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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) and femtosecond stimulated
Raman spectroscopy (FSRS) have revolutionized the Raman spectroscopy ﬁeld. SERS provides
spectroscopic detection of single molecules, and FSRS enables the acquisition of Raman spectra on
the ultrafast time scale of molecular motion. Here, we present the ﬁrst successful combination of
these two techniques, demonstrating surface-enhanced femtosecond stimulated Raman spectroscopy (SE-FSRS) using gold nanoantennas with embedded reporter molecules. Using a picosecond
Raman and femtosecond probe pulse, the time- and ensemble-averaged enhancement factor is
estimated to be in the range of 104 106. We report the line shapes, power dependence, and
magnitude of the SE-FSRS signal and discuss contributions to sample degradation on the minute
time scale. With these ﬁrst successful proof-of-principle experiments, time-resolved SE-FSRS
techniques can now be rationally attempted with the goals of investigating the dynamics of
plasmonic materials as well as examining the contributions of environmental heterogeneities by
probing more homogeneous molecular subsets.
SECTION: Nanoparticles and Nanostructures

T

he development of femtosecond stimulated Raman spectroscopy (FSRS) has enabled the acquisition of “molecular
movies” in which the ensemble-averaged structure of a wide
variety of systems is probed on the ultrafast time scale, the time
scale of molecular motion. FSRS is a novel spectroscopic
technique that allows for the rapid acquisition of a complete
Raman spectrum with simultaneous high time (10 100 fs) and
spectral (5 20 cm 1) resolution, thus tracking the structure of
molecules as a function of time.1,2 FSRS has been successfully
used to follow vibrational dynamics in a wide variety of systems,
including proteins,3 5 molecule nanoparticle conjugates,6 and
small molecules.7,8
The FSRS technique has undergone signiﬁcant optimization
over the past decade, starting from spectrally broad measurements on carotenoids9 to the current subtransform limit, rapid
acquisition, state of the art measurements on diverse chemical
systems including highly scattering semiconductor nanoparticles.6
However, the technique has traditionally been limited to probing
highly concentrated systems with strong Raman cross sections, such
as polyenes or dye molecules. One solution to increasing the overall
signal, thereby expanding the realm of possible FSRS experiments, is
to use surface-enhanced Raman spectroscopy (SERS).10
Although stimulated SERS experiments have been proposed
since the 1970s,11 experiments have primarily focused on
surface-enhanced coherent anti-Stokes Raman spectroscopy
(SE-CARS),12,13 with some work on surface-enhanced stimulated Raman gain.14,15 Theoretical predictions of the enhancement factor of SE-CARS have ranged up to 1021,16 but experimental realizations have typically been in range of 102 103.12,13
Previous attempts at combining surface enhancement with the
FSRS technique have been unsuccessful.17
r XXXX American Chemical Society

Here, we present the ﬁrst ground-state SE-FSRS spectra, taken
on gold nanoantennas, which consist of gold nanoparticle cores
functionalized with embedded molecular reporters and capped
with a silica shell, which encloses the molecules near the gold
nanoparticle hot spots. The signal-to-noise ratio in these experiments exceeds 50 after a few minutes of signal averaging, and the
enhancement factor is estimated to be in the range of 104 106,
demonstrating that SE-FSRS is a viable technique for future
experiments. These ﬁrst proof-of-principle experiments pave the
way for future work on time-resolved ultrafast dynamics of
plasmonic materials, such as plasmonic-based solar cells18 or
plasmon-enhanced photocatalytic devices.19,20 Additionally,
these results demonstrate the feasibility of approaching the small
number of molecules limit with four-wave mixing spectroscopies,
in which a small homogeneous subset of molecules may be
interrogated to determine environmental eﬀects in a variety of
systems.
A detailed description of the experimental apparatus and
parameters used for SE-FSRS can be found in the Supporting
Information. Brieﬂy, SE-FSRS and picosecond SERS experiments were performed using a 100 kHz ultrafast ampliﬁer
(Coherent RegA). The fundamental laser beam was split into
the two pulses necessary for the experiment; ﬁltering produced
the Raman pump pulse (1 ps, 40 nJ/pulse, 795 nm, 200 μm
diameter), and continuum generation in sapphire provided the
probe pulse (830 1000 nm, 100 pJ/pulse, 30 fs, 50 μm
diameter). All spectra are presented as Raman gain, in which a
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Figure 2. SERS spectrum and SE-FSRS spectrum of trans-1,2-bis(4pyridyl)ethylene (BPE)-functionalized nanoantennas. Both methods
obtain high S/N spectra of the well-characterized Raman resonances
of BPE, although the SE-FSRS spectrum shows dispersive peaks due to
resonance eﬀects from the plasmon. The SE-FSRS spectrum was
obtained with 2.0 nJ/pulse Raman pump energy and 100 pJ/pulse
probe energy, with an acquisition time of ∼8 min, corresponding to 4.5
 107 laser pulses. Peak powers are estimated to be ∼107 W/cm2 for the
probe pulse and ∼105 W/cm2 for the Raman pump pulse.

Figure 1. (Top) Schematic depiction of the nanoantennas used in the
SE-FSRS experiments. The characterization of the particles, including
dimensions, core number, and size variation, has been performed in ref
22 and is mentioned in the text. (Bottom) Extinction spectrum of the
BPE- functionalized nanoantennas, showing the monomer resonance at
600 nm, the 795 nm Raman pump, and the multiple core resonances in
the NIR region. The band from 500 to 700 nm also contains contributions from dimer, trimer, and higher-order core assemblies because these
constructs have two localized surface plasmon resonance peaks.

Raman-pump-on spectrum is divided by a Raman-pump-oﬀ
spectrum. The SERS nanoantennas used herein (Cabot Security
Materials) consist of multiple 96 ( 11 nm gold nanoparticle
cores functionalized with adsorbed trans-1,2-bis(4-pyridyl)ethylene (BPE) and embedded in a 63 ( 4 nm silica shell. These
materials have been previously characterized by SERS, localized
surface plasmon resonance (LSPR) spectroscopy, high-resolution transmission electron microscopy (TEM), and theory.21,22
In the present work, no attempt was made to remove the
monomer particles by ultracentrifugation.22 The optical density
used for Raman measurements, as measured by extinction
spectroscopy, was 0.7 at 600 nm.
Figure 1 presents a schematic depiction of the gold nanoantennas used for the SE-FSRS experiments. Crucially, multiple
cores are typically encased by one silica shell, thus creating
subnanometer gaps between the gold cores and/or fused nanoparticles, aka “SERS hot spots”, which are ideal for surfaceenhanced Raman studies. This particular nanoantenna sample
has been previously characterized to consist of 59% single cores,
17% dimers, 11% trimers, 7% tetramers, 3% pentamers, and 3%
larger cores.22 The ensemble extinction spectrum of the nanoantennas is also displayed in Figure 1. The large peak at 600 nm
corresponds to the plasmon resonance of the single-core

particles with additional contributions to the extinction in the
red tail of the band from dimer, trimers, and, likely, tetramers.
The broad extinction peak in the near-infrared (NIR) is dominated by the plasmon resonances of the multiple core particles.
The Raman pump pulse, used for excitation, is indicated with an
arrow and is just preresonant of the multicore plasmon peak.
The picosecond (ps) Raman pump pulse was ﬁrst used for
spontaneous SERS in a confocal geometry, and the BPE SERS
spectrum is shown in the top half of Figure 2. The ps SERS
spectrum shows the well-characterized Raman peaks of BPE, at
1024, 1203, 1341, 1616, and 1643 cm 1. The FWHM of these
peaks is broadened somewhat by the ∼1 nm line width of the
laser pulse and is typically around 20 cm 1.
The SE-FSRS spectrum is displayed on the lower half of Figure 2
and was obtained with a 2.0 nJ/pulse Raman pump energy and a
100 pJ/pulse probe energy. The SE-FSRS spectrum and the ps
SERS spectrum show isoenergetic Raman peaks, although in SEFSRS, the spectral features are dispersive rather than Lorentzian.
Again, the peak widths are in the range of 20 cm 1, broadened by
the picosecond bandwidth of the Raman pump pulse. The signalto-noise ratio in these SE-FSRS experiments exceeds 50 for the
1600 cm 1 peak after 5 min of averaging. There is a small and
sloping negative background due to diﬀerential transmission of the
probe pulse during the Raman-pump-on and Raman-pump-oﬀ
spectra. As the Raman pump is on-resonance with the multiple
core plasmon resonances, a fraction of these particles are excited,
and the probe experiences a diﬀerent optical density, thus creating
a baseline in the divided spectra.
The SE-FSRS spectrum displayed in Figure 2 clearly shows
dispersive rather than Lorentzian line shapes, with the negative
portion of the dispersive peak on the low cm 1 side. Dispersive
features are relatively common in four-wave mixing experiments
and have been thoroughly investigated for traditional CARS and
FSRS.23 25 In non-surface-enhanced FSRS, dispersive line
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Figure 3. (Top) FSRS and SE-FSRS spectra of neat cyclohexane
(black) and BPE-functionalized nanoantennas (red). Spectra are plotted
on the same scale, and although the Raman pump power for the BPE
sample was 15 times weaker than that for the cyclohexane sample and
the concentration of BPE is much lower than that of cyclohexane, the
signals are approximately the same magnitude, indicating an enhancement factor of 104 106. (Bottom) Raman pump power dependence for
both samples, which shows that the BPE signal is rapidly saturated while
the cyclohexane signal displays the expected linear dependence.

shapes are known to arise when the Raman pump pulse is onresonance with an electronic transition and result from hot
luminescence terms with long-lived vibrational coherences.24,25
Interestingly, similar line shapes are seen in our SE-FSRS spectra,
although the 795 nm Raman pump pulse is well oﬀ-resonance
with any BPE electronic transitions. Apparently, exciting the
plasmon resonance of the nanoparticles enables the creation of
interfering long-lived vibrational coherences in the molecules,
which lead to primarily dispersive line shapes. The details of this
mechanism are currently under further theoretical and experimental investigation.
The dispersive nature of the peaks does not hinder quantitative analyses of SE-FSRS peak intensities, as long as the peaks are
well-separated in frequency. As can be seen in Figure 2, the
relative intensities of the 1024, 1203, and 1341 cm 1 peaks are in
excellent agreement with intensities obtained by conventional
SERS. However, when the peaks are close enough in frequency
that the dispersive tails overlap, such as the 1616 and 1643 cm 1
peaks of BPE, the intensities do not quantitatively correspond to
the SERS spectrum. The peaks may easily be ﬁt with a dispersive
Lorentzian line shape to obtain quantitative information on the
intensities; however, quantitative analysis of the intensities of
peaks with unknown frequencies may require theoretical modeling or iterative ﬁtting.
The magnitude of the enhancement factor of SE-FSRS is an
important question as the mechanism could be diﬀerent than
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traditional SERS. It has been suggested16 that the presence of a
stimulating ﬁeld should lead to extraordinary Raman enhancement factors as there should be ampliﬁcation of the spectroscopic
transitions on both the upward and downward processes. Predictions for the enhancement factor for SE-CARS, a similar
process, range up to 1021.16 However, with the peak pulse
energies present in femtosecond laser pulses, it is uncertain if
both the molecules and the metallic surfaces can survive the high
electric ﬁeld strengths. Photodegradation of plasmonic structures
under femtosecond irradiation is known to occur26 and has been
implicated in at least one unsuccessful SE-FSRS experiment.17
Any degradation will obviously limit the total enhancement
factor achievable.
In Figure 3, we present the ground-state FSRS spectra of
cyclohexane and the nanoantennas with adsorbed BPE. These
spectra were taken with a 795 nm Raman pump pulse, with an
energy of 15 nJ/pulse for the cyclohexane spectrum and 1.0 nJ/
pulse for the BPE spectrum. The spectra are displayed on the
same intensity scale, and remarkably, the Raman signal from the
BPE is as large as the signal from neat cyclohexane, despite the
signiﬁcant reduction in both molecular concentration and
Raman pump power. In the bottom half of Figure 3, we display
the dependence of these signals on the Raman pump pulse
energy. The Raman gain signal obtained by FSRS is known to be
exponential in Raman pump power, although in the ranges
accessible by femtosecond ampliﬁers, it has been shown to be
linear.27 We reproduce the linear dependence for cyclohexane
(shown in black); however, the signal for the BPE nanoantennas
rapidly saturates. As will be discussed below, it is likely that a
damage mechanism prevents further signal enhancement at high
powers. However, the linear regime is easily accessible with
attenuated Raman pump pulses from our high repetition rate
ampliﬁer, and crucially, the signal-to-noise ratio remains high.
A determination of the absolute enhancement factor (EF) is
diﬃcult as the concentration of BPE molecules in the colloidal
solution is unknown. By assuming a monolayer surface coverage,
using TEM imaging to determine the nanoparticle radius, and
measuring the extinction spectra to estimate the nanoparticle
concentration, we estimate a time- and particle-averaged enhancement factor in the range of 104 106. For comparison, the
cw SERS-averaged EF for similar nanoantennas is estimated to be
1.1  108.21
However, this EF is deﬁnitively limited by degradation of
either the nanoparticles, the narrow gaps between cores which
act as hot spots, or the BPE molecules. Figure 4a shows the
decrease of SE-FSRS signal at 1200 cm 1 on the minute time
scale. The loss of signal intensity of the other BPE Raman modes
occurs at the same rate. In our static cuvette, ∼50% of the signal is
lost in 5 min. Clearly, diﬀusion of particles in and out of the beam
paths will impact the degradation rate of the signal, but it is clear
that it is a signiﬁcant contributor to the overall signal magnitude
during the time scale of the experiments. On the basis of our
detection scheme and the magnitude of the signal, we are not
currently able to quantify degradation occurring on a faster
time scale.
In order to determine the origin of the signal degradation, we
illuminated a 10 μL nanoantenna sample during several weeks of
experiments. At the end of the extensive irradiation period, there
was a clear decrease in the NIR extinction of the multiple core
particles (Figure 4B). This suggests a destruction of the highly
enhancing and resonant multiple core particles; therefore, TEM
imaging was used to examine the particles. Representative TEM
1201

dx.doi.org/10.1021/jz200498z |J. Phys. Chem. Lett. 2011, 2, 1199–1203

The Journal of Physical Chemistry Letters

LETTER

Figure 4. Apparent degradation of nanoantennas during SE-FSRS experiments. (A) Loss of SE-FSRS signal on the minute time scale. Data were taken in
a static cell with a Raman pump energy of 2 nJ/pulse. (B) Extinction spectra taken before (red) and after (blue) several weeks of illumination. There is a
noticeable decrease in the NIR plasmon resonances of the multiple core nanoantennas. (C,D) TEM images of particles following signiﬁcant irradiation
with the ultrafast pulses. Although the decrease in plasmon resonance signal in (B) indicates some damage to the multiple cores, no changes were
observed in the TEM images. TEM images of the same samples before irradiation may be found in ref 22.

images are displayed in Figure 4C and D. Remarkably, no
dramatic changes were found after irradiation; multiple core
particles with well-deﬁned and narrow gaps were seen, and there
were no examples of abnormally fused particles. There is a small,
lighter contrast ring around the silica shells, which indicates that
they may have been changed by irradiation, potentially shifting
the plasmon resonance of the gold by changing the dielectric
constant of the surrounding medium, but no evidence of a shifted
plasmon was seen in the extinction spectrum. Thus, we conclude
that any changes to the gold core or hot spots are too small to be
observable by TEM on the few nanometer length scale. Therefore, the changes in the extinction spectrum and corresponding
Raman signal loss must result from structural changes on the
<1 2 nm scale.
Photodamage to the BPE molecules could also be responsible
for the loss in the Raman signal, although this would not likely
explain the change in plasmon resonances. The plasmonic
enhancement of the electric ﬁelds, which are initially ∼107 V/m
for the probe pulse and ∼106 V/m for the Raman pump, could
cause adsorbate ionization or dissociation. BPE adsorbed on Ag
surfaces is known to photopolymerize upon irradiation with
<500 nm wavelength light.28 However, as we see no changes in
our Raman spectra over time, we conclude that it is the <1 2 nm
level damage to the plasmonic materials themselves that is
primarily responsible for the decrease in SE-FSRS signal on the
minute time scale.
Although there is evidence of nanoparticle or molecular
damage, the time scale of the degradation and the existing high
S/N are such that future SE-FSRS experiments are clearly
feasible. Flowing the colloidal solution should increase the total
Raman signal as a fresh sample would be present for each
acquisition. Considering that nonenhanced FSRS experiments
have been performed on biological samples such as rhodopsin, in

which 70% of the molecules are eﬀectively destroyed following
brief irradiation, this long-term degradation seems easily
surmountable.
In summary, we have successfully acquired the ﬁrst surfaceenhanced femtosecond stimulated Raman spectra. By characterizing the appropriate power regimes and experimental time
scales, we are conﬁdent that SE-FSRS can now be applied to
a wide variety of systems, leading the way toward ultrafast
dynamics of plasmonic materials and small homogeneous molecular subsets.
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