm simplexes.

FIG. 5. Maximum amplitude enhancement 1 nm from the sur-

nance, which can easily be understood in terms of polarizaface of the 20 nm simplexes. The right scale gives the Raman
tion charges® These two resonances correspond to what ignhancement.
also known as the particle surface modes of order 0 and
14553 The polarization charge topology of the main reso-
nance(order Q is the most simple one, with charges of a  For molecules excited far from an electronic absorption
given sign near each corner, leading to a pointlike field disband, the intensity of Raman scattered light is proportional to
tribution at the corners, as observed in Figp)30n the other  the fourth power of the local electric field amplitude where
hand, charges of both signs accumulate near the corner faite molecule is immersetiPlasmon resonant particles pro-
the resonance at=385 nm(order 1), leading to a dipole- vide a convenient method of enhancing the electromagnetic
like field distribution around the corners, as observed in Figfields and therefore are ideal SERS substrates. A second en-
3(b). hancement mechanism, the so-called chemical enhancement,
A different amplitude scale is used in Fig(cB for the related to the adsorption of the molecule on the metal, can
resonance at =329 nm. Although the maximum field am- also contribute to SER8-72 However, electromagnetic en-
plitude is comparatively smalllO times the incident fie)d  hancement is believed to play the major contribution to
this resonance is most remarkable: The field is maximum aSERS.
the cornerlongitudinal to the illumination direction. As dis- The electromagnetic enhancement effectively experienced
cussed in Ref. 51, this resonance does not appear to be resly a molecule depends on the location where the molecule is
shifted for larger particle sizes, contrary to the surface modeadsorbed on the metal, as well as the relative position of the
Figs. 3a) and 3b). This resonance is likely related to the Raman-active site within the molecule. This becomes very
bulk longitudinal mode, which appears in the bulk when theimportant when the molecule is large and placed in a
illumination frequency and the electron plasma frequeagy strongly inhomogeneous field. This was recently verified ex-
coincide(i.e., whens=0) >®° perimentally by van Duyne, who inserted different numbers
In Fig. 4, we show the SCS diagram for larger simplexesof nonactive linker molecules between the adsorption site of
All the particles have again the same area, the diameter af molecule and the Raman-active $iten this experiment,
the circle being now 50 nm. We observe mainly two differ-the Raman signal was highly dependent on the number of
ences with respect to the SCS’s of the smaller simplexeBnker molecules and, therefore, on the distance between the
(Fig. 1): First, for all shapes the main resonance is redshiftegurface and the Raman-active site, particularly for nonregular
(e.g., for the triangle it is now at=399 nm, compared to (tetrahedral nanoparticles. Further, when a large number of
A=385 nm for the 20 nm triangleSecond, the resonance molecules are adsorbed on the same nanopatrticle, a spectral
FWHM is roughly doubledi.e., for the circle, it is now more shift in the particle resonances can be obsefled.
than 50 nm, compared to 25 nm previoyshVe also see in In this section we will discuss the near-field distributions
Fig. 3 that an additional resonance can be resolved for thassociated with the plasmon resonances of the simplexes,
square at\ =351 nm, whereas two additional resonanceswith emphasis on the local variation of the field amplitude
start to emerge for the triangle at approximately around the particles.
=350 nm and\=382 nm. Figure 5 shows the maximum enhancement obtained at a
1 nm distance from the surface as a function of the wave-
length. The amplitude enhancement is shown on the left axis
and the corresponding Raman enhancement on the right one.
In this section we will focus on the near-field distribution We observe that the field enhancement, which is a near-field
and discuss practical implications for SERS. The utilizationquantity, is strongly correlated to the SCS, a far-field quan-
of this electromagnetic enhancement for scanning near-fieldty (compare Figs. 1 and)5The position of the main reso-
optical microscopy has been discussed in Ref. 69 and shatlance is the same, but the resonance width is broader in the
not be discussed here. enhancement diagraffig. 5 than in the SCSFig. 1). This

1. Enhancement

B. Implications for SERS
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FIG. 6. Maximum amplitude enhancement 1 nm from the sur-
face of the 50 nm simplexes. The right scale gives the Raman
enhancement.

is simply because in Fig. 5 we report the maximum ampli-
tude enhancement around the particle, whereas in Fig. 1 we
report the SCS, which is related to the field amplitude
squared. The maximum amplitude enhancement increases
considerably for more complex shapes: Whereas it is 6 for
the circle, it is about 35 for the triangle.

The differences between the simplex shapes is much more

Average Raman enhancement

pronounced for the enhancement than for the SCS. For the 300 200 500

triangle the maximum Raman enhancement exceetjisahd Wavelength [nm]

for the square it is still about 2pwhereas it is below T0for

the hexagon, the pentagon, and the circle. FIG. 8. Average enhancements, 1 nm from the surface of the

The field enhancement for the larger simplexes is show#0 nm simplexes(a) Average amplitude enhancement &(tl av-
in Fig. 6, again at a distance of 1 nm from the surface. Werage Raman enhancement.
observe that the correlation with the SCS diagram is now _ ] )
weaker. The maximum enhancement is comparable to that For the circle, the field amplitude on the surface reaches
obtained previously for the smaller particles. 6.9 (4.5), for the small(large circle. At 2 nm from the

As previously discussed, the local variations of the nearsurface, the amplitude drops to 227). For the triangle we
field distribution determine the effective enhancement expeobserve a huge enhancement for both particle sizes: near the
rienced by a molecule. This is investigated in Fig. 7, wheresurface more than 100 in terms of amplitude { Faman
we present the amplitude distribution as a function of theand still more than 50 (8 10°) at a half-nanometer distance
distance from the tip surface, for the triangle, square, andFig. 7). For the square we obtain a similar behavior, al-

circle. The data correspond to the main resonance, and twi#ough the amplitudes are about a factor of 2 smaliee
particle sizes are considered. Raman enhancement being 16 times wegk€he strong-

field amplitude variations for such nonregular structures
might explain the “hot spots” observed both in SERS experi-

ments and in direct measurement of the locally enhanced
field>"

200

150 Figure 7 indicates similar results for the maximum ampli-

tude distribution around the 20 nm and the 50 nm sim-
plexes. Although not shown here, this enhancement rapidly
decreases for particle sizes above 50 Hior example, the
maximum amplitude enhancement at the corner of a 100 nm
triangle is only half that of the 20 or 50 nm particles.

Within our model we therefore observe that for a given
particle shape the maximum field enhancement increases
with decreasing particle sizes down to 50 nm and then re-
mains fairly constant. Note that this maximum enhancement
occurs at different wavelengths for different sizes.

FIG. 7. Enhancement as a function of the distance from the Although the local maximum enhancement is similar for
corner(along the dashed line in the ingeior the main resonance of particles in the 20—-50 nm range, the average over the entire
the 20 nm and 50 nm simplexes. particle may differ with the particle size. This is important

100 |

Amplitude enhancement
JusWwadueyUS UBWEY

Distance [nm]
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alize that, due to the rapid variations of the field, the maxi-
mum field amplitude on the particle circumference
dominates the average Raman enhancement, as the fourth
power of the field is taken. This is the reason why the aver-
age Raman enhancement is larger than the fourth power of
the corresponding average field enhancermemipare Figs.
8(a) and 8b)].

Similar results for the 50 nm simplexes are shown in Fig.
) 9. Comparing Figs. @ and 9a), we observe that these
300 400 500 larger simplexes produce a smaller average field enhance-

Wavelength [nm] ment than their 20 nm counterparts. This is particularly the

case for the triangular wires, where the maximum average
®nhancement drops from almost 12 to less than 7 times the
illumination amplitude(For the other shapes, the decrease of
the maximum average enhancement is less than 15%.) For
the average Raman enhancement we also observe a smaller
for SERS experiments in which large numbers of moleculegnhancement for the 50 nm circular particle than for its
are used, since the measured Raman signal is proportional 8) nm counterpart. For the hexagon, pentagon, and square
the average Raman enhancement on the surface. This is farticles, the average Raman enhancement is somewhat
lustrated in Fig. 5 of Ref. 51, where the overall near-fieldlarger for the 50 nm than for the 50 nm simple)&sgs.
distribution for particles between 10 and 100 nm is shown8(b) and 9b)]. For the triangular particle, the average Raman
We shall now discuss this average enhancement in furthesnhancement at the main resonance is slightly weaker for the
details. 50 nm particle than for the 20 nm one, whereas for the next

In Fig. 8 we show the averaged enhancement for the@esonance it is more than 10 times stronger. Again, this can
20 nm simplexes. This average value is obtained by takingpe understood with the largenaximumRaman enhance-
between 500 and 800 pointslepending on the particle ment, as observed in Figs. 5 and 6: This larger maximum
shape distributed regularly around the particle, at a 1 nmvalue outweighs the fact that, for the 50 nm particles, the
distance from the surface. Note that the average amplitudfield amplitude is in average smaller than for the 20 nm
[Fig. 8@] and the average Raman enhanceni&ig. 8b)]  particles.
must now be represented on separate graphs. This illustrates the complexity of the interpretation of Ra-

In Fig. 8@ we observe that the average field amplitude isman experiments in which large numbers of molecules are
strongly correlated with the SC&ig. 1), both with respect used. The fact that the local Raman enhanceniEigs. 5
to the wavelength and the width of the different resonancesand § can be much stronger than the average enhancement
The average field amplitude enhancement is quite similar fofFigs. §b) and 9b)] indicates that in such an experiment a
the circle, the hexagon, and the pentagon: about 5.5 times theery limited number of molecules can contribute the major
initial amplitude. For the square it is about 7.5 at the correpart of the SERS effect. Let us finally note that the distance
sponding main resonance wavelength, whereas it reaches &letween the active Raman site and the surface can also in-
most 12 for the triangle. fluence the respective magnitude of the local and average

The average Raman enhancement, as shown in Bg. 8 enhancements. As a matter of fact, Fig. 7 indicates that at
is less than 1dfor the circle, becomes then larger for the very short distances from the surface, the field is stronger for
hexagon and the pentagon, and reaches abdlifdtOthe  the 20 nm simplexes. In that case, both the average ampli-
square and almost idor the triangle(always at the corre- tude and the average Raman enhancements are larger for the
sponding main resonance wavelengthis important to re- 20 nm simplexes.

Average Raman enhancement

FIG. 9. Average enhancements, 1 nm from the surface of th
50 nm simplexes(a) Average amplitude enhancement gl av-
erage Raman enhancement.
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. o L FIG. 12. SCS’s for three right-angled triangles with the same
FIG. 11. Field distribution at the vicinity of the corner of the 5re5 and a different perpendicular to base ratio.

20 nm triangle, at the main resonance. Three different discretiza-
tion schemes for the rounded-off corner are investigated. The field
is computed along the line, starting 0.2 nm from the rounded-off
corner.

e'=0.23+2.64A, 2

with A the particle size in nanometers. The real part of the
permittivity, which determines at which wavelengths the
resonances occur, is nearly unaffect®@his means that for

The resonance spectra of nonregular particles are morg 12 nm particle, the complex part of the permittivity is
complex than those of regular particles. The possibility toalmost doubled with respect to the bulk value. Using this
address different resonances by tuning the illuminatiormodified value, the resonance would be broader, and the in-
wavelength can prove useful for specific applications. In Figtensity of the scattered near and far field would be approxi-
10 we show the field amplitude as a function of the distancenately half that obtained with the bulk value. For the 20 nm
from the corner for the three resonances of the 50 nm triparticles discussed here, the result would be accordingly less
angle (see Fig. 4 We observe a similar enhancement of affected, whereas for 50 nm the results would barely be af-
about 150 close to the surface for the main resonance (fected.
=399 nm) and the resonance)at 364 nm. However, the  Taking this size-dependent permittivity, one might ask
field decays more rapidly for the latter resonaiiEgy. 10.  which particle size gives the largest enhancement. We would
This behavior can be related to the polarization charge disthen have a tradeoff between the decrease of the enhance-
tribution associated with both resonances, as discussed ment due to retardation effects for larger particl@hich sets
Sec. Il A and illustrated by the animations in Ref. 52. Forin for particles larger than 50 nm) and the increase of the
the main resonance\(&399 nm) a pointlike charge distri- microscopic absorption for very small particles. Taking these
bution builds at the corner. This distribution produces a fielctwo effects into account, we estimate the maximum enhance-
amplitude dependence indl/whered is the distance from ment to happen for particles in the 30-40 nm range.
the surface. The resonancexat 364 nm is associated with
a dipolarlike charge distribution, leading to add/distance
dependence. Keep in mind that we have a 2D geometry, so
the pointlike and dipolar charge distributions correspond to Dealing with sharp corners introduces additional numeri-
2D distribution<® cal difficulties since the field becomes singular at short dis-

For the small resonance rt=329 nm we show the field tances from an infinitely sharp, perfectly conducting
amplitude as a function of the distance from thegitudinal corner’’ However, the sharpness of a real particle is limited
corner, where the field is maximufsee Fig. &)]. The am- by surface and boundary energies. Therefore we have
plitude maximum with about 10 is moderate and at the corfounded off each corner by 0.25 nm, providing a more real-
ner the field decays rather slowly, compared to the otheistic model. Nonetheless, our results indicate that plasmon
resonances. resonances also produce extremely strong fields at the par-
ticle corners. It was therefore important to verify that the
discretization of the corners does not introduce any numeri-
cal artifacts.

As mentioned in the Introduction, a more sophisticated In Fig. 11 we present the field amplitude near the corner
model of the material would include the modification of the of the 20 nm triangle at main resonance for the three differ-
bulk permittivity for very small particle sizes, as the elec- ent corner discretization schemes shown in the inset. We ob-
trons mean free path is reduced by scattering at the surfacserve that the field near the corner is only slightly affected by
Let us briefly discuss how this would affect our results. the discretization. The somewhat larger field obtained for the

Kreibig found that for silver particles near the plasmasmoothest discretizatiasolid line, Fig. 11 can be related to
frequency the imaginary pagt’ of the permittivity is given the fact that the field is effectively computed at a shorter
by’® distance from the surfadsee the inset in Fig. 11Besides

2. Spectral response

D. Singular behavior at corners

C. Influence of the dielectric function
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FIG. 15. SCS’s for three rectangular particles with the same area
FIG. 13. Amplitude enhancement at the main resonance, neand a different perpendicular to base ratio.
the sharp corner of right-angled triangles with the same area and a

different perpendicular to base ratio. The SCS at the main resonance also increases slightly for

- ) higher aspect ratios. Moreover, the higher-order resonances
the stability of the method this also demonstrates that th@scome more numerous and more pronounced for higher as-

major role is played by the overall particle shape and not by,ac ratios. Note that a similar redshifted main resonance and
such a small detail as the discretization of one corner. NOtf'arger SCS with increasing aspect ratio was recently ob-

that the SCS diagram is not at all affected by the discretizagepeq experimentally for gold nanorods.

tion schemenot shown. Figure 13 shows that the near-field amplitude dramatically
increases for higher aspect ratios. For example at the very tip
E. Other geometries of the 4 to 1 triangle, the field enhancement exceeds 1000,

We will break th trv of the tri lar si corresponding to a Raman enhancement df,0 a distance
| el WIIZ' nol\g’ reak the ftyhmrg%g(? € rlfanqtﬁ ar S'.mr;tof 1 nm from the tip, the field enhancement is still larger
plex. In Fig. 12 we present the iagram for three rig 'tpan 100 & 10° Raman.

angled triangles, with different perpendicular to base aspec

: . / . Finally, we present in Fig. 14 the dependence of the field
rafios. Agam_, the area_of the tr_|anglgs IS th? same as that Qafmplitude as a function of the distance from the sharp corner
the 20 nm circle. The illumination direction is normal to the

of the 4 to 1 triangle for four different resonances. The three
hypote_nuse. resonances at=596 nm(order Q, A=476 nm(order 1,
In Fig. 12 we now observe a much more complex Struc.'and)\:421 nm(order 2 produce a similar enhancement on
the particle surface and then decay differently. This is similar
to the behavior observed for the order- @anl resonances
of the triangular simplexFig. 10. As expected, the highest
rder mode X=421 nm) has the fastest decay, as it is as-

ociated with a triple polarization charge distributing.,

strongly shifted to higher wavelengths, namely, from
=385 nm (equilateral to A=414 nm (1 to 1), X\
=470 nm(2to 1), andA =596 nm(4 to 1). The main reso-
nance is therefore shifted into the red optical range for the
to 1 particle(note the different wavelength range in Fig.,)12

+ — +) near the corner. The amplitude of the resonance at
12
1000 ' ' 10 80 . ' . .
—— 596nm

5 e0of 0000000 476nm - o ot
E —=== 421nm ] o to Y
3 3 £ 60 ———-4to1 | 10* §
e —-—-- 392nm o 3 3
g 600 1 c =
c 110" @ o]
[= =] < C:,D
@ n:_,- S =
[} = @
2 10" 3 2 o
TEl e S 2
< 200 10: - g =2

10,

0 10
Distance [nm] Distance [nm]

FIG. 14. Amplitude enhancement as a function of the distance FIG. 16. Amplitude enhancement at the main resonance, near
from the sharp corner of the 4 to 1 triangle, for four different reso-the transverse corner of rectangular particles with the same area and
nance wavelength&ee Fig. 12 a different perpendicular to base raf®CS'’s in Fig. 15.
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392 nm is rather moderate. For this resonance, polarizatiofight-angled triangular particles with a high perpendicular to
charges of different sign constitute also near the lower-righpase ratio.
corner. These complex scattering cross sections are also associ-
Although the aspect ratio influences the spectral respong’@ted with a dramatic near-field enhancement at close vicinity
of the particle, its cross-sectional shape remains the dompf the particle. We found the strongest enhancement for par-
nant factor, as illustrated in Fig. 15, where we show theticles with dimensions smaller than 50 nm. Right-angled tri-
SCS'’s for rectangular particles with increasing aspect ratioangular particle produce a field amplitude exceeding 1000
These particles have the same area as the triangles invesiimes that of the incident field at short distances from the
gated in Fig. 12, corresponding to the 20 nm simplegf@g.  surface. This dramatic near-field enhancement corresponds to
1). a Raman enhancement in the order ot?2&uch enhance-
Again, the main resonance is redshifted for increasing asment can help understand recent SERS experiments, where
pect ratio, although this shift amounts less than 100 nm besingle-molecule detection was possible, thereby requiring an
tween a square ama 4 to lelongated particl¢Fig. 15. This ~ e€nhancement factor similar to that we compute¥iThe
is much less than for the right-angled particles in Fig. 12. Orstrong localization of the near field at specific positions
the other hand, the SCS at the main resonance strongly iround the metallic particle, as well as its rapid decay when
creases with increasing aspect ratio, reaching similar valuegne moves further away from the particle surface, can also
as the right-angled particldsompare Figs. 15 and 12 explain the “hot spots” observed in SERS experiments,
In Fig. 16 we show the field enhancement associated withvhere specific sites appear to be particularly active. This is
different aspect ratio rectangular particles. This enhancemeiiso confirmed by our results on the average Raman en-
is a factor of 10 weaker than that of triangular particleshancement, which indicate that a limited number of mol-
(compare Fig. 16 with Fig. 23 Quite interestingly, at very ecules can contribute the major part of the SERS signal, even
short distances from the particle, the field is strongest for thé experiments in which large numbers of molecules are
square particlél to 1, Fig. 16. This is probably related to used.
the strongest charges confinement that can occur on both The spectral response of these nonregular particles could
sides of the corner for a square particle. At larger distance8lso be used for near-field optical microscGpponradiative
from the particle the field enhancement is larger for theoptical transfef>** and for building new active optical
higher aspect ratio particlegig. 16. This indicates that, components®
although not as much confined, the amount of induced po- Although we focused the present article on individual,
larization charges is larger, in agreement with the larger SCS10ninteracting particles with a nonregular shape, it should be
emphasized that similar Raman enhancements can be ob-
IV. CONCLUSION served in interacting, regularly shaped particles, as recently
investigated in Refs. 79 and 80.
Our results reveal the complexity of the plasmon reso- This work should help design nanoparticles with tailored

nances in 2D nanoparticlg®manowireg with a nonregular  plasmon resonances for specific applications.
cross section. We have shown that the resonance spectrum

strongly depends on the particle shape. The higher the par-
ticle symmetry, the simplest its spectryeg., a small cylin-
drical particle exhibits only one resonance, whereas a square This work was supported by the Swiss National Science
has two and an equilateral triangle at least three distinct resd-oundation and by the U.S. NSNSF-DMR-96-23949 and
nances Several additional resonances are observed foNSF-DMR-97-2453h
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