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The electromagnetic �EM� enhancement in surface-enhanced resonance Raman scattering �SERRS� is quan-
titatively evaluated for rhodamine molecules adsorbed on Ag nanostructures. Polarization dependence of the
plasma resonance �plasmon resonance� and the SERRS spectra from single isolated Ag nanostructures was
evaluated to determine one-to-one relationship between optical anisotropy of plasma resonance, that of
SERRS, and the morphology of the nanostructures. Experimental observations were compared with finite-
difference time-domain calculations of the EM field induced by plasma resonance using individual morphology
of the nanostructures. The experimental enhancement factor of SERRS �109 was consistent with that of the
calculations within a factor of �2 for three excitation wavelengths. We conclusively fortify the indispensible
importance of SERRS-EM theory with our results to design metal nanostructures generating strong EM
enhancement.
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I. INTRODUCTION

Nanostructures of Ag and Au generate strong enhance-
ment of resonance Raman scattering of molecules adsorbed
on their surfaces. This phenomenon is widely known as
surface-enhanced resonance Raman scattering �SERRS�. En-
hancement factors of SERRS reach 108–11 allowing us to
detect single molecules �SMs�.1–4 Thus, SERRS is expected
to be one of the ultrasensitive analysis methods. A theoretical
model for the SM SERRS detection has been provided by
SERRS electromagnetic �SERRS-EM� theory.5–9 This theory
predicts that the plasma resonance �plasmon resonance� �Ref.
10� in metal nanostructures, strongly coupling with the inci-
dent and the scattered light, also enhances the electromag-
netic coupling for the Raman scattering of the molecule.5–9

Thus, experimental verification of the relationship between
the plasma resonance, the EM enhancement of SERRS, and
the morphology of the metal nanostructures observed are of
crucial importance for demonstration of the reliability of the
SERRS-EM theory.5–9

Because plasma resonance in metal nanostructures is
highly sensitive to the subtle difference in their shape and
size, their morphologies affect strongly SERRS enhancement
under the SERRS-EM model.4–22 Ensemble measurement
averages over spectra of plasma resonance and SERRS of
individual Ag nanostructures. Indeed, the ensemble measure-
ment obscures the plasma resonance inducing SERRS and
the morphology of Ag nanostructures that determines the
plasma resonance. To lift the issue of the obscurity, we have
observed plasma resonance and SERRS spectra from single
isolated Ag nanostructures by dark-field microspectroscopy
and identified the plasma resonance inducing SERRS-EM
enhancement.19–22 This identification enabled us to reveal
that spectral shapes of SERRS-EM enhancement factors are
equivalent to those of the plasma resonance. However, the
enhancement factor was only a fitting parameter to reproduce

experimental observations in the previous study.22 The en-
hancement factor thus determined is consistent with the mor-
phology of single Ag nanostructures assumed to be a dimer
of Ag nanoparticles.22 Thus, we have demonstrated the va-
lidity of the SERRS-EM theory under such assumption.
However, without the morphology of Ag nanostructures, we
cannot rigorously calculate the plasma resonance,
SERRS-EM enhancement factors, and SERRS spectra of iso-
lated Ag nanostructures.18,23,24

In the current study, we observed the morphology of
single isolated Ag nanostructures using scanning electron mi-
croscopy �SEM� to decide the issue of assumed SERRS en-
hancement factors. The morphology of Ag nanostructures
was used to define the boundary for EM calculation of the
plasma resonance using finite-difference time-domain
�FDTD� method.25 First of all, we roughly calculated EM
enhancement factors with mesh size of 1.5 nm. The calcu-
lated EM factors totally failed to reproduce experimental
ones. We thus examined further EM enhancement factors of
Ag nanostructures using smaller mesh size to improve the
accuracy in the calculations. The use of 0.2 nm mesh size
allowed us to obtain quantitatively acceptable FDTD calcu-
lations of EM enhancement factors. On the other hand, the
use of 1.5 nm mesh size in the FDTD calculations quantita-
tively reproduced plasma-resonance spectra themselves due
to the long distance ��100 nm� between calculation points
for plasma resonance and an Ag surface. Multiplying the
calculated EM enhancement factors by experimental reso-
nance Raman spectra quantitatively reproduced experimental
SERRS spectra. Furthermore, excitation wavelength depen-
dence of SERRS spectra confirmed the quantitative repro-
duction of SERRS spectra.

II. EXPERIMENT

A suspension of Ag colloids was prepared following the
method of Lee and Meisel.26 A NaCl aqueous solution �25
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mM� of Rhodamine 6G �R6G, �10−8 M� was mixed with
the Ag colloidal suspension �7.2�10−11 M�. After incubat-
ing the mixture at room temperature ��20 °C� for 15 min, it
was spin coated on a glass plate covered with a 60-nm-thick
indium tin oxide �ITO� film. This initial concentration of
R6G is substantially higher than the standard recipe for
single-molecule SERRS experiments ��10−11 M� but was
unavoidable to provide sufficient number of Ag nanostruc-
tures showing SERRS activity. However, the effective con-
centration of R6G was reduced by rinsing away most of the
R6G molecules adsorbed on both Ag nanostructures and the
glass surface using acetone and water.20,22 The spectral shape
and intensity of both SERRS and the background signal from
the resulting samples were quantitatively comparable to
those prepared with �10−11 M R6G, and fluorescence sig-
nals were never detected from the glass surface. With these
results, we are safe to assume the effective concentrations of
the dye in our experiments to be equivalent to those for SM
SERRS.

The detail of our spectroscopic setup is described
elsewhere19 but is briefly described as follows: white light
from a 50 W halogen lamp was focused with a dark-field
condenser lens to acquire the Rayleigh scattering spectra
from the structures. Rayleigh scattering is, in principle, due
to plasma resonances in metal nanostructures. The spectra
due to Rayleigh scattering are therefore referred to as
plasma-resonance spectra hereafter. A frequency-doubled
YAG laser �532 nm, 2 W /cm2�, a yellow DPSS laser
�561 nm, 2 W /cm2�, and a He-Ne laser �633 nm, 2 W /cm2�
were used as the sources for acquiring the SERRS
spectra. Both of these spectra were acquired for single iso-
lated Ag nanostructures dispersed on an ITO glass plate by
means of dark-field microspectroscopy. The spectra of
SERRS and plasma-resonance-scattering intensities �photo-
counts� were converted into the cross-section spectra of
SERRS �cm2� and those of plasma-resonance scattering
�cm2� using 80 nm gold nanosphere, whose scattering in-
tensity and scattering cross section are known. Note that the
conversion factor for SERRS is 2.3�10−18 �cm2 /
photocounts� and the conversion factor for plasma-resonance
scattering is 2.3�10−18 �cm2 /photocounts� on the current
spectroscopic equipment.

After the spectroscopic measurements, the whole sample,
including the ITO glass plate, was sent to a SEM �JSM-
6700F, JEOL� for the identification of the morphologies of
the nanostructures.16,23,24 The shapes, sizes, and orientations
of the nanostructures that were read off the acquired SEM
images were used to model the structures for the FDTD cal-
culation that is used to evaluate the local intensities of the
EM field. Ideally, the substrate should also be modeled
within the FDTD calculation but for simplicity, we chose an
effective refractive index that homogeneously surrounds the
nanostructures as nenv=1.3. This value is reasonable for the
nanostructures on an ITO glass plate �n�1.8� and measured
in air �n�1.0�.27–30

III. RESULTS AND DISCUSSION

The spectrum of SERRS-EM enhancement factor
MEM��L ,� ,r� is written as a product of first and second en-

hancement factors, each of which is induced by coupling of
plasma resonance with incident light and resonance Raman-
scattered light.5–7,31 Thus, MEM��L ,� ,r� is given by

MEM��L,�,r� = M1��L,r�M2��,r�

= �Eloc��L,r�
EI��L�

�2

� �Eloc��,r�
EI���

�2

, �1�

where EI and Eloc indicate the amplitudes of the incident and
the local electric field, respectively; �L and � denote the
wavelengths of incident and Raman-scattering light, respec-
tively; r is an arbitrary position; and M1 and M2 are the
enhancement factors of excitation and scattered light, respec-
tively. To obtain the total SERRS enhancement factor,
MEM��L ,� ,r� in Eq. �1� is summed over the location of dye
molecules on the Ag nanostructure, and is thus rewritten as32

MEM
Total��L,�� = �

i=1

N

M1
i ��L,ri�M2

i ��,ri� , �2�

where M1
i and M2

i are the enhancement factors of excitation
and scattered light at the the center of gravity �ri� of a mol-
ecule i, and N is the total number of molecules.

Accordingly, the SERRS cross-section spectra �S��L ,��
is given by5

�S��L,�� = �
i=1

N

�R��L,��M1
i ��L,ri�M2

i ��,ri� , �3�

where �R ��L ,�� is the resonance Raman-scattering
cross-section spectrum of the molecule without sur-
face enhancement. For an Ag dimer, the largest EM field
inducing SM SERRS is generated only at the crevice
of Ag nanostructures,14,15 and this largest EM field at the
crevice dominates the value of MEM

Total��L ,��.14,15 Thus,
�i=1

N M1
i ��L ,ri�M2

i �� ,ri�, is approximately written as
M1��L ,ro�M2�� ,ro� for a single molecule in the crevice even
if some additional molecules exist at positions other than the
crevice. Here, ro denotes the position at the crevice, ex-
amples of which are shown in Figs. 6�i�, 7�h�, and 9�k�. In
short, we assume that MEM

Total��L ,��=M1��L ,ro�M2�� ,ro� for
the evaluation of our experimental SERRS enhancement fac-
tors. Note that M1��L ,ro�M2�� ,ro� is further simplified to
M1��L ,ro�2 assuming �L close to �.

To calculate �S��L ,�� in Eq. �3�, we need �R��L ,�� of
R6G molecules. However, we cannot easily measure
�R��L ,�� of R6G because strong fluorescence disturbs us to
detect resonance Raman-scattering light. The resonance
Raman-scattering spectrum of R6G has been measured by
removing strong fluorescence using an ultrafast Kerr
shutter.33 However, such measurements provided resonance
Raman-scattering spectra with low-energy resolution whose
spectral resolution does not meet the current requirement for
calculation. To resolve the issue of the low resolution, we
substitute �S��L ,�� of an ensemble of Ag nanoaggregates
adsorbed by R6G for �R��L ,��, assuming that spectral shape
of �R��L ,�� is equivalent to that of �S��L ,�� evaluated from
the ensemble. We described the rationale behind this
assumption.21,22 The key to this assumption is that a spectral
shape of plasma resonance of the ensemble Ag nanoaggre-
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gate is almost flat �data not shown� in the 500–750 nm region
due to randomly overlapped plasma resonance, spectral
maxima of which are different from Ag aggregate to aggre-
gate. The SERRS-EM theory predicts that spectral shape of
plasma-resonance spectra are similar to that of M1��L�M2���
spectra.5,6 Thus, the spectral shape of M1��L�M2��� will be
also flat for the ensemble Ag nanoaggregate. The flat shape
of M1��L�M2��� assures that each Raman spectral line is
uniformly enhanced. The uniform enhancement makes the
SERRS spectrum of an ensemble of Ag nanoaggregates simi-
lar to the conventional resonance Raman spectrum. Indeed,
the SERRS spectrum of an ensemble Ag nanoaggregate is
quite similar to the resonance Raman spectrum.33 Note that
we determined the magnitude of �R��L ,�� �cm2� itself using
a Raman-scattering cross section of R6G estimated by Fer-
mi’s golden rule.6

Figures 1�a�–1�c� show a set of images of plasma reso-
nance, SERRS, and SEM acquired from the same area of a
sample on the ITO glass plate. These images identify single
isolated Ag nanostructures that correlate plasma resonance,
SERRS, and morphologies of the Ag nanostructures. The
spots from plasma resonance in Fig. 1�a� are attributed to the
dipolar or the first TM mode of the plasma resonance from

narrowband colors such as red �in print; light gray color�,
green �in print; dark gray color�, and blue �in print; gray
color�.19–24,34 Figure 1�d� shows the magnified SEM images
of Ag nanoparticles numbered in Figs. 1�a�–1�c�. The Ag
nanostructures showing narrowband colors have simple mor-
phology such as monomer, dimer, or trimer. In the current
work, we selected Ag nanostructures showing both well-
defined plasma resonance and SERRS activity, and measured
their spectra and morphologies in one-to-one correspon-
dence. Figure 1�e� shows a histogram of the number of Ag
nanoparticles that forms the nanostructure fulfilling such se-
lection criteria, and they have the tendency to favor dimers.
A dimer is the simplest structure generating highly enhanced
SERRS.4,18,23 The morphology of Ag nanostructure observed
by SEM was used for modeling the structure for FDTD cal-
culation.

We compare the experimental results with the FDTD cal-
culations of a monomer, a dimer, a trimer, and a tetramer
composed of Ag nanoparticle�s�. In general, FDTD calcula-
tion causes a problem about quantitative evaluation of
M1��L ,r� at surfaces with large curvature such as nano-
paticles because a nanoparticle is treated as an ensemble of
cubic cells within the Yee algorism, i.e., the smooth curved
surface of a nanoparticle is approximated by stair-cased
surfaces.25 Thus, evaluation of absolute M1��L ,r� as much as
possible is time consuming to do. For this reason, we first of
all carried out FDTD calculation using a mesh size 1.5 nm to
find spatial distribution of M1��L ,r� on an Ag nanoparticle.
Here we compare the calculations using 1.5 nm mesh with
experimental observations. Figures 2�a�–2�c�, 3�a�–3�c�,
4�a�–4�c�, and 5�a�–5�c� show experimental SEM images,
plasma-resonance spectra, and SERRS spectra obtained from
the identical Ag monomer, dimer, trimer, and tetramer, re-
spectively. Figures 2�d�–2�f�, 3�d�–3�f�, 4�d�–4�f�, and 5�d�–
5�f� show the boundary conditions for the FDTD calculation,
calculated plasma-resonance spectra, and a calculated spatial
distribution of M1��L ,r�, respectively. The SEM images es-
tablished the boundary conditions for the FDTD calculation.
Excitation light is a circularly polarized 532 nm laser beam.
The use of 1.5 nm mesh allows the experimental plasma-
resonance spectra to be comparable in its spectral shape and
cross section to the calculations for all the structures. For a
monomer �Fig. 2�a��, we confirmed that the experimental
plasma resonance, whose spectral maximum locates at 500
nm, assumes a dipolar character from dependence of its in-
tensity on the polarization of excitation light �data not
shown�. The calculated spatial distribution of EM field and
its dependence on the polarization of excitation light also
evidenced a dipolar nature of the plasma resonance �data not
shown�. For a dimer �Fig. 3�a��, we confirmed that both the
experimental and the calculated plasma-resonance band at
630 nm are dipolar from the excitation polarization depen-
dence �see Figs. 6�b� and 6�f��. Similarly, we confirmed that
both the experimental and the calculated plasma-resonance
bands at 600 and 550 nm are generated by two different
dipoles for a trimer �Fig. 4�a�� �data not shown� and that both
the experimental and the calculated plasma-resonance bands
at 690 and 550 nm are dipolar and quadripolar, respectively,
for a tetramer �Fig. 4�a�� �data not shown�. We consider that
the quantitative reproduction of plasma-resonance spectra by

FIG. 1. �Color online� Images of �a� Rayleigh scattering due to
plasma resonance, �b� SERRS, and �c� SEM obtained from the same
area on a sample glass plate covered with an indium tin oxide �ITO�
film. �d� Enlarged SEM images of Ag nanostructures numbered in
�a�–�c�. SERRS images of the particles numbered from 1 to 7 were
observed by circularly polarized 532 nm excitation. �e� Histogram
of the number of Ag nanoparticles included in SERRS-active nano-
structures. The histogram was obtained from 19 Ag nanostructures
screened by the measurement of SEM images, Rayleigh scattering
images, and SERRS spectra. In short, we empirically selected Ag
nanostructures showing well-defined appearance, Rayleigh scatter-
ing in narrowband color, and SERRS activity. Scale bars in �a�–�c�
and �d� are 5 �m and 50 nm, respectively.
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the FDTD calculations using 1.5 nm meshes is due to the
enough long distance ��100 nm� between calculation points
of surface integration for cross section and an Ag
surface.16,17

The Ag nanostructures will define both plasma resonance
and spatial distribution of M1��L ,r�. Thus, the consistency
between calculated and experimental plasma-resonance spec-
tra for the identical Ag nanostructures makes it possible to
expect that the calculated spatial distribution of M1��L ,r�s
also well approximate spatial distribution of M1��L ,r�s
around Ag nanostructures. For monomers without SERRS
activity, no highly localized spots with large M1��L ,r� are
found on the surface as shown in Fig. 2�f�. On the other
hand, for the dimer, the trimer, and the tetramer with SERRS
activity, local spots with large M1��L ,r�s are clearly ob-
served around the Ag nanoparticle crevices as shown in Figs.
3�f�, 4�f�, and 5�f�. The correlation between presence of
SERRS activity and local spots with large M1��L ,r� has al-
ready been studied.5,6 The current comparison between struc-
ture of Ag nanoparticles �experiments�, plasma-resonance
spectra �experiments and calculations�, spatial distribution of
M1��L ,r� �calculations�, and SERRS activity �experiments�
strongly supports the previous studies,14,15 showing that
SERRS signals are detected from local spots with large
M1��L ,r�s, i.e., “hot spots” in the SERRS-EM theory.

Under the current experimental conditions, we have iden-
tified that most of Ag nanostructures showing both dipolar
plasma resonance and SERRS activity are dimers, as shown
in Fig. 1�e�. Theoretical studies have predicted that structural

anisotropy of Ag dimers induces anisotropy in both plasma
resonance and SERRS.35,36 To verify the prediction, we mea-
sured anisotropy of both plasma-resonance and SERRS spec-
tra, and then compared them with FDTD calculations of
plasma-resonance spectra and M1��L ,r� using a mesh size
1.5 nm. The incidence light for the experiments and the cal-
culations was linearly polarized with �L=532 nm. Note that
we estimated experimental M1��L ,r� from the square root of
experimental MEM

Total��L ,���M1��L ,ro�2. Figures 6�a�–6�c�
show that the SEM image, the plasma-resonance spectra, and
the SERRS spectra obtained from the identical Ag dimer.
Figures 6�b� and 6�c� show that both the intensity of plasma-
resonance maximum at 620 nm and that of SERRS maxi-
mum achieved the highest intensity at the polarization angle
parallel to the dimer long axis. Figure 6�f� shows that the
FDTD calculations of polarization dependence of a plasma-
resonance spectrum of the Ag dimer in Fig. 6�e� well repro-
duced the experimental polarization dependence in Fig. 6�b�.
Figures 6�f� and 6�g� show that structural anisotropy of an
Ag-dimer-induced splitting of plasma resonance into the lon-
gitudinal at 620 nm and transverse ��400 nm� mode, and
coupling of the longitudinal plasma resonance with the light
polarized along the long axis of an Ag dimer generated the
largest M1��L ,r� at the dimer crevices. The agreement in
experimental and calculated polarization dependence in Figs.
6�b� and 6�f� suggests that the calculated spatial distribution
of M1��L ,r� in Fig. 6�g� reflects local EM fields around an
Ag dimer. Thus, the SERRS in Fig. 6�c� is generated by EM
fields coupled with the longitudinal plasma resonance at

FIG. 2. �Color online� �a� SEM image, �b� experimental plasma-
resonance spectrum, �c� experimental SERRS spectrum, �d� mod-
eled structure of the SEM image in the FDTD calculation, �e� cal-
culated plasma-resonance spectra, and �f� calculated spatial
distribution of EM enhancement factors of an Ag monomer. Note
that the structure for the FDTD calculation in �d� was determined
from the experimental SEM image in �a�. Experimental plasma-
resonance maximum of an Ag monomer in �b� was observed at 500
nm; its full width at half maximum �FWHM� was �100 nm and its
cross section was �1�10−11 cm2. Mesh size 1.5 nm, refractive
index 1.3 of the surrounding medium, and circularly polarized in-
cident light �532 nm� were selected for the FDTD calculation. Scale
bar in each panel is 50 nm.

FIG. 3. �Color online� �a� SEM image, �b� experimental plasma-
resonance spectrum, �c� experimental SERRS spectrum, �d� mod-
eled structure of the SEM image in the FDTD calculation, �e� cal-
culated plasma-resonance spectra, and �f� calculated spatial
distribution of EM enhancement factors of an Ag dimer. Note that
the structure for the FDTD calculation in �d� was determined from
the experimental SEM image in �a�. Experimental plasma-
resonance maximum of an Ag dimer in �b� was observed at 615 nm;
its FWHM was �50 nm and its cross section was �5
�10−12 cm2. Mesh size 1.5 nm, refractive index 1.3 of the sur-
rounding medium, and circularly polarized incident light �532 nm�
were selected for the FDTD calculation. Scale bar in each panel is
50 nm.
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crevices. Indeed, Figs. 6�d� and 6�h� show that experimental
anisotropy of plasma resonance and M1��L ,r� well agreed
with the calculated anisotropy. Note that r was selected at an
arbitrary position in the crevice in Fig. 6�i�, as shown in the
cross in Fig. 6�i�. The agreement is consistent with the pre-
diction by the SERRS-EM theory that anisotropy of Ag
structures causes anisotropy of plasma resonance and
SERRS. Additionally, we also confirmed the agreement be-
tween a structural anisotropy and an optical anisotropy for
trimers �data not shown�.

Until now, we have evaluated only M1��L ,r�; however,
we also must consider the other enhancement factor M2�� ,r�
to evaluate the total spectral shape of EM field induced
by plasma resonance. We thus examined relationship be-
tween experimental plasma-resonance spectra and spectra of
MEM��L ,� ,r�s including M2�� ,r� and calculated a spectral
shape of MEM��L ,� ,r� of an Ag dimer. Figures 7�a�–7�c�
show a SEM image of an Ag dimer, an experimental plasma-
resonance spectrum, and an experimental SERRS spec-
trum, respectively. Figures 7�d�–7�f� show the boundary
condition for an Ag dimer in the FDTD calculation, a
calculated plasma-resonance spectrum, and a spectrum of
MEM��L ,� ,r�, respectively. The cross in Fig. 7�h� indicates
the position r selected for the calculation of the spectrum in
Fig. 7�f�. Note that we selected r at an arbitrary position in
the crevice in Fig. 7�h� simply because we do not consider
rigorously the absolute value of MEM��L ,� ,r� in the calcu-
lations in Figs. 7�e�–7�g�. Figures 7�b� and 7�e� show that the
experimental plasma-resonance spectrum well agreed with
the calculation. The agreement makes confident that the use

of the SEM morphology is valid for the boundary condition
in the FDTD calculation. Figures 7�e� and 7�f� show that the
spectral shape of the plasma resonance was quite similar to
that of MEM��L ,� ,r�. The similarity is reasonable consider-
ing that the EM enhancement is induced by the plasma
resonance.21,22 Figure 7�c� shows that the SERRS spectrum
around 610 nm was selectively enhanced by the plasma reso-
nance in Fig. 7�b�. We found that the selectively enhanced
SERRS spectra are common all our experimental results in
Figs. 3–7 and 9 and our previous reports.21,22

To quantitatively evaluate SERRS-EM enhancement fac-
tors using the conventional FDTD calculation with Yee cells,
in which every components of an electric and a magnetic
field are set at the center of a side and of a plane in a cubic
cell,25 we examined accuracy in our calculations by compar-
ing FDTD calculations with self-consistent calculation under
the common calculation conditions.32 Note that we did not
employ self-consistent calculation in the current work be-
cause the calculation is limited to asymmetrical Ag
nanostructures25 although it offers an exact solution of
SERRS-EM enhancement factors for symmetrical Ag nano-
structures, such as spheres, columns, and symmetric
dimers.32 We further address a problem about the use of Yee
cells in FDTD calculation. The intensity of EM field is maxi-
mized at a surface and exponentially decays with increasing
distance outside from the surface. However, for a surface
having a curvature comparable to mesh size, the calculated
exponential decay and the peak intensity of EM field will be

FIG. 4. �Color online� �a� SEM images, �b� experimental
plasma-resonance spectrum, �c� experimental SERRS spectrum, �d�
modeled structure of the SEM image in the FDTD calculation, �e�
calculated plasma-resonance spectra, and �f� calculated spatial dis-
tribution of EM enhancement factors of an Ag trimer. Note that the
structure for the FDTD calculation in �d� was determined from the
experimental SEM image in �a�. Experimental plasma-resonance
maximum of a trimer in �b� was observed at 580 nm; its FWHM
was �90 nm and its cross section was �1�10−11 cm2. Mesh size
1.5 nm, refractive index 1.3 of the surrounding medium, and circu-
larly polarized incident light �532 nm� were selected for the FDTD
calculation. Scale bar in each panel is 50 nm.

FIG. 5. �Color online� �a� SEM images, �b� experimental
plasma-resonance spectra, �c� experimental SERRS spectra ob-
tained from an Ag tetramer, �d� modeled structure of the SEM im-
age in the FDTD calculation, �e� calculated plasma-resonance spec-
tra, and �f� calculated spatial distribution of EM enhancement
factors of an Ag tetramer. Note that the structure for the FDTD
calculation in �d� was determined from the experimental SEM im-
age in �a�. Experimental plasma-resonance maxima of tetramer in
�b� were observed at 700 and 550 nm; their FWHM were �90 and
�80 nm, and their cross sections were �3�10−11 cm2 and 2
�10−11 cm2, respectively. Mesh size 1.5 nm, refractive index 1.3
of the surrounding medium, and circularly polarized incident light
�532 nm� were selected for the FDTD calculation. Scale bar in each
panel is 50 nm.
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smoothed and smaller than the “real” intensity. In other
words, the problem of FDTD calculation is averaging over
EM fields at the surface. The problem results in underesti-
mation of EM field intensity at the surface, and is not negli-
gible for the surface having small curvature.32 Fortunately, a
factor of underestimation can be reduced by the use of
smaller meshes. We selected the morphology of an Ag dimer
equivalent to that in Fig. 2�a� of Ref. 32, and evaluated a

factor of underestimation for the dimer with mesh size of
0.98, 0.5, and 0.2 nm; these values are smaller than the gap
of the dimer. Figure 8�a� shows the morphology of the se-
lected Ag dimer. The x axis is set to overlap with the long
axis of the dimer. An EM field reaches the theoretical maxi-
mum at the local face-to-face surfaces along the x axis, as
shown in the square in Fig. 8�a�. Note that we used electric
flux density instead of an EM field to avoid discontinuity of
the field across the surface. Figure 8�b� shows the magnified
view of the square in Fig. 8�a�. Figure 8�c� shows a spectrum
of M1�� ,r�2 calculated by the use of mesh size 0.98 nm. The
spectral maximum locates at �418 nm, which agrees with
Fig. 2�a� in Ref. 32. This agreement provides evidence that
the plasma resonance for the current FDTD calculation of
M1�� ,r�2 is common to that in Ref. 32.

Here, we explain the criterion for the accuracy in the cal-
culation of M1�� ,r�2. The distance d outside from the sur-
face, where the electric flux density is reduced by a factor of

FIG. 6. �Color online� �a� SEM image, �b� polarization depen-
dence of experimental plasma-resonance spectra, and �c� polariza-
tion dependence of experimental SERRS spectra of an Ag dimer.
�d� Polarization-angle dependence of cross sections of experimental
plasma resonance �open circles with a dashed curve� and experi-
mental EM enhancement factors �crosses with a dashed curve�. �e�
Modeled structure of an Ag dimer for the FDTD calculation, �f�
polarization dependence of a calculated plasma-resonance spec-
trum, and �g� polarization dependence of calculated spatial distribu-
tion of EM enhancement factors. �h� Polarization-angle dependence
of cross sections of calculated plasma resonance �open circles with
a dashed curve� and calculated EM factors �crosses with a dashed
curve� as a function of polarization angles. �i� Magnified view in the
vicinity of the crevice of the Ag dimer in �e�. Scale bars in �a�, �e�,
�g�, and �i� are 50 nm, 50 nm, 50 nm and 1.5 nm, respectively. Mesh
size 1.5 nm, refractive index 1.3 of the surrounding medium, and
circularly polarized incident light �532 nm� were selected in the
FDTD calculation.

FIG. 7. �Color online� �a� SEM image, �b� experimental plasma-
resonance spectrum, �c� experimental SERRS spectrum, �d� mod-
eled structure in the FDTD calculation, �e� calculated plasma-
resonance spectrum, and �f� calculated spectrum of EM
enhancement factor of an Ag dimer. �g� Calculated spectrum of
spatial distribution of SERRS-EM enhancement factors. �h� Magni-
fied view in the vicinity of the crevice of the Ag dimer in �d�. The
SEM image, the plasma-resonance spectrum, and the SERRS spec-
trum in �a�–�c� were observed from the identical Ag nanoparticle.
Spectrum of SERRS-EM enhancement factors in �f� was calculated
at the position of cross in �h�. Scale bars in �a�, �d�, �g�, and �h� are
50 nm, 50 nm and 1.5 nm, respectively. Mesh size 1.5 nm, refrac-
tive index 1.3 of the surrounding medium, and circularly polarized
incident light �532 nm� were selected in the FDTD calculation.
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�1 /e�2, is defined as d=N / �c��	−����. Here n is refractive
index of bulk Ag �or a vacuum�, c is velocity of light in a
vacuum, and � is a dielectric constant of Ag �or a
vacuum�.37,38 Importantly, along the long axis of a dimer, the
ratio of the decay length of bulk Ag dAg to that of vacuum dv
remains constant �dAg /dv�2.36�.37,38 Thus, we can evaluate
the accuracy in FDTD calculation through deviation of the
ratio from �2.36. Figure 8�d� shows the decay curves of the
electric flux density at 418 nm with several mesh sizes. The
ratios evaluated are 0.18, 0.4, and 2.0 with mesh size 0.98,
0.5, and 0.2 nm, respectively. The value of 2.0 is reasonably
satisfactory to us considering that FDTD calculation using
0.2 nm mesh requires a computational time longer than 20
days. Indeed, the calculated electric flux density at the center
of the gap is well consistent with self-consistent calculation
of Fig. 2�b� in Ref. 32 as shown by the cross in Fig. 8�d�.

Finally, we calculate the absolute SERRS cross-section
spectra by the use of mesh size 0.2 nm to quantitatively
evaluate SERRS-EM enhancement factors. In Fig. 9, we
show a set of SERRS cross-section spectra acquired from the
same dimer, with three different incident wavelengths of
�L=532, 561, and 633 nm �Figs. 9�c�–9�e��. The SERRS
cross sections were calculated by multiplying MEM��L ,� ,ro�
and �R��L ,�� using three �L �Figs. 9�h�–9�j��,4–7 where ro

�the cross in Fig. 9�k�� is the location of the center of a R6G
molecule. The center locates at �0.8 nm from the Ag sur-
face. The distance blocks charge-transfer interaction between
R6G molecules and Ag surfaces.39–41 The shape of the
SERRS spectra is correctly reproduced in the calculations,
and moreover, the experimental cross sections are consistent
with the calculations within a factor of �2. This value is
acceptable considering the huge enhancement factor of 109

involved in the SERRS process. This quantitative consis-
tency of the experimental SERRS spectra with the calcula-
tions for three incident wavelengths provide convincing evi-
dence for the SERRS-EM theory, in which SERRS is
described as the product of resonance Raman scattering and
plasma resonance of the nanostructure.

IV. SUMMARY

We have studied the quantitative nature of the EM en-
hancement effect on SERRS, and demonstrated its absolute
validity. Polarization-controlled observation of the plasma
resonance and the SERRS spectra from single isolated Ag

FIG. 8. �Color online� �a� Modeled structure of an Ag dimer in
the FDTD calculation. �b� Magnified view of the vicinity of the gap
in the modeled structure. �c� Calculation spectrum of the
SERRS-EM enhancement factor at the cross in �b�. �d� Calculation
cross section of spatial distribution of the electric flux density
�black dotted line, red broken line, and blue solid line; mesh size is
1.5 nm, 0.5 nm, and 0.2 nm, respectively�. �e� Spatial distribution of
the electric flux density Dx. The cross pointed by the arrow in �d�
indicates the calculated enhancement factor in Fig. 2�a� of Ref. 32.
Note that the cross section in �d� indicates the electric flux density
along the dashed line in �e�. Scale bars in �a�, �b�, and �e� is 50 nm,
1.0 nm, and 50 nm, respectively.

FIG. 9. �Color online� �a� SEM image of an Ag dimer, �b� ex-
perimental plasma-resonance spectrum, and experimental SERRS
spectra excited at �c� 532, �d� 561, and �e� 633 nm. �f� Modeled
structure of an Ag dimer in the FDTD calculation, �g� calculated
plasma-resonance spectrum and calculated SERRS spectra excited
at �h� 532, �i� 561, and �j� 633 nm. �k� Magnified view in the
vicinity of the crevice of the model structure in �f�. Spatial distri-
bution of calculated SERRS-EM enhancement factor excited at �l�
532, �m� 561, and �j� 633 nm. Experimental plasma resonance
maximum in �b� was �620 nm, its FWHM was �60 nm, and its
cross section was �1�10−11 cm2. Circularly polarized incident
light �532, 561, and 633 nm�, the mesh size 0.2 nm, and the refrac-
tive index 1.3 of the surrounding medium were selected in the
FDTD calculation. Scale bars in �a�, �f�, �l�–�m� are 50 nm. Scale
bar in �k� is 0.5 nm.
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nanostructures using dark-field microspectroscopy was com-
bined with SEM observation to achieve one-to-one corre-
spondence between optical anisotropy of plasma resonance,
that of SERRS, and the morphology of the nanostructures.
The experimental observations were compared with the cal-
culations of the EM field based on individual morphology of
the nanostructure. The enhancement factor of �109 was cor-
rect within a factor of �2 between the experiments and the
calculations for three excitation wavelengths for SERRS.
Our results fortify the indispensible importance of
SERRS-EM theory to design metal nanostructures generat-
ing strong EM enhancement.

In the current study, Ag/Rhodamine was employed as
the model system for SERRS EM enhancement. Here, the
chemical enhancement effect was ignored. However, strong
chemical enhancement is reported for Ag/Pyridine.42,43

The chemical enhancement effect is most likely to depend
on the specific target molecules; large molecules such as

Rhodamine 6G, for which the resonance is hardly affected by
adsorption, is probably reasonable to show diminished
chemical effect. However, because the EM effect is less
likely to be affected by chemical species, our current results
on the quantitative nature of the EM effect should serve to
separate the EM and the chemical effects, and to help quan-
tify the degree of chemical enhancement in the near future.
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