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ABSTRACT: We present experimental measurements of localized
surface plasmon emission from individual silver nanoparticles and
small clusters via accurately delayed femtosecond laser pulses. Fourier
transform analysis of the nanoplasmonic coherence oscillations reveals
different frequency components and dephasing rates for each
nanoparticle. We find three different types of behavior: single
exponential decay, beating between two frequencies, and beating
among three or more frequencies. Our results provide insight into
inhomogeneous and homogeneous broadening mechanisms in
nanoplasmonic spectroscopy that depend on morphology and nearby
neighbors. In addition, we find the optical response of certain pairs of
nanoparticles to be at least an order of magnitude more intense than
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the response of single particles.

anoplasmonic emission arises from the collective
localized response of the conduction electrons induced

by an incident electric field.'™ Historically, the optical
properties of plasmon active nanoparticles, such as their large
optical cross sections and stability against photobleaching,
made them useful for applications in stained glass windows.
More importantly, under certain conditions, plasmon active
surfaces have been found to give multiple-orders-of-magnitude
enhancement of spectroscopic transitions, such as the well-
known surface-enhanced Raman scattering (SERS).*”” This
observation has led to a wide variety of applications such as
biomedical imaging and sensing. The plasmonic response of
individual nanoparticles and nanostructures depends on their
shape, proximity to other nanoparticles, and coupling to the
environment. Therefore, bulk spectroscopic measurements are
obscured by significant heterogeneous broadening. Here we
measure the linear localized surface plasmon polariton (LSP
from here on) response of single and small clusters of silver
nanoparticles to obtain their associated homogeneous dephas-
ing time, a fundamental property related to the expected SERS.
Spectroscopic measurements of colloidal nanoparticles with
narrow size distributions in solution and on substrates have led
to the development of theories that describe how size,
morphology, and interaction with the environment affect
their resonant frequency and spectral shape.*”"® Dephasing
mechanisms such as radiative damping have been introduced to
match experimentally measured spectral line shapes in
simulation methods including discrete dipole approximation.”
Studies combining optical and electron microscopy of
individual nanoparticles have allowed a direct correlation
between nanoparticle morphology and spectral line
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shape.**° From dark-field microscopy and halogen lamp
illumination measurements on 80 nm individual nanoparticles,
dephasing times as short as 2 to 3 fs were inferred from the
spectral line width.'” Notwithstanding the progress that has
been made by frequency-resolved spectroscopy, inferring
dephasing times from spectroscopic measurements can be
misleading, and direct time-resolved approaches are preferred.

Efforts toward direct time-resolved measurements of nano-
plasmonic dephasing times have traditionally involved non-
linear optical processes, for example, second and third
harmonic generation (SHG and THG).>' > Dephasing times
as short as 7—10 fs have been measured by detecting the
resulting SHG (at 400 nm) from an array of ~200 nm silver
nanoparticles. The measured times were twice as long as
predicted by theory, partially because heterogeneous broad-
ening had been mitigated through the lithographic creation of
an array of identical nanoparticles. A lifetime of 6 fs was
measured by detecting the THG (at 258 nm) from gold
nanodisks (14 nm X 110—180 nm diameter). The amplitude
and phase of the optical response from individual litho-
graphically prepared silver nanoantena was recently meas-
ured.** The spectral amplitude showed a narrow resonance at
830 nm with a shoulder extending to bluer wavelengths within
the bandwidth of the laser. Spectral hole-burning measurements
with a tunable laser on elliptical silver nanoparticles found that
the dephasing time depends on the incident photon energy
(~15 fs for 1.54 eV and ~6 fs for 2.9 eV).***® From two-
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Figure 1. (a) Experimental wide-field total internal reflection microscopy setup. (b,c) Interferometric time delay scans of the 15.5 fs transform
limited pulses for (b) the excitation pulse and (c) two-photon fluorescence emitted from polystyrene beads. The intensity plots are normalized at

zero time delay.

photon autocorrelation measurements on a single ~75 nm
silver nanoparticle usin_g an 800 nm laser, a dephasing time of
10 fs was obtained.”” Time-resolved two-photon electron
photoemission from 2.2 nm silver nanoparticles deposited on
graphite had a dephasing time of ~22 fs, with an intermediate
state energy of 1.55 eV.*® Two-photon photoemission
measurements at 400 nm on silver gratings, with and without
a propagating surface plasmon mode, detected a dephasing time
of 49 to 5.8 fs.”%

Conceptually, our linear dephasing-time measurements
involve a femtosecond pulse with field E(t) that induces a
LSP, which emits coherent light proportional to the polar-
ization P(t).>>**%° A second pulse with delay 7 induces an LSP
within the same nanoparticle with emission proportional to P(¢
— 7). The detected signal S(7) corresponds to the intensity of
the field, which is proportional to the sum of the two
polarizations as a function of time delay, S(z) ~ [IPW(¢) +
PW(t —7)I? dt.3"** Initially the pulses overlap in time and one
expects constructive and destructive interference at the carrier
frequency of the laser. At later times, the measurement is
sensitive to the longer lived plasmon resonance(s). The Fourier
transform (FT) of the time-resolved signal yields the spectrum
of the coherent emission S(w) = /S(7)e” dr. The spectrum
S(w) can be expressed as S(w) = [PV (w)P*"3* where P1V(w)
is the FT of the polarization, PY(w) = yY(w) E(w). The
linear susceptibility ) (@) is given by

< 1
M) =Y a—"—

N w0 — o, + iy, 6))
where, for generality, we consider a number (N) of resonant
frequencies with amplitude, a,, resonance frequency, w,, and
line width, y,. The spectral response function of the LSP
PY(w) can be extracted using the definition of S(w); this
response function contains information about LSP frequencies
and dephasing rates for each particle according to its size,
shape, and surroundings.
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The femtosecond dynamics of individual nanoparticles were
measured using total internal reflection illumination and
detected using a microscope objective, as shown in Figure 1.
The measurements were carried out under wide-field
illumination on tens of individual particles at the same time.
The laser pulses (15.5 fs, at 800 nm with a Gaussian spectrum)
(Figure 1b,c) were compressed by a pulse shaper, which also
served to create the two pulse replica. (For detailed
information, see the Experimental Methods.) The LSP
emission from individual diffraction-limited bright spots was
recorded as a function of the delay. Later, the sample was
imaged using a scanning electron microscope (SEM), which
allowed us to correlate the diffraction limited bright spots to
single, double, or triple nanoparticle clusters.

Experimental results are shown in Figure 2. The left column
shows time-domain plasmon-scattered signals from different
silver nanoparticles and small clusters (see SEM insets). The
original time scans spanned from —180 to 180 fs with a 0.25 fs
time step (black dots) and were repeated three times. Given the
symmetry gained by using two identical pulses, the positive and
negative signals were averaged. The asymptote of the signal was
set to zero based on the nature of a first-order signal, as
previously discussed. The right column shows the data
transformed into the frequency domain. This includes the
experimental laser spectrum (shaded in blue), the Fourier
transform of the experimental data using a 354 fs Hann window
(black), and the fit based on the model S(®), as previously
described (red). The red curves in the time-domain plots are
the inverse FT of the fit function in the frequency domain.
Overall, single particles yield a LSP emission intensity that is
lower (<200 counts), while the intensity of LSP emission from
double and triple particles shows higher counts (~300 to over
~3000 counts).

For the single nanoparticles, we observed two types of
behaviors. First, Figure 2a shows a modulated oscillating
exponential. The FT of the time-resolved signal, shown in
Figure 2f, reveals a narrow spectral band near 830 nm and a
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Figure 2. Plasmonic response of silver nanoparticles in the (a—e) time domain and (f—j) frequency domain for two singles, two pairs, and a small
cluster of three nanoparticles. The insets show SEM images of the respective nanoparticles. Shown with the frequency domain is the FT (black), the
fit (red), and the laser spectrum (shaded in blue). The scale bar is 100 nm long in all the SEM images, the nanoparticles are smooth, sub-50 nm
features are an artifact from the osmium coating (see TEM images in the Supporting Information Figure S4).

broader spectral shoulder. The long-lived oscillations corre-
spond to the narrow frequency, which in this case has a 28 + 1
fs dephasing time T, deduced from the line width (T, = 1/, in
eq 1). Second, we also see single-particle signals such as Figure
2b, where there is a more prominent second feature at ~770
nm, as seen in Figure 2g. The SEM picture of the nanoparticle
reveals an elliptical shape. We include two representative signals
from pairs of nanoparticles in Figure 2¢,d. Note that the signal
is almost an order of magnitude greater for the latter particles.
Also note that the colloidal particles used are smooth and quite
regular in size (see TEM images in Figure S4 in the SI); any
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smaller features observed in the SEM pictures are artifacts
resulting from the osmium coating and were caused during the
image acquisition. Finally, we show the signal for a small cluster
with three nanoparticles (Figure 2 e,j). Analysis of this data
reveals three frequencies that span almost the entire laser
spectrum.

Statistical analysis provides an overview of the different
frequency components and dephasing rates of the nano-
particles. Table 1 contains the mean dephasing time T,
obtained from the fitted line width for the individual resonances
and their mean center wavelength. We find that longer
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Table 1. Mean Dephasing Time and Center Wavelength for
the Different Resonances Obtained Following Spectral
Fitting”

nanoparticles dephasing time T, (fs) wavelength (nm)

32 single 11+5S 771 £ 1§
28+ 9 831 + 4

10 double 8+3 765 + 15
26 + 4 831 + 4

3 triple 11+5 765 + 1S
11+5 800 + 6
27 + 4 833 + 4

“The dephasing time corresponds to (T, = 1/y,) values; the
uncertainty quoted is +o.

wavelength resonances have much longer dephasing times, as
confirmed directly in the time-resolved data and by the
presence of a sharp resonance in the frequency domain.

Measurements on single nanoparticles allow us to monitor
their independent ultrafast dynamics. For example, in Figure 3,
we show a pair of nanoparticles, where due to their frequency
differences, their LSPR coherence is observed to be in phase at
7 =0, 38, and 75 fs and out of phase at 7 = 22 and 54 fs. This
behavior is illustrated in Figure 3 and in Multimedia 1.

We find that single round particles exhibit a narrow LSP
resonance near 830 nm, with a smaller and broader shoulder
near 770 nm. During the first ~20 fs, the time-resolved data are
dominated by the interference between the pulses at 800 nm. It
is also during early time delays that interaction between the
nanoparticle and the substrate may be contributing to the
signal.'®*® Once the temporal overlap between the pulses is
sufficiently small, red-shifting occurs due to electrodynamic
retardation effects leading to the longer-lived plasmon
resonance near 830 nm. This spectral shift is easier to
appreciate by examining the spectrograms shown in Figure
4a,b, for which a 48 fs Hann window was scanned in time. The
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Figure 4. Time and frequency spectrograms obtained from the
experimental data using a Hann window (fwhm 48 fs) scanned as a
function of delay time. (a) Results from a single nanoparticle
(corresponding to Figure 2a), and (b) results for a pair of
nanoparticles (corresponding to Figure 2¢).

Fourier transform (absolute value squared) at each time delay is
performed to generate the contour plot. The resulting plots
allow one to see the evolution of the signal as a function of
time. Pairs of nanoparticles as well as small clusters give rise to
two or more plasmon frequencies. The coupling between the
particles gives rise to a blue- and a red-shifted emission."** The
amplitude of the plasmonic response depends on the
orientation of the pair of particles relative to the polarization
of electric field and the distance (gap) between them.**** The
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Figure 3. (a) 3D intensity plot of two particles (1, 2) at time delays: 7 = 0 fs, 21.75 and 29.5 fs. Signal from both particles is enhanced by 3 times at =
=21.75 fs and 6 times at 7 = 29.5 fs to compensate the signal as it decays. (b) Comparison of the plasmon signal from the two nanoparticles, going in
and out of phase as a function of time delay. (c) Zoom-in signal from 7 = 18 to 26 fs time delays.
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influence of interparticle spacing has mostly been measured in
2D arrays of nanoparticles with various shapes and sizes.*> >’
The spectrogram shown in Figure 4b shows the emission from
a pair of nanoparticles that contains two plasmon frequencies
that are present after the laser pulses are no longer overlapped.
Elliptical particles, as shown in Figure 2b, may also exhibit
beating between two resonances at 830 and 770 nm; the
frequzesncies depend on the ratio of the length of the two main
axes.

The measurements presented here provide direct measure-
ment of the coherence dephasing for individual silver
nanoparticles and small nanoparticle clusters. Our findings,
obtained following off-resonance excitation of single nano-
particles, reflect a relatively long dephasing time of 28 + 9 fs
when exciting at 1.55 eV, with a red-shifted long-lived plasmon
frequency at 1.49 eV. This value can be compared with the ~15
fs dephasing time determined by spectral hole-burning at the
same photon energy.zs’26 Dephasing measurements following
direct excitation at 3.01 eV or following two 1.55 eV two-
photon excitations have yielded ~10 and ~22 fs for 75 and 2.2
nm particles, respectively.””*® The values reported here
correspond to T, = 1/y,; it is possible that there may be a
factor-of-two difference between our measurements and
plasmon lifetime values in the literature. Note our time-
resolved data and the width of the plasmon frequency are
consistent with the ~28 fs dephasing found for single particles.
An additional reason for the relatively long dephasing times is
that our experiments were carried out far from resonance.
Dephasing times are expected to be longer at 1.55 eV because
radiation damping is strongly frequency-dependent ~@*>® For
pairs of nanoparticles and triple particle clusters we find that
most of the intensity decays within the first ~10 fs; however,
we still see a long-lived ~27 fs component at longer
wavelengths, albeit with much lower intensity. In connection
with SERS, we confirm that small clusters lead to a plasmonic
response that overlaps the entire excitation spectrum, and thus
it provides the highest peak intensity. The broader bandwidth is
better suited to couple to molecular vibrational bonds.
Dephasing mechanisms include electron—electron interactions,
electron—surface scattering,® and radiative damping.*>*' This
implies that for high-quality colloidal nanoparticles excited at
longer wavelengths a longer dephasing time is expected. Future
experiments will explore dephasing mechanisms through
comparison of smooth nanodisks to nanoprisms containing
sharp corners. The information resulting from these types of
direct time-resolved measurements should help refine theoreti-
cal models and may be relevant to applications for which silver
nanoparticles play the role of nanoantennas, for example, in
biosensing applications and even in solar energy capture.*>*

B EXPERIMENTAL METHODS

The experimental setup consists of a femtosecond laser, pulse
shaper, and a total internal reflection (TIR) microscope (Figure
la) similar to the setup used by Stock et al.** The laser beam
from a Ti:sapphire oscillator (KMLabs) producing pulses at 85
MHz centered at 800 and ~64 nm bandwidth (fwhm) was
guided to a phase-amplitude pulse shaper. The 4f pulse-shaper
(MIIPS box 640, Biophotonic Solutions Inc.) utilizes a liquid-
crystal spatial light modulator with 640 pixels at the Fourier
plane. The output beam from the pulse shaper was directed to
the sample plane using an adjustable mirror, focusing lens
(focal length, f = 500 mm), and hemispheric prism. The
adjustable mirror determined the TIR illumination angle such
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that 6 > 0, the critical angle for total internal reflection. On the
basis of the refractive index for BK7 glass and air at 800 nm, a
critical angle 8, of ~41.5° was calculated. The signal emitted by
TIR illumination was collected using a high NA objective (CFI
Plan Apo TIRF 60%X/1.45 NA oil, Nikon). The wide-field
images were recorded by a thermoelectrically cooled electron
multiplying CCD camera (iXon DV887, Andor). For in situ
pulse characterization, two photon excited fluorescence from
fluorescent beads and an additional band-pass (BP 550 nm)
filter in the collection arm were used. The average power of the
incident laser beam at the sample was ~18 yW, and the beam
was focused on the sample to a focal spot size of 100 um,
resulting in an energy fluence of ~2.6 nJ/ cm? and peak
intensity of ~1.9 X 10° W/cm’.

The pulses were initially characterized and compressed at the
focal plane of an alternate, but equivalent, optical arm using
multiphoton intrapulse interference phase scan (MIIPS).**¢ A
Gaussian amplitude transmission window was used to obtain
Gaussian pulses in the time domain. The dependence of two-
photon excited fluorescence signal from fluorescent micro-
spheres as a function of chirp was obtained to confirm the
presence of transform-limited pulses at the focal plane of the
microscope (Figure S1 in the SI). This ensured delivery of 15.5
fs transform-limited pulses. Interferometric time-delay scans
were performed by creating identical pulses using the pulse
shaper.*” The linear optical interference between the
fundamental excitation laser pulses (Figure 1b) and the in
situ TPEF autocorrelation (Figure 1lc) confirm the laser
characteristics. Both the fundamental laser spectrum with and
without a Gaussian mask are shown in Figure S2 in the SL The
interferometric autocorrelation of the laser is shown in Figure
S3 in the SL

The silver nanoparticles studied were purchased from Sigma-
Aldrich (no. 730777). The sample was sonicated (~2.5 h.) to
ensure single isolated nanoparticles and placed on the glass
slide and dried to be studied under the TIR microscope. After
the time-resolved measurements were concluded, the sample
was coated with a 10 nm of osmium and imaged by scanning
electron microscope (SEM, inserts in Figure 2). The size
distribution of the particles was determined by transmission
electron microscopy (TEM, Figure S4 in the SI). The
nominally round particles (Figure S4 in the SI) had an
elliptical variation that can be described by a short axis
dimension of average 85 + 12 nm and a long axis dimension of
100 + 15 nm. The ratio between the two axes varied between 6
and 26%. The linear absorption spectrum of the silver
nanoparticles solution is shown in Figure SS in the SI. All
measurements were taken at room temperature under ambient
conditions.

Each wide-field image contains tens of nanoparticles;
diffraction-limited LSP signals are analyzed independently by
averaging the raw counts within 5 X 5 bright pixels. The
background from the immediately surrounding pixels is selected
and subtracted. Finally, the long-time >150 fs asymptotic signal
level is subtracted. Data from three independent measurements
were averaged and then Fourier-transformed. To improve the
FT results, a Hann window with fwhm 354 fs was applied at 7 =
0 to the time-resolved signal for each nanoparticle. The
dephasing times and resonances were extracted from the fitting
function parameters in the frequency domain.
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Confirmation that there was no residual chirp on the incident
pulses at the focal plane. Laser spectrum before and after
Gaussian spectral correction. Interferometric autocorrelation of
the laser pulses obtained by two-photon excited fluorescence at
the focal plane of the microscope confirming 15.5 fs pulse
duration. TEM images of the nanoparticles as deposited.
Extinction spectrum of the solution of colloidal silver
nanoparticles used to prepare the samples. This material is
available free of charge via the Internet at http://pubs.acs.org.
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A movie of independent ultrafast dynamics of single nano-
particles in AVI format is available in the online version of the
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