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In this paper, we investigate theoretically the electromagnetic field enhancement arising from excitation of
silver and gold nanowires (NWs) of finite length, capable of sustaining surface plasmon resonances of different
multipole order, using the Discrete Dipole Approximation (DDA). The influence of NW length on the degree
of enhancement and confinement of the electromagnetic field for each surface plasmon mode is analyzed by
a 3D mapping of the near field for different planes around the NW as well by calculating its variation with
distance along two different directions, one parallel to and the other perpendicular to the NW axis, outside
of the NW. It was found that the enhancement is still significant at relative large distances from the NW end,
its decay being of much longer range than that predicted by a simple dipole approximation, especially at

near-infrared wavelengths.

Introduction

Nanosized metal nanoparticles (NPs) and nanostructures are
the building blocks of the emerging and promising field of
Plasmonics which aims to study the properties of the collective
electronic excitations in metal nanostructures, normally denoted
as surface plasmons, with the purpose of controlling, manipulat-
ing, and amplifying light on the nanometer scale.'™® In noble
metal NPs, this control is achieved by a careful selection of
the illumination wavelength, which needs to be close to its
surface plasmon resonance (SPR), which can be tuned by
changing the size, shape, composition, and dielectric environ-
ment of the metal NP.*~!! Molecular Plasmonics'?> make use of
the dramatic change of the optical properties of molecules when
they are coupled to the SPR, giving rise to enhancements of
several orders of magnitude in Raman spectroscopy (SERS,
surface-enhanced raman spectroscopy;'*~!1¢ TERS, tip-enhanced
raman microscopy'’~??) or to smaller but important enhance-
ments in fluorescence microscopy (metal-enhanced flourescence,
MEF?72%), This enhancement could be so large (on the order
of 10') that the Raman spectra of single molecules can be
acquired.?’”% These enhanced optical fields of metal NPs can
be useful in a variety of applications, including plasmon
(bio)sensors,**™3 sources for nanolithography, probes in
scanning near-field optical microscopy (SNOM), optical imaging
with subwavelength resolution in nano optics,* 3" and so forth.

Finite length nanowires (NWs) are very useful plasmonic
structures as their polarizability is strongly enhanced compared
to more spherical shapes and their resonance frequencies can
be tuned by changing their length (L), diameter (D), and
dielectric environment. In addition, they could give rise,
depending on their size and aspect ratio, to spectrally separated
SPR eigenmodes of different multipolar order .34 The far-
field optical properties of finite length metal NWs have been
investigated by extinction measurements on large ensembles. >
Recently, with the aim of rigorous electrodynamics simulations,
scaling laws which relate the SPR wavelength with the NW
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geometry have been established, and also, a general resonance
condition has been derived for finite NWs as a function of /, L,
and D, in good agreement with experiments.*'~* The assignment
of the multipole order has been achieved also by direct
comparison of the angular scattering patterns of a given
multipole order with the corresponding pattern of the point
multipole.*® These investigations gave also a detailed compre-
hension of the dependence of the scattering cross sections for
each multipole SPR mode for Ag and Au NWs as a function of
their length and dielectric environment, which are of great
importance to take into account the far-field coupling between
a molecule and a plasmonic structure such as in MEF.

Recently, attention has been given to the near-field optical
properties of multipole surface plasmon modes of individual
NWs, and several experiments of plasmonic imaging of the near
field using either SNOM*~# or high-resolution catholumines-
cence spectroscopy (HRCLS)* have been performed. In another
series of experiments, the capabilities of higher order multipole
SPR of finite NWs to produce significant SERS enhancement
has also been demonstrated for NWs arrays fabricated by
nanosphere lithography.*® The possibility of a subwavelength
imaging system without a lens or a mirror but with an array of
metallic nanorods has also been reported recently, in which the
near-field components of dipole sources were plasmonically
transferred through the rod array to reproduce the source
distribution on the other side.*

In view of the potential applications of finite NWs for SERS,
TERS, plasmonic lithography, or near-field imaging, it is of great
importance to account for the degree of confinement and
enhancement of the electromagnetic field around this special
kind of plasmonic nanostructures. In this work, we have
performed rigorous electromagnetic simulations using the DDA
method to study the behavior of the near-field optical properties
of the several plasmon eigenmodes sustained by finite Ag and
Au NWs as a function of their length and dielectric environment
for a fixed diameter of 40 nm.

A key quantity in plasmon-enhanced spectroscopies is the
electromagnetic field enhancement defined as |E> = (E«E*)/
(Eo* Ey), where E is the complex local electromagnetic field at
a given position, while Ey is the complex incident electromag-
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Figure 1. (A) Averaged extinction spectrum for a Ag NW (L = 480 nm, D = 40 nm) in vacuum; the various peaks correspond to different
multipole plasmon resonances. (B—D) IEI? values on a plane parallel to the long symmetry axis located on the top at 1.6 nm above the NW for the
(B) dipole, (C) quadrupole, and (D) octupole mode. In each of the figures, the central gray rectangle schematically represents the NW, while the

upper and lower panels show a lateral and top view of |EI%, respectively.

netic field. According to the electromagnetic mechanism, the
amplification of the Raman intensity for TERS and SERS is
proportional to the square of the enhancement, as has been
shown in several works.%!3716:2249

We illustrate the general near-field patterns of the different
eigenmodes by performing a 3D mapping of its enhancement
for a particular NW on selected planes perpendicular and parallel
to the NW long axis in order to characterize the near-field
intensity imagines for the different eigenmodes. For each
particular eigenmode and length, we have studied the maximum
field enhancement, which can be achievable at some particular
location near the NW surface, the surface average field
enhancement, and the variation of the field enhancement with
distance along two directions, one parallel and the other
perpendicular to the NW axis, both starting from the point of
maximum field enhancement. These directions were chosen
because of the relevance to determine the long-range distance
dependence of SERS and TERS.

Methodology

All of the calculations were performed using the DDA
approach. The details of this method have been published in
several places.’>! Briefly, one represents the particle by a cubic
lattice of point dipoles, each of which is assumed to have a
polarizability that is determined by the dielectric constant
associated with the material. If there are N dipoles whose
positions and polarizabilities are denoted by r; and @, then the
induced dipole moment P; in each dipole in the presence of an
applied linearly polarized plane wave field is P; = 0,E|; (i =
1,2, ..., N), where the local field Ej..(r;) is the sum of the incident
and retarded fields of the other N — 1 dipoles. In all of the
calculations, we have used a constant grid spacing of 1.6 nm.
The calculations were performed for Ag and Au NWs with a
constant diameter (40 nm) and various lengths from 40 to 800
nm, while the dielectric functions for each noble metal where
taken from Palik.> In order to calculate |E?, probe dipoles with
almost zero polarizability were added outside of the target in
such a way that their presence did not produce any perturbation
on the system.

Results and Discussion

Mapping the Near-Field Enhancement of SPR. In this
section, we will give the general features of the near-field
patterns of the multipole longitudinal SPR modes by analyzing
a Ag NW of L =480 nm. We have chosen this particular length
because from all of the NWs analyzed in this work, it is the
longest one capable of sustaining three SPRs of different order
in the spectral range where experimental values of the dielectric
constant for Ag and Au are available; in this way, a comparison
between various multipole orders can be performed (longer NWs
were also analyzed, but their dipole SPRs peak at frequencies
outside of this range). This NW shows on its averaged extinction
spectrum three peaks corresponding to the dipole (I = 1),
quadrupole (/ = 2), and octupole (I = 3) modes, as depicted in
Figure 1A. As the position of the resonance wavelength for each
plasmon mode does not change with the NW orientation with
respect to the incident electric field and as it is our purpose to
investigate the “on resonance” near-field response, we will
discuss the enhancement of the electromagnetic field for this
NW excited with longitudinal polarization for the odd plasmon
modes and for excitation at 45° between the incident electric
field and the nanowire major axis for the quadrupole plasmon
mode (as this even mode could not be excited with longitudinal
polarization due to symmetry considerations). Figure 1B—D
shows |EI* for these modes on a plane parallel to the long
symmetry axis located on the top at 1.6 nm above the NW. In
each of these figures, the central gray rectangle schematically
represents the NW, while the upper and lower panels show a
lateral and top view of IEI?, respectively. Independently of the
multipole order, the maximum |EP is achieved at the NW ends,
while the quadrupole and the octupole modes depict, in addition,
one and two beats along the major axis, respectively. For [ =
2, the beats have a maximum |EI* value at L/2, while for [ = 3
the two beats reaches their maximum values at L/4 and 3L/4,
respectively, their intensities being around 6 times smaller than
the values reached at the NW end. These results are in agreement
with recent near-field pattern images of Au NWs measured using
different techniques.*~#’
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Figure 2. (A) Scheme of the planes a, f3, x, and O perpendicular to the Ag NW axis (L = 480 nm, D = 40 nm), where the |E distributions are
shown. Cross-sectional distributions of |EI* on planes o, 3, x, and 6 for the (B) dipole, (C) quadrupole, and (D) octupole mode.

The cross-sectional distribution of IE* on selected planes
perpendicular to the NW major axis indicated in Figure 2A are
shown in Figure 2B—D for each plasmon mode. Although the
maximum values of IE* for planes o and 8 vary according to
the multipole order, the enhancement pattern is almost the same
for all modes, except from some slight differences that will be
described below. For plane a, at 3.2 nm outside of the NW,
this pattern consists of a central spot surrounded by several rings
of different intensities. Moving on this plane from the central
spot along the radial direction, |EI> increases monotonically until
some critical value, and then, it starts to decrease. Quite
interesting, for [ = 2, |IEI? is not symmetric around the perimeter,
being more intense on one side than on the opposite one (Figure
2C); this feature is also present for this mode in all of the other
planes. A possible explanation for this behavior is provided by
a detailed analysis of the charge distribution of the field around
the perimeter of the NW, which indicates that for each transverse
plane, the sign of the charge is the same all around the NW
perimeter. This fact implies that the asymmetry observed is not
due to opposite charges located within a given plane but to a
nonuniform distribution of charges of the same sign. This is
exemplified in the vector plot performed, for instance, for planes
f and 0, where the magnitude and direction of the field is shown
(see Figure 1 in Supporting Information). This asymmetry on
the charge distribution should be compensated on another plane
where an opposite polarization charge is developed, that is, if
in plane 6 more negative charge density is accumulated on the
left side, on plane 3, more positive charge density must be
accumulated on the right side.

When considering plane f3, that is, just at the NW edge, a
different distribution is obtained; |EP is very low within the NW
geometrical cross section but has a ring of maximum value just
around its perimeter, beyond which it decreases along the NW
radial direction. Another two planes of interest are those along

the NW where |EI> shows additional peaks or minima as planes
y and 0. For the dipole mode, it is interesting to note that the
enhancement around plane vy is greater than that produced by
any of the other two modes with a peak value of around
400—500, almost 4 and 7 times greater than the values calculated
for the octupole (IE”> = 90) and quadrupole (IEP*> = 60). This
feature of the dipole mode indicates that the great enhancement
value (around 8000) at the end of the NW decays at a rate small
enough to surpass the values corresponding to the / = 2 and 3
modes. Note also that the enhancement factor for the even mode,
which has a minimum at this position, is only slighter smaller
than the octupole (where there is a maximum of 1EI%), a fact
that also points out that although the enhancement is not uniform
along the NW axis, it could be significant even at the “node”
positions. The distribution of IEP* observed by slicing through
plane ¢ depicts the highest values for the even mode followed
by the / = 1 and 3 modes. In this case, although the dipole
mode has its smallest value along the axis on this plane, it is
only 4 times smaller compared with the / = 2 mode, which
emphasizes again the feature mentioned above; the field never
vanishes along the NW major axis. Indeed, this minimum value
of IEP for the dipole is still 6 —7 times greater than that of the
octupole (where there is a minimum). Summarizing this section,
it can be stated that for NWs illuminated on resonance with
their respective SPR modes, the regions making the major
contribution to the enhancement are located at the NW ends
for all of the modes and that the decay of the field along the
major axis never vanishes. The regions around the beats
observed for the higher order multipoles can give rise, depending
on the plane and excited mode, to enhancements even smaller
than those produced by the dipole mode.

The Effect of NW Length on the Magnitude and Distance
Dependence of |IEI*. As analyzed in the above section, the
greatest enhancements are achieved, for all of the SPR modes,
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Figure 3. Variation of |EI> with distance along direction a for the (A) dipole, (B) quadrupole, and (C) octupole mode for Ag NWs of different
lengths excited at their respective resonance wavelengths. Variation of |EI> with distance along direction b for the (D) dipole, (E) quadrupole, and
(F) octupole mode for Ag NWs of different lengths excited at their respective resonance wavelengths. The inset in (C) schematically depicts the

directions a and b.

near the NW ends. Importantly, for direct plasmon sensing as
well as for SERS, TERS, or near-field imaging applications, it
is of great interest to study the variation of IE outside of the
NW surface. The effect of length on the near-field enhancement
for noble metal nanorods with convex ends has been recently
studied by Aizpurua et al.,’*>* specially focusing on the dipole
plasmon mode and a particular distance (1 nm) from the nanorod
using the boundary element method. Related work based on
antenna theory has been performed by Novotny.? However, at
present, the distance dependence of the enhancement as well
as its variation with the multipole order are issues which still
remain to be addressed. Therefore, in this section, we will
analyze the magnitude of the near-field enhancement and its
decay with distance along two directions, one starting at one
point of maximum |EI* parallel to the major axis (this initial
point is located around the NW perimeter on plane /5 of Figure
2), which will be denoted as direction “a”, and the other starting
on the same point but perpendicular to the major axis, which
will be denoted as direction “b”. Panels A—C and D—F of
Figure 3 show the variation of |EI* for different multipole orders
along directions a and b, respectively, for Ag NWs of different
lengths excited at the respective resonance wavelengths (see
Table 1). In general, whatever the multipole order and for both
directions, the enhancement is greater as the length is increased.
This effect is more pronounced for the dipole mode, as the
maximum enhancement at the NW end increases almost 200
(for Au) or 40 times (for Ag) at the NW end when the length
varies from from 40 to 480 nm. There are several factors that
may contribute to these results; for the same multipole order
and the same noble metal, as the length is increased, the plasmon
resonance red shifts with respect to interband transition, a more
electron-free behavior, and therefore produces an increment of
the enhancement. However, radiation damping effects, which
increase with NW length, could reduce the enhancement after
some critical length, depending on the mode (see Table 1).

Excluding the spectral range near the interband transitions,
the variation with length of the maximum enhancement at the
NW end is less pronounced for the higher order modes, as their
SPR wavelengths have a smaller red shift with increasing length,
compared with that of the dipole SPR.*

TABLE 1: Maximum Enhancement Factors |EI%,, and

Surface Average Enhancement Factors |ER,, for Different
Multipole Orders (/) of Ag and Au NWs at the

Corresponding Resonance Wavelength, 4"

metal length/nm [ Ao/nm  |ER, |ER. ' e" 0
Ag 40 1 415 95 290 4.5 0.75
Ag 120 1 650 318 1913 28.4 1.15
Ag 160 1 761 430 1936 48.3 1.44 8.7
Ag 320 1 1291 700 5600 78.2 6.20 7.7
Ag 480 1 1805 860 8200 157.7 19.40
Ag 160 2 459 29 96 6.5 0.73
Ag 320 2 680 143 1060 19.1 1.22
Ag 480 2 912 229 1890 37.7 2.16
Ag 640 2 1148 221 1875 61.1 4.00
Ag 800 2 1384 196 1760 90.9 7.58
Ag 480 3 647 77 600 16.8 1.14 16.7
Ag 640 3 803 194 1270 28.2 1.51 222
Ag 800 3 951 167 1850 41.0 2.50 18.2
Au 40 1 537 15 47 4.4 2.38
Au 120 1 695 318 2146 16.0 1.04
Au 160 1 800 436 2124 23.9 1.50 10.2
Au 320 1 1321 647 5271 79.7 7.10 8.3
Au 480 1 1795 873 8830 159.0 19.00 9.7
Au 160 2 495 3 4 2.4 3.46
Au 320 2 722 143 1011 17.9 1.12
Au 480 2 940 204 1240 36.0 2.34
Au 640 2 1163 178 1490 594 5.90
Au 800 2 1390 180 1609 89.6 8.12
Au 480 3 703 110 840 16.6 1.06 18.1
Au 640 3 837 163 1070 27.0 1.67 205
Au 800 3 982 60 1850 39.8 2776 17.4

“The real ¢ and imaginary &" parts of the noble metal dielectric
function at each SPR are given along with same selective values of
the quality factors Q.

Let us now compare the lengths of the NWs needed to excite
a given SPR mode at the same wavelength and their respective
enhancements. For example, at a wavelength A = 650 nm, it is
possible to excite on resonance the / = 1, 2, and 3 modes if the
NW lengths are 120, 320, and 480 nm, respectively, producing
maximum |EP? values of around 2000, 1000, and 600, respec-
tively. Considering that we are at the same wavelength, the small
enhancement of the higher order modes is due to the larger NW
size, which will produce more damping. If we now choose a
higher wavelength in order to produce more enhancement, for
instance, A = 1100 nm, the respective NW lengths could be
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estimated to be 250, 620, and 980 nm, giving enhancements of
5000, 2000, and 1500, so that the most favored is always the
dipole mode, which is always the one subject to less radiation
damping.

As mentioned above for SERS or TERS, it is of great
importance to know not only the magnitude of the maximum
enhancement but also its long-range dependence, that is, its
variation with distance. The SERS distance dependence is
critical from both the mechanistic as well as the practical point
of view. The electromagnetic mechanism predicts that neither
TERS nor SERS requires the adsorbate to be in direct contact
with the surface but within a certain sensing region. Also, for
many practical applications, it is not possible to have a direct
contact between the adsorbate of interest and the surface because
the surface is modified with a capture layer (such as in biological
detection) for specificity or biocompatibility.” As far as we
know, there are only a few sets of experiments where the SERS
distance dependence has been measured.'® These experiments
have been performed around small metal spheres and in a limited
distance range. Because the field should decay with 2 in this
case (where r is the distance from the sphere center to the
observation point), using the |EI* approximation, the overall
distance dependence of the enhancement will scale with 12,
The experimental SERS distance dependence was found to be
fitted quite well with the following expression

0o

where I/l is the normalized intensity of the Raman mode and
a is the averaged size of the field enhancement features on the
surface. The exponent has been modified to —10 to take into
account that the sensing area increases with 2. Not considering
this surface effect, the normalized field enhancement (whose
square will give the SERS enhancement) should follow the
following law for a dipole field of a small sphere

Lefieg”

In order to make a comparison with eq 2, in Figure 4, we have
plotted the normalized decay (IEI*/|E%,,) of the enhancement
along direction “a” for all of the NWs plasmon modes and
lengths. Quite surprisingly, the normalized enhancements col-
lapse to a single curve, independently of the plasmon mode and
multipole order. In order to give physical insight into the nature
of this long-range distance dependence, we have compared it
with the decay of a dipole field. From the comparison, it results
that the decay of the enhancement can not be properly described
by a dipole field in the whole distance range. In fact, eq 2 (with
a = 18 nm) gives a roughly good fitting at small distances (5—6
nm), but for larger distances, the present calculations show a
decay of much longer range than that predicted for a dipole
field. Interestingly, we found, after many trial functions, that
the following empirical triple exponential decay function does
a very good job of accounting for the distance dependence of
the normalized enhancement in the entire distance range

IEI?
IE1?

max

= A, exp(—x/d,) +

A, exp(—x/d,) + Ayexp(—x/d;) (3)
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Figure 4. Variation of the normalized enhancement factor along
direction a for Ag NWs of different lengths and plasmon order /. The
solid lines correspond to fitting the averaged normalized data to a three
exponential function (red —) and to a dipole decay function (blue —).

with A = 0.42, d, = 3.7 nm; A, = 0.41, d, = 0.93 nm; and A3
= 0.172, d; = 14.3 nm. It should be very interesting to test the
above theoretical results by performing experiments covering
a long distance range from the tip, especially at near-infrared
wavelengths on resonance with the SPR mode. At variance with
decay in direction a, the normalized enhancement along direction
b does not converge to the same curve for all of the SPR
eigenmodes and lengths.

The Dependence of |IEI* on the Multipole Order. For the
same NW dimensions and the same noble metal, the enhance-
ment increases as the multipole order is decreased. For example,
for the three SPRs sustained by the 480 nm length Au NW, the
maximum enhancement of the dipole resonance is almost 3
times greater than that produced by the / = 2 SPR, which in
turn is a factor of 4 greater than the largest enhancement
produced by the [ = 3 SPR. These trends can be explained
considering that the / = 1, 2, and 3 resonances peak. respec-
tively. at 1795, 940, and 703 nm, that is, the SPR mode that is
more red shifted produces a larger enhancement. This is the
dominant effect, despite the fact that the imaginary part of the
dielectric constant, &", is greater for the dipole mode (¢" = 19)
than for the other two modes &" = 2.34 and 1.06, which will
cause more damping, as evidenced by the quality factor, Q,
calculated from the extinction spectra (Q = 9.7 for / = 1 and
Q =15.2 for [ = 3). This leads to the conclusion that care must
be taken when considering only the Q factor as a figure of merit
to account for the electromagnetic field enhancement since there
are two competing processes which would determine the
enhancement value, the magnitude of the red shift as well as
the damping mechanism. In this case, it seems that the first effect
is much more important than the second.

Influence of the Dielectric Environment. In Figure 5, we
show the values of |EP* along direction b for a Ag NW (L =
240 nm) placed in three different dielectric environments
corresponding to vacuum (&g = 1), water (¢ = 1.77), and ITO
(0 = 2.7). For | = 1 (Figure 5A), the maximum value of |E
decreases with &, while an opposite trend is found for / = 2.
This result seems to be difficult to explain as it has been
suggested that the surrounding media behaves as a screen which
always reduces the field enhancement. As there are not analytical
expressions to compute the field enhancement for cylindrical
NWs, in order to understand this puzzle, we will use the exact
solution of Laplace’s equation for a prolate spheroidal particle,
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whose shape can be regarded as close to that of the cylinders
considered in this work. In this approximation, the expression
for the enhancement as a function of location on the surface is
given by>®’

[2 Re[(1 — g)(©)*1In°
— gl + +
0.(ENE — 1)
|g|2772
(4)
O1ENE — DE — 1)

IEI® = 11

where Q1(&y) and & are geometrical factors defined as

&+ 1

0.&) = 3& ln(—) -1

- E,= (1 —AR)™"?
0

&)

with AR as the ratio between the minor and the major axis. In
eq 4, n specifies the position over the surface in spheroidal
coordinates where the field is going to be computed, which is
related to the usual spherical coordinate 0 via

-1
n = cos 6 (6)
& — cos’ 6
The factor g is given by
e — &
g = et 15 (7

e = ¢ +ig" is the complex dielectric function of the metal, &,
denotes the dielectric constant of the medium, and y is a
geometrical factor that depends on AR (see ref 56). On
resonance, &' = —y&, so that the factor g can be expressed as

1

. & — &,
g=1+ o) (3)

Substituting eq 8 into eq 4 and after a few arrangements, we
obtain the following expression for the on resonance enhance-
ment factor for a prolate spheroid

2
S

100~ 1 1 1 1
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o 2 2
|E|2=('8 ,,8") 1+ 22’72 — +
€ Ql(‘go)(go -n )
2
2 2 }7 2 2 +
Ql(go)(go - 1)(50 -n )
(")’ ©)
01(EN(E — D(E — MIE — &)

As the factor in brackets depends mainly on geometry (the fourth
term of this factor has a negligible contribution to the sum
compared to the other three terms), for two NWs of exactly the
same geometry, the enhancement should be controlled by the
first factor. Hereafter, this factor, that is, ((¢' — &y)/e")?, will be
denoted as RS>

Now, with the aim of eq 9, we will try to explain the different
behavior observed for the two modes just by analyzing the
variation of Ry when the medium is changed, taking into account
the values of ¢' and ¢" at their respective resonance wavelength
on each media. The factor in brackets is not expected to be
modified as long as the geometry is the same. The Ry factors
computed using the data for the dielectric constants for each
SPR wavelength and each mode for the 240 nm length Ag NW
are shown in Table 2. An excellent correspondence between
the trends followed by the enhancement factor for both modes
(I = 1 and 2) as the dielectric media is changed and the
respective trends followed by the Ry values has been obtained.

These values must be taken with care, as a trend, not as a
figure of merit to quantify the absolute enhancements, but they
should be very helpful if one whishes to compare the relative
enhancements of NWs of the same size and shape but in
different dielectric environments or, as we will see in the next
section, to compare the relative enhancement of NWs of
different noble metals but with the same size and shape in the
same dielectric environment.

The Nature of the Noble Metal. As it is has been
documented for many nanostructures, at visible frequencies,
silver is more efficient than gold in producing electromagnetic
field enhancement.’>® However, when considering two NWs
of the same dimensions, one of Ag and the other of Au,
depending on the multipole order and wavelength at which these
resonances are produced, in some cases, the opposite trend could
be obtained. For small lengths, Au is the least efficient as its
resonance wavelength is very near its interband transition. For
instance, for NWs with L = 40 nm, the dipole enhancement is
6 times smaller for Au than that for Ag, while for L = 120 nm,

1000
b
100+ 2
o
L
Agz4£)x40nm e
I=2 —— 1o
10] L 1 L 1 L 1 L 1 L 1 L 1 PR |
0 10 20 30 40 5 6 70

distance/ nm

Figure 5. Influence of the dielectric environment on the magnitude and decay of the near-field enhancement along direction b for a Ag NW (L =
240 and 40 nm) excited at the respective resonance wavelengths for the (A) dipole mode and (B) quadrupole mode. The inset in (B) schematically

depicts the directions a and b.
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Figure 6. Comparison of the variation of |IEI* with distance along (A) direction a and (B) direction b between Ag and Au NWs with the same
dimensions (L = 480 nm) for / = 1, 2, and 3 modes excited at their respective resonance wavelengths. (C) Surface averaged values of IEI§Vg for Ag

and Au NWs of different lengths for / = 1, 2, and 3 modes.

TABLE 2: Correlation between the Factor R; and the
Electromagnetic Field Enhancement for the / = 1 and 2
modes for a Ag NW with L = 240 nm in different dielectric
environments®

[ medium & —¢' & Ri  Awd/nm  1ER
1 vacuum 1 48.29 3.12 15.8 1028 4046
1 H,0 1.77 87.54 7.19 12.4 1360 3463
1 ITO 2.69 133.98 14.75 9.3 1666 2730
2 vacuum 1 12.25 0.83 16.0 570 516
2  H0 1.77 22.15 1.39 17.2 725 601
2 ITO 2.69 34.45 1.86  20.0 875 753

“The values of the dielectric constant of the medium (&) and the
real and imaginary part of the dielectric constant of Ag (¢' and &")
at each resonance wavelength (A.) are also indicated in each
column.

the enhancement produced by both metals is almost the same
(see Table 1). A dramatic difference is observed when compar-
ing the quadrupole enhancement produced by a Ag and Au NW
with L = 160 nm because, in this case, the Au quadrupole
resonance wavelength is very close to its interband transition,
in such a way that the enhancement produced by Au is very
small, being almost 20 times smaller than that produced by a
Ag NW. For NWs illuminated at wavelengths beyond 680 nm,
there are not any significant differences in the enhancement
factors produced by Ag or Au NRs for any nth pole order (see
Table 1). This fact is more evident for / = 1, as the resonance
wavelength for this mode lies on the near-IR region where there
are almost no differences between the ¢ values for both metals.

Figure 6 shows a comparison of the long distance dependence
of |EI* along directions a (Figure 6A) and b (Figure 6B) for Ag
and Au NWs of the same dimensions (L = 480 nm) for different
[ values. For both directions and for both metals, there is no
significant difference in the IEI distance decays for the [ = 1
and 2 modes (Ag being a little more efficient than Au for / =

2). However, for [ = 3, the |EI*> values along both directions are
greater for Au than those for Ag. The first result is almost
evident as there are not any differences in the dielectric constants
in the resonance wavelengths for the dipole mode. The different
enhancements observed for the other two modes can be
rationalize on the same ground as the analysis performed in
the previous section, that is, the factor Ry can be used as a figure
of merit to compare relative enhancements of two NWs of
different metals, having the same dimensions, in the same
dielectric environment, for the same multipole order. The
values of Ry for Ag are 17.9 for [ = 2 and 15.6 for [ = 3,
while for Au, they are 15.8 for / = 2 and 16.6 for [ = 3,
following the same trend as the corresponding enhancement
shown in Table 1.

Let us finally discuss the surface average field enhancement
produced by Ag and Au NWs of different lengths, a quantity
that is of great interest for SERS experiments measuring the
enhancement produced by the collective response of a mono-
layer of molecules around a NW. These values were calculated
by averaging all of the enhancements computed at a distance
of 1.6 nm from the whole NW surface. The results of our
calculations are shown in Table 1 and plotted in Figure 6C for
each noble metal, length, and plasmon mode. In agreement with
previous studies performed for prolate NPs, the surface average
is, depending on the mode excited, around 4—10 times smaller
than the maximum field enhancement.®® It should be noticed
that, except for the dipole plasmon mode, this average enhance-
ment does not follow the same trend as |EI2,,, as the NW length
is increased. For example, IElﬁVg for the / = 3 mode first increases
and then decreases with length (in the range from L = 480 to
800 nm), while |IEI2,, always increases in this length range. This
effect is due to the fact the increment on |EI2,, at the tip of the
NW is not compensated by the modest increment produced on
the beats (see the discussion about the near-field patterns
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produced by each plasmon mode) when the length is increased
and also because the enhancement values are averaged over a
larger surface area.

As a final remark, note that there is a very good cor-
respondence between the Ry values and the corresponding
enhancement (IEI,, or IElﬁvg) when comparing NWs of different
metals but with the same length and for the same multipole
order. For example, for the / = 3 mode, the R, values computed
for equal length (L = 640 nm) Au and Ag NWs in vacuum are
16.8 and 19.3, respectively, in very good correspondence with
the values of |E,, and |ER,,,, which are, respectively, 163 and
1070 for Au and 194 and 1270 for Ag.

Conclusions

A 3D mapping of the near-field enhancement produced “on
resonace” by Ag and Au NWs revels that, whatever the
multipole order, the maximum field enhancement is produced
at the NW ends. Higher order multipoles present a number of
beats of |EI> along the major axis, with intensities lower than
those produced at the NW ends but with significant values,
especially at near-infrared wavelengths, a fact that is in
agreement with recent experiments where the near field has been
mapped. The enhancement shows the most significant variation
with NW length for the dipole mode, as it is the one which
experiences a more pronounced red shift. For higher order
modes, |EP? increases with length at a lower rate than the dipole
and reaches a plateau or displays a slight decrease after some
critical value. The long-range distance dependence of |IE* was
found to be of much longer range than that of a simple dipole
field. For a direction parallel to the NW axis, the distance
dependence of the normalized enhancement is almost the same
as that for Ag NWs of different lengths and multipole order
and could be fitted to a triple exponential decay. It was
demonstrated that a useful figure of merit in order to compare
the relative enhancement factors of NWs of the same dimensions
and the same multipole order, but made of different material or
placed in different dielectric environment, is given by the ratio
[(eo — €)/e"T%
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