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1 Introduction

It has long been known that the classical electromagnetic (em) enhancement
mechanism is by far the most important contributor to SERS and related
surface-enhanced spectroscopies [1]. The em theory provides a quantitative
understanding of all the principal characteristics of SERS, including varia-
tion in enhancement with wavelength, polarization, nanostructure morphol-
ogy and type of metal. When applied to aggregates of particles, it also makes
it understandable why SERS can provide single-molecule sensitivity [2, 3].
Unfortunately, realistic estimates of em enhancement effects in nanostruc-
tured materials are in general not straightforward and invariably involves
approximations. In this Chapter, we briefly summarize our recent work on
em-enhancement phenomena in nanoparticle aggregates, focusing on theoret-
ical results obtained through generalized Mie theory [2,3,4,5,6,7,8,9,10,11].
The fundamental approximation of the model is thus that the metal nanopar-
ticles are treated as spheres. Although this might be seen as a gross oversim-
plification, the advantage of the Mie approach is that it provides a complete
and analytic solution to the full Maxwell’s equations, including, for example,
retardation effects. The Chapter is organized as follows: After introducing
the basic elements of the em enhancement effect and generalized Mie the-
ory (GMT), we briefly summarize the calculation technique in Sect. 2. Sec-
tion 3 then discusses the main theory results, focusing on the concept of “hot
sites” in nanoparticle junctions, their polarization dependence and the rela-
tion to far-field optical properties. We also briefly bring up the importance of
optical forces in SERS and an extension of the em SERS theory that includes
a quantum optical treatment of the molecular response.

1.1 Electromagnetic Enhancement

Consider a molecule located at a point 7 in the vicinity of a nanostructure
and let the molecule-nanostructure system be illuminated by an external in-
cident field F; with wavevector k. Because of the electromagnetic response
of the system, the local field F| at r will be different from FE; by a factor
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M = |E)|/|E;|. This field-enhancement factor can be above or below unity,
and its magnitude will be largest if the system supports internal electro-
magnetic resonances at the illumination frequency wg. The local field will
induce a dipole moment in the molecule, and part of the molecular dipole
scattering will appear at Raman-shifted frequencies wg £ wyi,. Because of
electromagnetic reciprocity, that part of the dipole far-field that scatters into
the —k direction and has the same polarization as the incident field will also
be enhanced by the factor M, although the factor should now be evaluated
at the Raman-shifted frequency of interest. Hence, the effective molecular
Raman polarizability will be enhanced by a factor M? and the effective Ra-
man cross section by a factor M*. This power-of-four dependence makes
it understandable why SERS is such a pronounced effect — even relatively
modest field-enhancement factors, of the order 10-30, result in a huge Ra-
man enhancement of the order ~ 10% to ~ 106. Similar types of arguments
can be applied also to other types of surface-enhanced spectroscopies. In the
case of fluorescence, the M* factor has to be multiplied by a factor 1/M32,
which compensates for the enhancement of the excited-state decay rate. If
the fluorophore is far from the metal surface, we have that My ~ M, which
implies that the effective fluorescence cross section scales as M?2. For shorter
distances (a few nanometers), Mg > M in general, and the fluorescence is
quenched [9, 10, 11].

As noted above, a large field-enhancement factor requires some kind of
electromagnetic resonance in the nanostructure, the most efficient and well
known being localized surface plasmons (LSPs) of various types. This ex-
plains why silver, which can support sharp LSP modes over the entire visible
to near-infrared wavelength range, and gold, which is useful at frequencies
below the interband region (A >~ 550 nm), are the optimal materials for con-
struction of SERS-active nanostructures. However, other kinds of resonances,
for example diffractive modes in particle arrays or other types of spatially ex-
tended nanostructures, and purely electrostatic effects, such as the lightning-
rod effect, can also contribute substantially to the field-enhancement factor.
Naturally, the largest SERS signal is expected when several types of elec-
trodynamic and electrostatic enhancement effects work in unison. This is
the case in the single-molecule SERS experiments illustrated in Fig. 1 [2].
Here, hemoglobin (Hb) was incubated together with a heterogeneous Ag col-
loidal solution in a ratio of approximately one protein molecule per three
Ag nanoparticles. The proteins, together with a low concentration of NaCl,
cause a slight aggregation of the colloid, resulting in the formation of par-
ticle dimers and a few larger clusters. These small aggregates turned out to
be highly SERS active, whereas the single isolated particles did not produce
any measurable signal. Moreover, the Raman signal was maximal for dimers
that were oriented parallel to the incident polarization, for which the SERS
enhancement factor was experimentally estimated to be of the order 10!°. As
will be discussed below, these observations can be understood from general-
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Fig. 1. (Reproduced from [2]), SEM images of immobilized Ag-particles. The pic-
tures show (a) overview of Ag-particle shapes and sizes, (b) Ag-particle dimers
observed after incubation with hemoglobin, and (c), (d) hot dimers and correspond-
ing single-molecule Raman spectra. The double arrows in (c¢) and (d) indicate the
polarization of the incident laser field

ized Mie theory (GMT) calculations of field-enhancement factors in the gap
between Ag nanoparticles [2, 3].

1.2 Generalized Mie Theory

Mie theory [12] is a method to solve the boundary condition problem involved
in the scattering and extinction of light by a single sphere situated in a ho-
mogeneous medium. This can be done through an expansion of the incident
and scattered fields into vector spherical harmonics (VSHs). Mie theory has
formed the basis for a vast range of techniques that can also be used to un-
derstand more complex scattering problems, for example a sphere above a
flat surface, spheres composed of multiple concentric shells and ensembles of
interacting spheres, which is the focus of the present chapter. Although any
formal definition seems meaningless, we group these methods under a com-
mon heading, i.e., generalized Mie theory (GMT). Many of the GMT meth-
ods have proved instrumental for the development of a theoretical basis for
surface-enhanced spectroscopy, plasmonics, and nano-optics in general. GMT
also provides a convenient analytical comparison for a range of more novel
grid-based methods in computational electromagnetics, such as the discrete
dipole approximation (DDA) and the finite difference time-domain (FTDT)
methods. Pioneering Mie theory contributions on SERS from aggregates in-
clude those of [13,14,15,16,17,18].

A crucial component of GMT is the transition matrix (T-matrix) tech-
nique, introduced by Waterman [19,20]. The T-matrix can be used to relate
the VSH expansion coefficients for different spheres in an ensemble based on
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the addition theorem of Stein [21] and Cruzan [22] and the total scattered
field can then be obtained directly by solving a linear system of equations [23].
Various techniques to calculate the T-matrix of multisphere systems have
been reported [20, 23, 24]. However, many of these methods are tedious when
the distances between spheres are small or when the number of spheres is
large. A complementary approach is the order-of-scattering (OS) method,
which expresses the total scattered field from an ensemble as a sum of dif-
ferent scattering orders. By tracing the light paths in the multiple scattering
processes, the contribution to the total field from each scattering event can
be obtained by applying the boundary conditions for each single scatterer.
Fuller has given the solution for the case of two spheres [25]. Recently, we
developed a technique to calculate the scattering from multisphere systems
using a recursive OS approach [7,8]. This method is described briefly in the
following paragraph.

2 The Recursive Order-of-Scattering Method

Similar to the original Mie theory [12], the incident electric field and the
scattered electric field of an ensemble of L spheres are expanded in vector
spherical harmonics (VSHs) as:
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due to the relations H = M/LVXE N = 1V><M, M = %VXN.

The recursive OS method utilizes a matrix representation of T in (2),
which is described as a product of the matrices GG, which contain the ex-
pansion coefficients of the incident field for each sphere, and the response
matrix ¥ of the L-sphere system, which transfer the incident coefficients to
the scattering coefficients (for details see [8]). One can thus write
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Here, (2,, are matrices that contain the transfer coeflicients relating VSHs
originating in the p-th sphere to those originating in the g-th sphere, S, are
the matrices that contain the Mie scattering coefficients, while 2(0—1) =
(201, 219, ., 20.1) and Q' ED = (211, Qpa, ..., 2010 1]7 [8]. More-
over, it can be shown that the summation over different scattering orders
i € [0, Nos] up to infinite order can be obtained through matrix inversion
instead of summation, according to:

Nos
lim (Q(L*l)!p(Lfl)Q/(Lfl)SL)
Nos=o00

i=0 1
—1_ QU-DGL-1L-1)G, (6)

In order to find the response matrix W(X) for I spheres, we first find the
response matrix ¥(&=1 for (L — 1) spheres, and so on. Finally, the response
matrix for the first sphere is found as (1) = S;. Using this recursive method,
the response matrix W) of L-spheres can be obtained according to (1)-(6).

Scattering problems that involve an arbitrary number of interacting
spheres can in principle be solved exactly by the technique described briefly
above. In practice, however, one needs to calculate a very large number of
complex functions and translation coefficients that include a large number
of multipoles n in order to ensure convergence, in particular for closely
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spaced particles. If we let n range from 1 to N, the total number of
VSHs will be N x (2N + 1) x 2 x 2 for a two-sphere system, i.e., more
than eighty thousand for N = 100. The total number of translation co-
efficients will be [N X (2N +1) x 2 x 2]2, i.e., more than 6 billion. More-
over, if we have L spheres, the number of translation coefficients increases to
LIL-1)x [Nx (2N +1)x2x 2]2. Considering the complexity of calculat-
ing each translation coefficient, it is not surprising that GMT calculations of
strongly interacting particles has turned out to be a challenge, both in terms
of mathematical methodology and the computer capacity needed.

3 Examples of GMT Calculations
for Ag-Particle Aggregates

3.1 “Hot Sites” Between Metal Particles

Figure 2 illustrates the effect of aggregation of metal particles in SERS. Us-
ing GMT, we have calculated the local field at two positions around two
large (diameter D = 200nm) silver spheres separated by a gap of length d.
The two spheres are illuminated by a plane wave polarized parallel to the
dimer axis. For position A, located 0.5nm from one of the spheres along
the dimer axis, the factor M* increases dramatically for decreasing inter-
particle distances and reaches ~ 10° for d = 1nm. At position B, which is
located 0.5nm from the surface in the direction perpendicular to the dimer
axis, there is no substantial enhancement at any separation. These effects
can, in fact, be well accounted for by a simple electrostatic model. Imagine
that the two particles were perfectly conducting and situated in a uniform
electrostatic field E; oriented in the direction of the dimer axis. Since the
field will be excluded from the perfectly conducting spheres, the electrosta-
tic potential drop will be concentrated to the interparticle region. From the
geometry of the problem, this results in a local field between the spheres of
strength Fy = E;(D + d)/d. A molecule situated between the particles thus
experiences a SERS enhancement factor of the order M* = (D/d +1)*, while
molecules outside the interparticle region will experience no net enhancement
(M* = 1). The comparison between the simple electrostatic model and the
full electrodynamic calculation in Fig. 2 clearly shows that the former cap-
tures much of the essential physics of the interparticle coupling problem.
Figure 3 illustrates the wavelength dependence of the SERS enhancement
for dimers composed of identical Ag spheres of varying diameter D but with
a fixed surface-to-surface separation d = 1 nm. The prominent peaks that are
evident in those spectra originate in plasmon modes of the dimer system. In
particular, the longest-wavelength peak in each spectrum can be assigned to
a mode dominated by the dipolar plasmons of each sphere coupled in phase.
This mode has recently been identified in scattering spectra of nanofabri-
cated Ag-particle dimers, and its dispersion with d and D has been shown
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Fig. 2. (Adapted from [4]), Illustration of SERS enhancement, approximated as the
fourth power of the field enhancement factor M, at two positions around a pair of
silver spheres of diameter D = 200 nm for varying surface-to-surface separation d.
The wavelength is A = 514.5nm and dielectric data for silver from [27] have been
used in the GMT calculations. The thin solid line shows the electrostatic estimate
of the enhancement effect. Note the logarithmic scales

to be in good agreement with electrodynamic calculations [28]. However, the
prominence of the coupled dipole mode in the spectra of Fig. 3 does not
imply that the field-enhancement effects can be understood within the di-
pole approximation. On the contrary, in order to build up the electrostatic
component of the field enhancement between particles, a large number of
multipolar resonances have to be taken into account. This is illustrated in
Fig. 4, which shows the intensity enhancement factor M? versus the number
of multipoles N used in a GMT calculation for a dimer of D = 90 nm spheres
excited with light polarized parallel to the dimer axis. We see that for a sep-
aration distance of around d = 10nm, it is necessary to include multipoles
up to order N = 10 whereas for distances down to 1 nm more than 50 multi-
polar terms are needed to reach convergence. The latter d value is probably
close to the smallest interparticle distance for which classical electrodynamic
calculations can be trusted. For even smaller separations, one approaches the
spill-out region of the Ag s electrons [29], which should lead to interparti-
cle currents that reduce the field strength in the gap region. Moreover, for
smaller distances or for gaps between sharper structures, the nonlocal di-
electric response of the metal has to be taken into account. Nonlocal effects
can be expected to reduce the contribution from high-order multipoles [30],
although to what extent is a matter of debate.

From GMT calculations such as those in Fig. 2 and Fig. 3, we find that
the maximum SERS enhancement factor M* at “hot sites”, i.e., in gaps,
in Ag-dimer systems peaks at around 10! to 10'2? for gap distances of the
order 1 nm. Taking into account the Stokes shift in the Raman process and the
possibility that the imaginary part of the Ag dielectric function may be larger
than in the experimental values used [27], a more conservative value for the
maximum em SERS enhancement might be 10!°. Although no formal proof
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Fig. 3. (Adapted from [3]), SERS en-
hancement factor M* as function of
wavelength for the midpoint between
two identical Ag spheres with surface-
to-surface separation d = 1nm and dif-
ferent diameters: D = 140nm, 100 nm,
60nm and 20nm, from top to bottom.
. : : . . The dimer is illuminated with light po-
400 600 800 1000 1200 1arized parallel to the dimer axis and

& [nm] with incident k vector normal to this axis
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Fig. 4. (Adapted from [4]), Calculated intensity enhancement M? for a position
along the dimer axis 0.5 nm from the surface of one of the spheres as a function of
the number of multipoles IV included in the GMT calculation. The diameters of the
spheres are 90 nm, and the incident polarization is parallel to the dimer axis. The
calculations are performed for different surface-to-surface distances d, from 1 nm to

10 nm

exists, it seems likely that this is also close to the maximum em enhancement
factor in any type of Ag or Au nanostructure that contains gaps or crevices
of similar dimensions.

3.2 Polarization Anisotropy

From the GMT results above, we have seen that the SERS enhancement in
small nanoparticle aggregates is expected to be a highly localized phenome-
non. Due to the combination of electrostatic effects and electrodynamic LSP
modes, the calculated M* factor can reach above 10'° in the gap regions
between particles, and at the same time be at or below unity outside these
areas. The gaps between particles thus constitute “hot sites” for SERS and
the molecules at those sites are expected to dominate the net SERS signal
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from an aggregate, even if the whole aggregate is covered by molecules. How-
ever, the gap regions are not “hot” for all incident polarizations. If a dimer
is excited with light polarized perpendicular to the dimer axis, the field is in-
stead excluded from the gap region, resulting in an enhancement below unity.
We thus expect the SERS signal from dimers and other small aggregates to
be highly polarization dependent. Figure 5 gives an experimental example
that illustrates this effect. The samples in this study were prepared in a
similar way to the ones in Fig. 1, i.e., by first incubating hemoglobin and col-
loidal Ag particles and then immobilizing the resulting Hb/Ag aggregates for
Raman and electron microscopy investigations. However, the Hb:Ag-particle
ratio was ~ 100 times higher in the present case. Figure 5a shows a SEM
image of a number of Hb/Ag aggregates within one investigated area. The
corresponding polarized Raman images for different angles between the in-
cident polarization and the coordinate system of the sample are shown in
Fig. 5b. Six bright spots, marked as A to F, could be clearly identified as
different aggregates in the SEM, and the intensities of these spots varied to
different degrees with the incident polarization. Figure 5¢ shows a polar plot
of this variation for spot A, which turned out to be a dimer with its dimer
axis rotated ap = 125° relative to the vertical axis in Fig. 5a. It is clear
that the Raman intensity has a maximum when the incident polarization is
parallel to the dimer axis — in fact, the angular variation can be quite well
described by a cos*(ar — ) dependence, which is the expected variation if
a “hot” gap site completely dominates the Raman response. For aggregates
composed of more than two particles, the polarization dependence turned
out to be in general more isotropic than for isolated dimers. Figure 5d shows
a polar plot of the Raman intensity from spot C, which was composed of
five Ag particles. In this case, a large signal was observed for all polarization
angles, but with two noticeable anisotropic intensity peaks for polarization
parallel to the 80°/260° and 160°/340° directions. We interpret such compli-
cated polarization dependencies as a result of an entangled electromagnetic
coupling between several particles. In this particular case, the angular vari-
ation indicates an interpretation in terms of a superposed signal from two
dominating but perpendicular dimers within the five-particle aggregate. Fig-
ure 6 shows a GMT calculation that illustrates the variation in enhancement
with polarization for a five-particle system (not chosen to mimic cluster C
in Fig. 5). As expected, one finds that each polarization directions tend to
“select” those gap sites for which the respective dimer axes overlap most
with the incident polarization. However, the variation is not as clear-cut as
for a symmetric dimer, simply because the total field at each gap site in a
large low-symmetry cluster also involves retarded dipolar fields from distant
particles that add to the local “dimer field” with varying phase factors.
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Fig. 5. (Reproduced from [6]), (a) SEM image of Hb/Ag clusters and (b) the corre-
sponding polarized Raman images (11 x 11 umz) for different incident polarizations
(A1 = 514.5nm, Iy ~ 0.1 W/pm?, Raman intensity integrated over a Stokes shift
from 700cm™! to 2200 cmfl), The polar plots show the angular variation of the
Raman intensity for (¢) spot A and (d) spot C. The full line in (c) is a fit to a
cos*(a — ap) dependence

3.3 Comparisons between Near-Field and Far-Field Spectra

In the preceding discussion, we have focused on the nano-optical phenome-
non of greatest relevance to SERS, i.e., the near-field enhancement effect in
Ag-particle aggregates. However, far-field optical properties, in particular ex-
tinction spectra, are often measured in conjunction with SERS experiments
and it is therefore interesting to briefly compare the calculated near-field
and far-field properties of Ag-particle aggregates. In Fig. 7, we do this for
two different cases, a dimer and a low-symmetry pentamer. All gap sizes in
both systems equals d = 1 nm but the spheres have different sizes in order
to simulate the “nonideal” morphology of colloidal aggregates. In addition,
the spheres have been positioned such that their lower boundaries form a
plane, in order to simulate aggregates immobilized on a surface. As before,
we compute near-field spectra for gap sites only.

In the case of the dimer, we first note the prominence of the aforemen-
tioned long-wavelength dipolar peak for polarization parallel to the dimer
axis. This mode dominates both the intensity enhancement spectrum for the
gap site and the far-field extinction spectrum, which in turn is composed
mainly of elastic scattering. In addition, the short-wavelength region con-
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Fig. 6. (Adapted from [8]), Intensity enhancement factor M? (logarithmic scale) at
514.5nm in a plane through the centers of five different Ag spheres with diameters
D1 =110nm, Dy = D5 = 100nm and D3 = D4 = 90nm. The gap dimensions are
di2 = dog = d3s = 5.5nm and dsz = dss = 7.4nm. The incident k vector is normal
to the plane of the paper and arrows mark the different incident polarization vectors.
The calculation is based on N = 16 multipoles and includes scattering orders up
to Nos = 200

tains some well-defined modes that mainly originate in various hybridized
quadrupolar resonances. When the polarization is turned perpendicular to
the dimer axis, the enhancement at the gap site more-or-less vanishes, as be-
fore. The extinction spectrum is still dominated by a coupled dipolar mode,
but its energy in this polarization configuration is such that it overlaps with
higher-order multipolar peaks, and it does not contribute an enhancement at
the gap site. All in all, there is clearly a reasonably good and understandable
correspondence between far-field and near-field properties of the dimer. In the
case of the pentamer, however, the situation is quite different. The extinction
spectrum is dominated by a broad long-wavelength peak of dipolar origin,
qualitatively similar to what is observed for strongly aggregated colloids. The
near-field intensities in the junctions, in contrast, exhibit resonances that are
much sharper than for the dimer and extremely polarization dependent. It is
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Fig. 7. Near-field intensity enhancement M?()\) at “hot” gap sites and far-field
cross sections (extinction, scattering, absorption) for a dimer (D = 60nm and
D = 100nm) an a pentamer (D = 60nm, 70nm, 80nm, 90 nm and 100nm) in
vacuum with gap dimensions d = 1nm throughout. The spheres are situated on
a planar virtual surface and the incident k vector is normal to this surface with
polarization as indicated in the insets. The calculations included multipoles up to
order N = 30 and scattering processes up to infinite order through the matrix-
inversion technique

possible that these resonances signal the onset of diffractive coupling effects
caused by the coherent addition of fields emanating from distant particles.
We note that similar effects, leading to high field enhancements, have been
predicted and observed for both linear arrays of Ag particles [31, 32] and for
large Au-particle clusters of fractal dimensions [33,34]. Although the results
require further analysis, the pentamer case thus illustrates that the near-field
and the far-field properties of the same aggregate can be distinctly different.
The results also indicate that the concept of “hot” junction sites that domi-
nate the SERS response remains valid also for large particle aggregates of low
symmetry. This is in qualitative agreement with experimental SERS studies
of dense Ag particle layers, which exhibit single-molecule fluctuations even
when analyte molecules are present at high concentrations [35, 36].

3.4 Including Molecular Quantum Dynamics
into the EM SERS Theory

The electromagnetic mechanism of SERS discussed above treats the molecule
as a “passive observer” of the field-enhancement effects. Recently, however,
an extension of the em theory that includes a quantum optical description of
a model molecule was put forward [9,10,11]. The model molecule is described
by two electronic states (HOMO/LUMO) and one vibrational mode, and the
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molecular dynamics is calculated using a density matrix approach, which al-
lows one to compute absolute Raman, fluorescence and absorption cross sec-
tions and spectra for arbitrary irradiation levels. The parameters of the model
were chosen so as to simulate the absorption spectrum of the fluorophore rho-
damine 6G, which has become the work-horse of single-molecule SERS and
fluorescence experiments (see, e.g., [36, 37]). The corresponding calculated
energy integrated fluorescence cross section was found to be ~ 10716 cm?,
which agrees with experimental values for many fluorophores. The model
molecule was then placed at a “hot” gap site with d = 1nm and M* ~ 100
and the combined Raman and fluorescence spectrum was calculated. The
integrated SERS cross section was found to be ~ 10714 cm?, i.e., two orders-
of-magnitude higher than the fluorescence cross section of the free model-
molecule and ~ 15 orders-of-magnitude higher than a “typical” Raman cross
section of a nonresonant molecule (og &~ 10729 cm?). These values are in
agreement with recent single-molecule SERRS (surface-enhanced resonance
Raman scattering) studies of rhodamine 6G [36,37], and suggest that no addi-
tional enhancement mechanisms beyond the “electromagnetic SERS theory”
are needed in order to understand the single-molecule SERS phenomenon.
Interestingly, the calculations also showed that a substantial enhanced flu-
orescence similar to the intense “SERS background” seen in many single-
molecule SERRS experiments [36, 37] remained for a molecule in a “hot”
gap site, whereas the familiar fluorescence-quenching effect dominated for
molecules located near single particles.

3.5 Optical Forces

Optical forces has been a largely neglected aspect of SERS and nanoplas-
monics in general, although it seems likely that such forces can be of both
practical and fundamental importance. The total optical force that acts on a
single particle or molecule situated in an inhomogeneous field can in general
be resolved into two components: the gradient force and the dissipative force.
In MKS units, we have:

Fyraa(r) = 528 {0V} V(1)
Faps(r) = k=S {a(N)} I(r). ™)

Here, a(A) is the wavelength-dependent dipole polarizability of the particle
or molecule, n,, is the refractive index of the surrounding medium, c is the
speed of light in vacuum and I(r) is the optical intensity profile.

From (7), we see that the gradient force is repulsive when ® {a} < 0. This
situation can occur for an incident wavelength on the blue side of a dipole
resonance, such as a localized plasmon or molecular absorption band. For
illumination on the red side of a resonance, on the other hand, the object is
pulled towards regions of high local intensity, which is why dielectric objects
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can be easily trapped using laser tweezers. The dissipative force, in contrast,
is proportional to the extinction cross section ooy = kS {a} and therefore
always positive, i.e., the object is pushed in the direction along the incident
k vector.

From the discussions in preceding sections, we have seen that nanopar-
ticle aggregates exhibit regions of ultrahigh field enhancement and at the
same time regions where the optical field is not enhanced at all, or even
excluded (see, e.g., the dark spots in Fig. 6). In [5], we examined whether
the resulting intensity gradients could be large enough to actually pull mole-
cules into the em “hot spots”. Figure 8a shows the theoretical result for a
linear trimer of Ag spheres, which exhibits its largest intensity enhancement
M? ~ 9.2 x 10° in the near-infrared (ALgsp ~ 760nm). The molecular po-
larizability was chosen to mimic rhodamine 6G, which is resonant in the
green (Agomo—rumo A~ 530nm). The figure shows the conservative gradient
force at A & 760nm in terms of the optical potential U in units of kg7 at
T = 300K and for an incident intensity of 10mW /pm?, which is a rather
typical excitation intensity in NIR SERS experiments. For the specific pa-
rameters used, the optical potential in the gap turns out to be U ~ 6kgT.
Thus, the optical force will be able to compete effectively with the random
thermal motion of the molecule despite an irradiation wavelength far from
the molecular resonance. Although no experimental verifications exists to
date, it thus seems reasonable to believe that nanoscale optical forces acting
on the molecular level could be of fundamental importance and, perhaps, be
used to actively drive molecules to specific “hot spots” in plasmonic nano-
structures. This is, however, not the only optical force effect that may be of
relevance to SERS. In a recent experimental study, it was shown that the
SERS intensity obtained from a colloidal solution of Ag particles covered by
thiophenol could be increased dramatically if a high-intensity near-infrared
laser beam was made to overlap with the green excitation laser in the Raman
microscope [38]. This phenomenon was interpreted as the combined result
of two effects: an accumulation of nanoparticles in the dual laser focus, i.e.,
the optical tweezers effect, and an optical aggregation of those nanoparticles
due to electromagnetic interactions. The latter effect has been investigated
theoretically in [5,39] and it is likely that it contributes to the plasmon renor-
malization recently observed when Ag particle dimers were created through
optical manipulation [40].

The optical forces that act on a given particle due to the scattered fields
from neighboring particles can be computed from Maxwell’s stress tensor
and represented in terms of an optical potential. An example is shown in
Fig. 8b. The calculation is performed for a Ag-particle dimer illuminated by
a beam of A = 514.5nm light polarized along the dimer axis and with a
unit incident intensity of 1mW /um?. The interparticle optical potential is
shown as a function of gap size d for a few different sphere radii. For small
distances, we find a strong attractive interaction, far greater than kg7, that
has a fairly long range, in particular for the larger particles. For longer sep-
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Fig. 8. (Adapted from [5]), (a) Spatial variation of the optical potential U in units
of kT (T = 300K) around a three-sphere system (D = 50nm, d = 1nm, I =
10 mW /um?) in water excited at 760 nm. The molecular polarizability was chosen
to simulate thodamine 6G. (b) Interparticle optical potential U (d; R) for dimers
in water in units of kg7 (T = 300 K) for an illumination intensity of 1 mW /pm?, a
wavelength of 514.5nm and a polarization along the dimer axis

arations (d &~ A/2) the interaction turns repulsive because the dipole fields
of the individual particles are no longer in phase. The interaction is also re-
pulsive for short separations if the incident field is polarized perpendicular
to the dimer axis. The interparticle optical force can thus be expected to
pull properly oriented particles together, creating “hot” gap sites, while ag-
gregates that are oriented perpendicular to the incident polarization should
be pushed apart. Experimental investigations in this direction are underway
and will be reported elsewhere.

4 Summary

Using generalized Mie theory, it is possible to estimate field-enhancement
effects in strongly interacting nanoparticle systems, including dense aggre-
gates of several nanoparticles. Apart from the inherent approximation of a
spherical particle shape, the method is a complete solution to Maxwell’s equa-
tions. Based on GMT, we have shown that Ag nanoparticle aggregates exhibit
polarization-dependent “hot” gap sites that will dominate the SERS response.
This result is in agreement with the majority of SERS experiments and in
line with previous theory results from the 1980s. The “hot” gap sites can be
expected to yield SERS enhancements factors of the order of 10'° or above.
When combined with a proper description of the quantum optical response of
the molecule, this factor quantitatively explains SERS from single resonant
molecules. We have also discussed optical forces in SERS and shown that
molecules could be attracted to sites with high surface enhancement while
properly aligned particles could be pulled closer together, even for relatively
modest irradiation levels. These effects could be of both fundamental and
practical importance.
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