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Vibrations: A Picosecond Surface-Enhanced Raman Spectroscopy
Study
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ABSTRACT: Molecular surface-enhanced Raman spectra recorded at single
plasmonic nanojunctions using a 7 ps pulse train exhibit vibrational up-pumping
and population inversion. The process is assigned to plasmon-driven, dark,
impulsive electron-vibration (e-v) excitation. Both optical (Raman) pumping and
hot-electron mediated excitation can be rejected by the characteristic spectra,
which allow the simultaneous measurement of vibrational temperature of the
molecules and electronic temperature of the metal. Vibrational populations are
determined from anti-Stokes to Stokes intensity ratios, while the electron
temperature is obtained from the anti-Stokes branch of the electronic Raman
scattering continuum. Population inversion survives in high-frequency vibrations
that effectively decouple from the metal.

KEYWORDS: Surface-enhanced Raman, Stokes-to-anti-Stokes ratio, population inversion, plasmon, vibrational population

Plasmonic nanojunctions effectively confine optical fields
on the angstrom scale. This is most directly demonstrated

in tip-enhanced Raman spectro-microscopy (TER-sm) carried
out at the precisely controllable junction of scanning tunneling
microscopes (STM), where the imaging of single molecules
(SM) with submolecular spatial resolution is attained.1−3

Although it is recognized that confinement of optical fields is
key to SM vibrational spectroscopy, TER-sm establishes that
the operative length scale of the interactions between tip and
molecule is on atomic scales. On such scales, optical fields
cannot be separated from the charge-density oscillations that
drive them. Disentangling the interplay between electron
versus the photomediated coupling of molecules and plasmons
is necessary to clarify principles of surface-enhanced spectros-
copies and, more generally, of plasmon-driven molecular
chemistry and physics.
The above considerations are also of interest in time-domain

measurements of vibrational dynamics, which, in the SM limit,
are commonly achieved through surface-enhanced coherent
Raman scattering processes and fluorescence schemes.4−6

While frequency-domain SM surface-enhanced Raman scatter-
ing (SERS)7−17 and TER-sm1−3,18−20 measurements abound,
including measurements with ultrafast pulses,4,21,22 their time-
domain implementation has proven to be challenging. The
challenge can be attributed, in part, to the impulsive scattering
of surface plasmons on molecular adsorbates, which leads to
the efficient up-pumping of molecular vibrations. This can be
readily concluded from the anomalous anti-Stokes-to-Stokes
(AS-to-S) intensity ratios seen in SERS spectra recorded with
picosecond (ps) pulses and their contrast with continuous-

wave (cw) spectra, which we present in this work. The
interpretation is further corroborated by simultaneous surface-
enhanced stimulated Raman (SESRS) and coherent anti-
Stokes Raman scattering (SECARS) measurements recorded
on plasmonic nanosphere dimers, which we describe below.
Anomalous AS-to-S ratios in SERS are commonly

observed.8,15,23−29 They are typically considered in the context
of thermal versus optical pumping,8,30 and in specific cases,
electronic mechanisms have been proposed.25,31 The thermal
mechanism raises the question of equilibration between the
temperature of the molecule and metal, recognizing that the
latter may sustain distinct electronic and lattice temper-
atures.32−37 The optical pumping mechanism is associated with
enhanced Raman scattering, with S and AS rates that may
differ due to the spectral overlap of transitions with the acting
plasmonic or cavity resonances. We propose that the
commonly accepted damping mechanism of plasmons by
scattering on surface adsorbates serves as an efficient dark
channel for the impulsive up-pumping of molecular vibrations,
i.e., through electron-vibration (e-v) excitation. This mecha-
nism can explain many of the anomalies observed in both time
and frequency domain studies utilizing surface enhancement.
The measurements are carried out on the nanoscale analog

of the Hertzian dipolar antenna, which consists of gold-
nanosphere dimers. The commercially obtained nanodumb-
bells (Cabot, Inc.) are laced with 1,2-di(4-pyridyl)ethylene
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(BPE) molecules and then encapsulated in silica (shell
thickness of 40−70 nm). This system enables Raman
spectroscopy in the few- to single-molecule limit by virtue of
the nanoscopic focal volume at the intersphere junction. The
nominal diameter of the nanospheres is 95 nm with intersphere
gaps that vary from 1−0 nm. The latter is established by a
sampling of dark field spectra recorded on individual
nantennas, presented in Figure 1. The spectral shift of the

binding dipolar plasmon (BDP) resonance, from 775 to 1000
nm in the spectra of Figure 1, is a unique indicator of the gap.
This is illustrated in Figure 2 by the simulated extinction
spectra using generalized multiparticle Mie (GMM)
theory.38,39 The direct measurement of the junction gap
through conventional electron microscopy is not reliable
because the required electron flux commonly induces fusion.
To cross-check the validity of the spectral determination, we

use cryo-scanning transmission electron microscopy, with the
sample held at 80 K. The micrographs of the nanodumbbell in
Figure 1E−G establish a gap of 1.15 nm. Its BDP resonance
appears at 775 nm (Figure 1A), in good agreement with the
simulated spectrum for a 1 nm gap (see Figure 2). The implied
junction gaps for particles B−D in Figure 1 are 0.4, 0.2, and
0.16 nm. Noting that the diameter of a gold atom is 0.34 nm,
the junction gaps are commonly subatomic. In this limit, the
classical estimates provided through GMM are approximate
because they do not account for quantum effects identified in
similar plasmonic constructs.40,41

SERS spectra recorded on different nanodumbbells, under
cw and pulsed excitation with a 7 ps pulse train, are presented
in Figure 3. Stokes and anti-Stokes branches are simulta-
neously recorded using a notch filter to block the Rayleigh line.
An additional band-pass filter is used in the ps-SERS spectra,
which is responsible for the roll-off at the spectral shift of
±1900 cm−1. As expected, under cw illumination, the nantenna
and its molecular load appear to be in thermal equilibrium.
This is established by the cw-SERS spectrum, where, in
addition to the vibrational lines of the molecule, the electronic
Raman scattering (ERS) spectrum of the metal can be seen
(gray trace in the magnified AS branch of Figure 3Ai). The
profile of the ERS is determined by the joint density of
electron−hole states, which for large spectral shifts (ℏω = Ee −
Eh) reduces to the Boltzmann distribution.42−44 The profile
can be fitted to:

ω ω= ω−ℏI e( ) k T
ERS

3 / B e (1)

to extract the electron temperature. This is highlighted in
Figure 3B, where the ERS profile is shown isolated from the
molecular lines and fitted to eq 1. The extracted temperature
Te = 385 ± 5 K agrees with the vibrational temperature of the
molecule, obtained from the AS-to-S intensity ratios of the
vibrational lines:
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The five prominent pairs of lines seen in the spectrum of
Figure 3Ai yield a mean vibrational temperature of Tv = 394 ±
20 K. The consistency is highlighted by logarithmic plots of the
AS-to-S intensity ratios for these lines and for the metal,
computed using eq 2 and the measured value of Te = 385 ± 5
K, which are shown in Figure 3C. Note the cubic weighting of
the observed intensities in eqs 1 and 2 as opposed to the
quartic dependence that has appeared in recent analysis of the
same (see the justification in Supporting Informa-
tion).24,27,45−47 eq 1 seems to hold over the 3000 cm−1

range spanned by the vibration pairs. Consistent with this,
the AS-ERS continuum does not show any spectral structure
due to plasmon resonance(s) appearing in this range, as would
be expected if nantenna resonances enhanced ERS rates. This
holds for over 30 nanodumbbells investigated through their
cw-SERS spectra, both at 532 nm and at 633 nm excitation,
which flank the transverse and longitudinal resonances seen in
Figures 1 and 2. In contrast with the AS-ERS, which is
depolarized, the Stokes branch of the continuum is polarized
and tracks the polarization of the molecular lines.42 It can be
assigned to multipolar resonant Raman scattering on the
junction plasmon resonances. This assignment has also been
recognized in a recent study of the related system of
nanoparticle-on-mirror, where direct correlation between the

Figure 1. (A−D) Dark-field spectra recorded on individual
nanodumbbells with polarization along long (black traces) and
short (blue traces) axes. High-resolution electron micrographs of the
dumbbell corresponding to the spectrum in panel A are shown in
panels E and F. Bright- and dark-field STEM collection geometries
provide the nantenna with gross morphology and junction fine
structure, which is shown in panel G. The latter reveals a physical gap
of 1.15 nm.

Figure 2. Calculated gap-dependent extinction spectra for an Au
dimer of 95 nm diameter embedded in a homogeneous medium with
a dielectric constant of 1.25.
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Stokes continuum and dark field spectra could be demon-
strated over a large spectral tuning range.48,49 Given the
spectral variations on different dumbbells illustrated by the
dark field spectra of Figure 1, it would seem that the SERS
rates are not trivially correlated to the plasmonic resonances
seen in extinction spectra. The same is implied by the utility of
eq 2, which is otherwise only rigorously valid for normal,
spontaneous, nonresonant Raman scattering.
The contrast between cw-SERS and ps-SERS spectra is

striking. The intensity in the molecular AS channel has
increased by 3 orders of magnitude, scaling with the peak
intensity of the picosecond excitation. The electronic temper-
atures are significantly elevated, as is evident by the slopes of
the AS-ERS continua (inset to Figure 3B). Fits of the ERS
background to eq 1 yield electronic temperatures of Te = 2400
± 100, 3100 ± 280, and 3400 ± 160 K for the spectra in
Figure 3Aii−iv, respectively. The molecular vibrational
populations are athermal; moreover, in the spectrum of Figure
3Aiii, the vibrational populations can be seen to be inverted.
This is clearest for the 1600 cm−1 mode, which, after
correction for instrumental response, yields Nv=1/Nv=0 = 2.2.
(Tv = −3000 K). While the 1250 cm−1 mode is not inverted,
its population ratio Nv=1/Nv=0 = 0.52 corresponds to Tv =
+3400 K, comparable to the electron temperature, Te = 3100
K, of the metal. While in the thermally equilibrated cw-SERS
spectrum intensities of AS lines are progressively lowered as a
function of vibrational energy, the opposite trend holds in the
picosecond spectra. The highest-energy states carry the
intensity, while the lower lines blend in the ERS of the hot
electrons; the most-prominent molecular AS line in the cw
spectrum at 650 cm−1 is completely absent in the ps-SERS
spectra. Remarkably, there is no correlation between the
observed electronic and vibrational temperatures among the
different dumbbells. The vibrational up-pumping effect is

specific to different structures, presumably due to variations in
the atomistic morphology of the nanojunction and location of
the molecule in the nanocavity.
It is fairly easy to be convinced that the molecular vibrations

are not optically pumped. To be able to see AS lines in the ps-
SERS spectra, ν = 1 must be prepared and interrogated within
the 7 ps duration of the pulse. For the Stokes radiation, either
the molecular SERS or the ERS, to be effective in optical
pumping, a scattering rate of ∼1011 s−1 is required. As
indicated by the scale bars in Figure 3A, the observed average
scattering rates are ∼103 s−1, which, after accounting for the
fill-factor of the picosecond pulse train, correspond to 2 × 106

s−1, nearly 5 orders of magnitude short of the required
scattering rate. Indeed, Raman pumping may compete with the
thermal occupation of vibrational states upon resonant
excitation of bright dyes, which is convincingly demonstrated
at cryogenic temperatures.23 The effect is negligible in the
present nonresonant SERS governed by electromagnetic
enhancement factors. The Raman cross-section of the brightest
vibrational mode in BPE is σs = 5 × 10−28 cm2 and the
operative overall enhancement factor of 108 is sufficient to
observe single molecules but not enough to drive the system
away from thermal equilibrium. Optical pumping schemes have
been advanced in terms of nanocavity optomechanics.15,31 The
governing kinetic equations are not different from those used
to treat optical pumping through SERS under plasmonic
resonances.50 Given the relatively low cavity quality factors,
these mechanisms are difficult to reconcile with population
inversion of a selected mode, the observed electron temper-
atures, or the essential requirement of an enhancement factor
of 1013 for SERS rates to compete with vibrational relaxation
rates. The observed vibrational population through the AS
spectrum must be prepared through a dark channel.

Figure 3. (A) SERS spectra recorded on single nantennas via (i) continuous wave excitation (633 nm, 30 μW/μm2) and (ii−iv) pulsed excitation
(785 nm, 7 ps, 76 MHz, 100 μW/μm2). In all cases, the polarization of the incident field is aligned with the long axis of the dimer. Micrographs of
each dimer, acquired after the SERS measurements, are shown in the insets. (B) Anti-Stokes branch of the ERS continuum for cw excitation (open
circles) and pulsed excitation (inset) after removing the molecular lines. The fits to eq 1 of text (continuous lines) yield metal electronic
temperatures of 385, 3400, 3100, and 2400 K for the spectra shown in panels i−iv, respectively. (C) S-to-AS ratios extracted from the five
prominent vibrations of BPE (open circles) and the predicted ratios, assuming equilibration between metal and molecule and using the measured
electronic temperature of 385 K (blue trace; see eq 2).

Nano Letters Letter

DOI: 10.1021/acs.nanolett.8b02438
Nano Lett. 2018, 18, 5791−5796

5793

http://dx.doi.org/10.1021/acs.nanolett.8b02438


The vibrational up-pumping observed in the ps-SERS
spectra is efficient. Because the pulse duration is comparable
to the vibrational lifetime of the mode, only a fraction ∼ (1 −
e−1) of the nascent population in ν = 1 is captured in the
spectra. The correction implies that the nascent population
ratio in the inverted 1600 cm−1 mode is Nv=1

0 /Nv=0
0 ≥ 3.5. In

the single-molecule limit, this implies that ∼3/4 of the pulses in
the 76 MHz train prepare the excited state. Summed over all
vibrations, it can be concluded that the vibrational up-pumping
is driven with unit probability per pulse. Damping of the
plasmon by its impulsive scattering on the molecule is the
likely mechanism that contains the necessary bandwidth to
prepare the observed vibrations. This occurs in parallel with
the electron−electron (e−e) scattering channel that creates the
hot electron−hole (e−h) pairs seen in the ERS continuum. To
develop a line spectrum, the vibration must be decoupled from
the electron gas. As such, the hot electrons do not appear to
prepare or damp the molecular vibration. While the electrons
are continuously excited under the pulse, the 1600 cm−1 mode
must be prepared and survive for the duration of the pulse to
yield the observed line width. Thermal equilibration between
metal and molecule should be mediated by the lattice phonons,
which are heated through electron−phonon relaxation on ∼2
ps time scales.32−36 Consistent with this expectation, only
vibrations with energy significantly above the phonon bath
temperature live long enough to form line spectra, which
explains the preferential inversion of higher-frequency modes
and the absence of low-lying vibrations in the AS spectra. This
is consistent with a recent report of decoupled electronic and
vibrational temperatures in SERS.47 A dark impulsive
electronic to vibrational excitation (e-v) channel, followed by
vibration to phonon (v−ph) energy exchange, is implied by the
ps-SERS spectra.
Plasmon-mediated impulsive vibrational excitation explains

observations made in the ultrafast time domain studies of
molecules at nanojunctions.4 We highlight this through
simultaneous SRS and CARS measurements carried out with
the picosecond pulse train. The experimental arrangement,
which has been described previously,43 is included in the
Experimental section. The particular measurements are carried
on an ensemble of dry-mounted, well-dispersed nanoantennas,
which contain a distribution of dimers and larger aggregates.
The SRS signal is tracked as a loss in the pump pulse, while the
CARS signal is recorded in the backscattered channel. We
show in Figure 4 the simultaneously recorded SRS and CARS
data. The SRS channel carries a large signal, which, however, is
entirely featureless. The CARS channel shows the 1600 cm−1

doublet previously recorded on individual dumbbells.43 SRS
requires phase-coherent preparation of the vibrational packet,
which apparently is not achieved. CARS interrogates the SRS
prepared packet through the same AS scattering process as in
the ps-SERS spectra. The requirement of coherence between
preparation and interrogation to develop the CARS signal in
ensembles is entirely relaxed in the single molecule limit. As
long as ν = 1 is prepared by the pump and dump pulses, the AS
scattering signal can be seen because single molecules are
impervious to pure dephasing. In the strong coupling regime,
the preparation imparts a stochastic phase, which does not
prevent detection through AS-Raman scattering.4

The identified plasmon-driven, dark, impulsive e-v excitation
channel explains observations common to a range of enhanced
spectroscopies and plays an important role in single-molecule
time-domain measurements because it mimics broad-band

impulsive Raman pumping. Although optically driven, the e-v
energy-transfer mechanism is distinct from all-optical (Raman)
pumping by the absence of a carrier phase. This distinction is
nicely highlighted in the simultaneously recorded SRS and
CARS traces. Despite the strength of the SRS signal, it carries
no spectral information because the required phase coherence
between pump and dump pulses cannot be sustained for the 7
ps duration of the two pulses. However, the mechanism allows
SRS with temporally mismatched femtosecond−picosecond
pulse pairs, as was already demonstrated on the same
nantennas.51−54 Because CARS in the single-molecule limit
does not require phase coherence between preparation and
interrogation of vibrations, it yields spectra with normal line
shapes.
Rather than the plasmonic field, the coherent charge

oscillations that carry the field do the work in the e-v pumping
mechanism. Indeed, at atomistic junction gaps, the local fields
are displacements, D = E + 4πP, where the polarization
includes the extended plasmon and local contacts between
molecule and metal. Similar conclusions can be reached in a
variety of closely related experiments in existing literature
accounts. For example, the inverted AS-to-S ratios and
preferential up-pumping of high-frequency modes was recently
reported in a nonresonant molecule under cw excitation45 and
associated with individual atom−molecule contacts to ration-
alize the inversion under steady-state excitation. The overall
absence of coloration in the SERS spectra obviates
mechanisms due to cavity resonances and optomechanical
pumping.
Clearly, the e-v mechanism can be dramatically amplified

through metal-molecule charge transfer or interfacial reso-
nances, which are directly addressed in time-resolved photo-
electron emission spectroscopy55 or indirectly through the
observation of transient ion formation.56 The mechanism can
also be regarded as a natural outcome of plasmon electron-
density permeating through surface attached ligands.57 Overall,
these measurements clarify the mechanism of vibrational
population preparation and metal−molecule coupling in
plasmon-enhanced spectroscopies.

Experimental Section. CARS and SRS Spectro-micros-
copy. These experiments were performed using a conventional
inverted optical microscope equipped with galvo scanning
mirrors. For single-particle SRS and CARS measurements, the
microscope was coupled to a coincident pair of 76 MHz pulse

Figure 4. Simultaneously recorded SRS and CARS on an ensemble of
nantennas. The CARS channel tracks the 1604 and 1640 cm−1 modes
of BPE. The featureless SRL channel reflects the lack of phase
coherence between the interrogating pulse and the electron-mediated
vibrational preparation.
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trains of 7 ps duration, emanating from the tunable output of
an Nd:vanadate pumped optical parametric amplifier (Pico-
Train, High-Q; Emerald OPO, A.P.E.), which served as a
pump/probe pulse. The remaining fundamental output at 1064
nm was modulated at 10 MHz and served as the Stokes pulse.
The collinear pump and probe pulse train was focused at the
object plane via a high numerical aperture objective lens (40×
oil, 1.32 NA). Images were obtained by raster scanning the
excitation pulse train in the xy plane at a rate of 10 μs per pixel
over an area of 100 μm × 100 μm while recording the
transmitted or reflected probe in the forward or backscattered
directions, respectively. The forward scattered probe was
collected with a 1.45 NA oil condenser and focused onto a
reverse biased silicon photodiode (Thorlabs Inc., FDS100).
The signal was amplified by 60 dB using a voltage preamplifier
(Femto Inc., HVA-10M-60-B) and demodulated at 10 MHz
with a lock-in amplifier (Zurich Instruments Inc., HF2LI).
CARS spectra were acquired in the epi-direction, as previously
described.43

Pulsed and cw-SERS. SERS spectra were acquired in the
backscattered direction by separating source and Raman
photons with dichroic beam splitters that were matched to
the excitation wavelengths of 785 nm (pulsed) and 633 nm
(cw). Paired notch filters were also included in the collection
path for further filtering of the source. A cooled camera
spectrograph (Andor iDus 401, Shamrock SR303i) equipped
with a 300 lines per millimeter grating was utilized for
acquiring spectra. Typical integration times were 1 s for cw and
30 s for ultrafast excitation. The galvo mirrors were used to
reposition the excitation laser for targeting individual dimers.
By the recording of the SERS in the backscattered geometry,
signal photons were relayed to the spectrograph via the
excitation galvos. This ensured that the system remained
telecentric and permitted Raman acquisition from individual,
diffraction-limited objects in the focal volume.
Generalized Multi-particle Mie. The gap-dependent

spectral calculations we performed using a community-sourced
implementation of the GMM code.39 Expansion coefficients up
to 40th order were utilized to simulate the far-field extinction
spectra for various intersphere gaps ranging from 2 to 0.1 nm.
We utilized the idealized version of our experimental SERS
substrate consisting of a pair of 95 nm gold spheres, modeled
using the recently revised dielectric58 and embedded in a
homogeneous medium with an index of 1.25.
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