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Evidence of “twofold” electromagnetic (EM) enhancement in surface-enhanced resonance Raman scattering
(SERRS) that exhibits a SERRS enhancement factor of up to 10'* has been analyzed by comparing SERRS
spectra and plasmon resonance Rayleigh scattering spectra. We identified that SERRS spectral variations are
induced by selective enhancement of SERRS bands whose maxima are close to plasmon resonance maxima.
The correlation between the selective enhancement of SERRS and the plasmon energy demonstrated that the
variations in SERRS spectra are induced by second EM enhancement in SERRS as a result of coupling

between scattering photons and plasmons.
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I. INTRODUCTION

Surface-enhanced resonance Raman scattering (SERRS)
has recently attracted great interest in analytical science due
to enormous enhancement factors that have increased the de-
tection limits of a wide variety of molecules to the single
molecule level.!” The SERRS-electromagnetic (EM) model
describes single-molecule SERRS sensitivity at interparticle
junctions and at sharp edges in Ag and Au nanoaggregates
based on the fourth power of a local EM-field enhancement
factor M.>%!! The realization of SERRS enhancement fac-
tors |[M|* of up to 10'* has made single-molecule sensitivity
realistic. In other words, twofold EM enhancement processes
are important for verifying SERRS enhancement factors that
enable single molecules to be detected; in these processes the
first enhancement is due to coupling between incident pho-
tons and plasmons and the second enhancement is due to
coupling between SERRS photons and plasmons.'>!¢ The
relationship between plasmon resonance, the SERRS inten-
sity, and Ag-nanoparticle microstructures was comprehen-
sively studied to verify EM enhancement in SERRS.!7-?!
However, the first and second enhancements were not treated
independently in these investigations and thus they were not
able to provide conclusive evidence for twofold EM en-
hancements.

Large variations in SERRS spectra have frequently been
observed between different nanoaggregates.'™ We consider
that these variations in SERRS spectra are the key for eluci-
dating twofold EM enhancement processes. According to the
context of the second enhancement in SERRS,'2-1° the varia-
tions in SERRS spectral shapes can be explained in terms of
fluctuating plasmon resonance frequencies. This is because
the coupling efficiency between SERRS photons and plas-
mons depends greatly on the plasmon resonance frequencies.
Thus careful comparison between SERRS spectral shapes
and plasmon resonance band shapes of single nanoaggre-
gates would provide convincing evidence of the twofold EM
enhancement mechanism.

In this current study, we identified that variations in
SERRS spectra are present in both the Stokes and anti-
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Stokes regions. By comparing Stokes and anti-Stokes
SERRS spectra with plasmon resonance Rayleigh scattering
spectra, we ascertained that the variations were from selec-
tive enhancement of SERRS bands whose maxima were
close to the plasmon resonance maxima. In other words, we
found that the origin of the variations is the second enhance-
ment due to coupling between SERRS photons and plas-
mons. Furthermore, we reproduced the variations in SERRS
spectra by taking the product of an ensemble-averaged
SERRS spectrum with the plasmon resonance band of a
single nanoaggregate. Finally, we discuss the discrepancy be-
tween the experimental and calculated SERRS spectra in
terms of (i) the difference between spectra of EM field inten-
sity of Ag nanoaggregates and those of localized SERRS
active sites on Ag nanoaggregates and (ii) the molecular pre-
resonance effect on SERRS spectra.

II. EXPERIMENT

An Ag nanoparticle colloidal solution was prepared fol-
lowing the method of Lee and Meisel.>? An aqueous solution
containing rhodamine 123 (R123, 6.5 X 1078 M) and NaCl
(10 mM) was mixed with an Ag nanoparticle colloidal solu-
tion (7.2 10~"! M) and incubated for 30 min at room tem-
perature (20 °C). The concentration of R123 was greater
than that employed in standard single-molecule SERRS ex-
periments (~107'! M) in order to avoid spectral fluctuation
and blinking due to molecular diffusion on the silver sur-
faces; such spectral properties obscure the expected relation-
ship between plasmon resonance and SERRS spectra.
Sample preparation methods and the spectroscopic setup are
described elsewhere.!® Briefly, a 100-W halogen lamp was
used as a white-light source to measure plasmon resonance
Rayleigh scattering and a dark-field condenser lens was used
to focus the laser illumination onto the Ag nanoaggregates. A
Kr* laser was used for SERRS excitation at 568 and 647 nm.
The integration time was 5 s for each spectrum. The intensi-
ties of the plasmon resonance Rayleigh scattering spectra
were calibrated using the white-light source.
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FIG. 1. (a)-(d) Anti-Stokes and Stokes SERRS spectra from
four representative Ag nanoaggregates excited at 568 nm. The ver-
tical dashed line indicates the excitation-laser wavelength. (¢) A
histogram of estimated molecular temperatures for individual Ag
nanoaggregates.

III. RESULTS AND DISCUSSION

Variations in Stokes and anti-Stokes SERRS spectra have
been investigated as a function of molecular temperature
and stimulated Raman processes?!?* rather than second en-
hancement in SERRS. We reinvestigated the effect of the
temperature of R123 molecules on Ag nanoaggregates by
using the intensity ratios of anti-Stokes to Stokes vibrational
bands.?’ Figures 1(a)-1(d) show SERRS spectra of four rep-
resentative single Ag nanoaggregates. We estimated the mo-
lecular temperatures by assuming a Boltzmann distribution.
The estimated molecular temperatures were 630, 480, 410,
and 340 K for the SERRS bands in Figs. 1(a)-1(d), respec-
tively. The estimated molecular temperatures for single nano-
aggregates are summarized in Fig. 1(e). Interestingly, the
molecular temperatures exceed the decomposition tempera-
ture of R123 (540 K) in several cases. Thus these tempera-
tures may not be “real” temperatures, that is, the origin of the
variations in the anti-Stokes and Stokes SERS intensities is
not directly related to the temperatures of SERRS-active
molecules. We also examined the relationship between spec-
tral variations and variations in the stimulated Raman scat-
tering. In a previous report, the exponential dependence of
anti-Stokes SERRS intensities on the excitation laser power
was determined for excitation intensities between 10 and
10* W/cm?.2* That investigation discussed anti-Stokes
SERRS in terms of stimulated Raman process. We therefore
assume that the variations in SERRS spectra were induced
by variations in the stimulated Raman process. We investi-
gated the dependence of the anti-Stokes and Stokes SERRS
intensities on the excitation-laser power for low-power exci-
tations (0.3—6.5 W/cm?). Both the anti-Stokes and Stokes
intensities increased linearly with an increase in the laser
power, as shown in Fig. 2(a). This linearity demonstrates that
the stimulated Raman process is inadequate for explaining
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FIG. 2. Laser power dependence of intensities of anti-Stokes
SERRS maxima ([]]) and Stokes SERRS maxima (JX) for SERRS
bands around —420 cm™! and +420 cm™.

the variations in SERRS spectra under low excitation powers
when compared to the results in Ref. 24.

Thus we have excluded molecular temperature and stimu-
lated Raman processes as origins of the variations in the
SERRS spectra obtained in this current study. We examined
the possibility of the variations in anti-Stokes and Stokes
SERRS spectra being caused by the second enhancement in
the SERRS-EM model, that is, coupling between SERRS
photons and plasmons.>® The SERRS-EM model gives a
simple expression for the total SERRS enhancement by as-
suming that it is the product of the enhancements of the
incident and scattered light produced by plasmon
resonance.*7# Thus the total enhancement factor M,,,, of
SERRS is given by

v ~ ELOCO\L) 2 ELUC()\L + )\R) 2
roral = E'(\) E'(A\ £ \p)
=M () X My(Np = \g), (1)

where E' and E'°¢ are the amplitudes of the incident and
local electronic fields, respectively, A; is the excitation wave-
length, +N\p and —\y are the wavelengths of the anti-Stokes
and Stokes shifted Raman scattering, respectively, and M,
and M, are the first and second enhancement factors, respec-
tively. The spectrum of M,(\) is expected to be similar to
that of plasmon resonance Rayleigh scattering, since the sec-
ond enhancement was produced by scattering of Raman light
through plasmon resonance.®!%!! Thus the dependence of
SERRS spectra on plasmon-resonance maxima is a key ob-
servation for identifying the origin of the variations in
SERRS spectra as fluctuations in the second enhancement.
However, the EM fields on larger Ag nanoparticle aggregates
are complicated due to the dipole and multipoles
overlapping.?® Thus characterization of the dependence of
SERRS spectra on plasmon-resonance maxima will be diffi-
cult. This difficulty was overcome by selecting Ag nanoag-
gregates with dipole plasmons that satisfy the following two
criteria: the polarization dependence of a plasmon resonance
maximum follows a cosine-squared law, and the SERRS
maxima and plasmon resonance maxima have the same po-
larization dependence. As a consequence of applying these
two criteria, we were able to exclusively identify dipole plas-
mons that were coupled with SERRS. 820
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FIG. 3. (a)-(d) Anti-Stokes and Stokes SERRS spectra (solid
lines) and plasmon resonance Rayleigh scattering spectra (dotted
lines) from four representative nanoaggregates, and (e) those from
one large aggregate. The vertical dashed line indicates the
excitation-laser ~ wavelength.  Plasmon-resonance = Rayleigh-
scattering maxima in (a)—(d) were observed at 568, 577, 588, and
623 nm. (f) Plasmon-resonance maxima dependence of anti-Stokes
to Stokes intensity ratios. Doubly circled points indicated by A-D
correspond to the data in (a)—(d), respectively. (g) Plasmon-
resonance Rayleigh scattering spectra, (h) SERRS spectra excited at
568 nm, and (i) SERRS spectra excited at 647 nm. All spectra in
(2)-(i) were obtained from the same Ag nanoaggregate.

Figures 3(a)-3(d) show Rayleigh scattering spectra and
SERRS spectra from five Ag nanoaggregates that were se-
lected based on the above two criteria. We observed that the
SERRS bands close to the plasmon resonance maxima were
selectively enhanced. For example, the intensities of the anti-
Stokes bands close to the plasmon resonance maximum in
Fig. 3(a) were larger than those of the anti-Stokes bands
shown in Figs. 3(b)-3(d). Figure 3(b) shows that the inten-
sities of the Stokes bands in the vicinity of 400 cm™! were
much larger than those around 1500 cm™'. On the other
hand, Fig. 3(d) shows that the intensities of Stokes bands
around 1500 cm™' are larger than those around 400 cm™.
Interestingly, the enhanced bands were close to the plasmon
resonance maximum in both cases. This selective enhance-
ment shows a correlation between the spectra of the SERRS
enhancement factor and plasmon-resonance maxima. Thus
this selective enhancement provided a possibility of experi-
mentally verifying the second enhancement in SERRS. It
should be noted that the larger SERRS-active Ag aggregates
having sizes of several micrometers did not exhibit
aggregate-to-aggregate variations in their SERRS and Ray-
leigh scattering spectra, as shown in Fig. 3(e). This absence
of variations is due to inhomogeneous broadening of the
plasmon resonance bands and averaging of the SERRS spec-
tra. Variations in the SERRS and Rayleigh scattering spectra
were observed only in the case of smaller Ag aggregates that
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were several tens to hundreds of nanometers in size.

Figure 3(f) summarizes the plasmon resonance maxima
dependence of the anti-Stokes to Stokes intensity ratios
of SERRS maxima at 553 nm (+634 cm™') and 580 nm
(=634 cm™!). According to Eq. (1) this ratio is given by
M N )M5(Np—Ng)/ M (N )M(N +\g); thus the first en-
hancement factor M(\;) cancels. Experimentally, we iden-
tified a reduction in the ratios with increasing redshifts of the
plasmon resonance maxima. This reduction in the ratio,
M (N, =N\g)/M5(\;+\g), is attributed to a decrease in the
coupling efficiency of anti-Stokes photons and plasmons due
to separation of the plasmon resonance maxima from anti-
Stokes bands; this supports the conjecture that the origin of
variations in anti-Stokes and Stokes SERRS spectra is fluc-
tuations in the second enhancement factor of the SERRS-EM
model.

We examined the excitation-wavelength dependence of
SERRS spectra for single Ag nanoaggregates and confirmed
the plasmon-resonance maxima dependence of SERRS spec-
tra. Figure 3(g) shows the plasmon resonance maximum at
650 nm of a typical Ag nanoaggregate. SERRS spectra of the
aggregate when it was excited at 568 and 647 nm are shown
in Figs. 3(h) and 3(i), respectively. The intensities of SERRS
bands around 630 nm in Fig. 3(h), and 660 nm in Fig. 3(i)
were larger than those around 580 and 710 nm. From these
observations it is apparent that the SERRS bands close to the
plasmon resonance maxima were selectively enhanced and
that this effect is excitation-wavelength dependent. This
excitation-wavelength dependence demonstrates that the in-
tensity of SERRS spectra depends on the plasmon-resonance
maxima through the second enhancement process in the
SERRS-EM model.

SERRS spectra of larger Ag aggregates [see Fig. 3(e)] did
not show aggregate-to-aggregate variations. This lack of
variations indicates that the observed SERRS spectra were
averaged spectra for a large number of Ag nanoaggregates.
In light of the second enhancement, this lack of variations
shows that the plasmon resonance bands that contribute to
the second enhancement in SERRS are uniformly over-
lapped. Indeed, Rayleigh scattering spectra of such large Ag
aggregates consisted of broad peaks that extended over the
entire visible spectrum, as shown in Fig. 3(e). Therefore we
assumed that spectra of the second enhancement factors of
such large aggregates are also broad. Based on this consid-
eration we calculated the SERRS spectrum of a single Ag
nanoaggregate, I¢(\), by taking the product of a SERRS
spectrum of a large aggregate, Ig(\), with a plasmon reso-
nance Rayleigh scattering spectrum of a single Ag nanoag-
gregate, Ip(\), that is, Ig(N)=Ig(N) X Ip(N). In this calcula-
tion, we assume that the spectra of the second enhancement
factors of individual Ag nanoaggregates were proportional to
the plasmon resonance spectra of individual Ag nanoaggre-
gates, that is, M,(\) o« Ip(\). Background luminescence spec-
tra from SERRS spectra were always subtracted before per-
forming these calculations so as to simply investigate Eq.
(D).

Figures 4(a)-4(d) show the calculated and the measured
SERRS spectra; plasmon resonance Rayleigh scattering
spectra of different isolated single Ag nanoaggregates are
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FIG. 4. (Color online) (a)-(d) Experimental SERRS spectra
(blue lines) and calculated SERRS spectra [red lines, multiplication
SERRS spectra in Fig. 3(a) by each plasmon resonance band] and
plasmon resonance Rayleigh scattering spectra (dotted lines). (e)—
(h) Experimental (blue lines) and calculated SERRS spectra [red
lines, multiplication SERRS spectra in Fig. 3(a) by each Lorentzian
curve] and the four Lorentzian resonance spectra (dotted lines). The
experimental and the calculated SERRS spectra in (a)—(h) were nor-
malized at their spectral maxima. The calculated SERRS spectra in
(a)—(h) were offset vertically to distinguish experimental SERRS
spectra. Background luminescence spectra were subtracted from
SERRS spectra in Fig. 3 before obtaining the products.

included in each figure. There was reasonable agreement be-
tween the calculated SERRS spectra and the experimentally
measured SERRS spectra in the Stokes region but poor
agreement between them in the anti-Stokes region. This poor
agreement is probably due to the deviation of the M,(\)
spectra from the experimental plasmon resonance Rayleigh
scattering spectra. We consider that the deviation is accept-
able because M,(\) is proportional to a spectrum of EM field
intensity at a SERRS active site localized on single Ag nano-
aggregate but a plasmon resonance Rayleigh scattering spec-
trum is proportional to a spectrum of EM field intensity of
whole single Ag nanoaggregate. Indeed, it is theoretically
shown that both spectra of EM field intensity are a little
deviated from each other.?” We changed the spectral shapes
of M,(\) from experimental plasmon resonance Rayleigh
scattering spectra to Lorentzian curves I;(\) to improve the
agreement between the calculated and measured anti-Stokes
bands, and then recalculated I¢,(\)=1Ig(\) X I;(\).?® This cal-
culation is not only for improvement of agreement but also
for examination of spectra of EM field intensity at SERRS
active sites localized on Ag nanoaggregates. We used Lorent-
zian curves for the recalculation because selected isolated
single Ag nanoaggregates have dipolar plasmons coupled
with SERRS.?’ Since the selected Ag nanoaggregate is ex-
pected to be enough smaller than the excitation wavelength,
its scattering cross-section spectrum C,,,(\) [<Ip(\)] can be
approximately treated by dipole radiation using quasi-
Rayleigh approximation.?>* That is, C,.,(\)=(k*/6m)a(\)?,
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where k is the wave number, a(\)=V/{L-¢,/[e(\)-¢,,]
—(i47rs;jl/2V)/ (3\%)} is the polarizability, L is the depolariza-
tion factor, e(\) [=&;(\)—ig,(\)] is the complex relative per-
mittivity of the Ag nanoaggregate, g, is the relative permit-
tivity of the surrounding medium, V is the volume, and
(i4m2€2*V)/(3\%) is radiation damping.?® Plasmon reso-
nance peak wavelengths in the present experiments are in the
region 560—-630 nm. In this wavelength region, & (\) is
much larger than &,(\),>' and consequently dephasing of the
dipole oscillation of the plasmon is dominated by the radia-
tion damping; thus the spectrum of C,.,(\) can be repre-
sented by a simple Lorentzian function. Thus we considered
that Lorentzian functions are suitable for fitting of the homo-
geneous line shapes of plasmon resonance Rayleigh scatter-
ing spectra. Figures 4(e)-4(h) show comparisons of the re-
calculated and measured SERRS spectra. The Lorentzian
maxima in Figs. 4(e)-4(h) (557, 561, 566, 606 nm) were
always blueshifted from the experimental plasmon resonance
maxima (568, 577, 588, 623 nm) by ~3-20 nm. We expect
that the blueshifts are results of difference between spectra of
EM field intensity of whole single Ag nanoaggregates and
those of localized sites on Ag nanoaggregates.”’” However,
from a study of resonance Raman scattering spectra, there is
another possibility for the reason of the difference that the
blueshifts were produced by preresonance Raman enhance-
ment due to molecular electronic resonance.?? In the case of
the preresonance Raman excitation, anti-Stokes bands have
larger resonance enhancements than Stokes bands because
the wavelength of anti-Stokes light is closer to wavelength of
the laser light than the wavelength of Stokes light.3> Accord-
ingly, the anti-Stokes band intensity becomes larger than that
without the preresonance Raman enhancement. We thus add
another possibility that the deviation of M,(\) from plasmon
resonance Rayleigh scattering spectra occurred because pre-
resonance Raman enhancement for anti-Stokes SERRS
bands was larger than that for Stokes SERRS bands.

IV. SUMMARY

In the current study, we investigated the origin of
nanoaggregate-to-nanoaggregate variation in anti-Stokes and
Stokes SERRS spectra by comparing SERRS spectra and
plasmon resonance Rayleigh scattering spectra from single
Ag nanoaggregates. By investigating the selective enhance-
ment of SERRS bands whose maxima were close to the plas-
mon resonance maxima, we found that the second enhance-
ment in the SERRS process induced variations in the SERRS
spectra. Furthermore, the spectra of the second enhancement
factors were blueshifted from the plasmon resonance Ray-
leigh scattering spectra by 3—20 nm through the difference
between spectra of EM field intensity of Ag nanoaggregates
and those of localized sites on Ag nanoaggregates or through
preresonance Raman enhancement of SERRS bands.
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