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Two-pulse second-order interferometric autocorrelation responses of single Ag nanoparticles are reported.
The surface plasmon-enhanced second harmonic generation interferogram for single Ag colloids shows
significant broadening with respect to the laser pulse second-order autocorrelation. The interferometric
autocorrelation response is described and analyzed with a density matrix formalism that incorporates
(phenomenologically) the population and the polarization relaxation of the surface plasmon. The total dephasing
time (T2) of the surface plasmon in single Ag colloids is determined to be 10 fs. The present results are
compared to previously reported values obtained from ensemble studies of Ag particles and from the line
width of the absorption spectrum. Extension of the present ultrafast measurements, the first performed on
single nanoparticles, to single molecules studies is discussed.

I. Introduction

The controlled manipulation of the properties of single and
multiple particles and structured films is important for the
development of new nanostructured devices with tailored
photonic functions.1 Metallic and semiconductor nanoparticles
have unique optical and electronic properties.2-4 The absorptive,
luminescent, and nonlinear optical properties of metallic nano-
particles are particularly sensitive to their size and shape.5-11

The dominant optical resonance of metal particles is associated
with a collective electron oscillation, the surface plasmon (SP).2

Mie scattering theory has been employed to describe the
properties of the SP modes and was further improved by
incorporating a size-dependent dielectric function of the par-
ticles.12 Other phenomena arise in more complex or extended
systems. The collective optical response of multiparticle as-
semblies can be tuned by controlling the interparticle sepa-
ration.13-16 In terms of transport, it has been shown that the SP
mode in rough Ag films propagates like a wave in a highly
scattering medium.17 Recently, the propagating mode and the
associated dispersion relation were shown to be strongly but
controllably altered by periodic modulation of the interfacial
dielectric properties.18 Furthermore, the direct correlation of
mesoscopic topographic features with SP-induced reactivity and
nanometer-localized electron dynamics has been achieved in
ultrafast scanning tunneling microscopy experiments.19

Knowledge of the dynamics of electron relaxation is essential
for elucidating the unique properties of the metallic states of
materials.20 Upon external electromagnetic perturbation, the
conduction electrons in metals are driven to oscillate coherently
with the laser field and generate a material polarization. In
extended one- and two-dimensional films, the SP mode also
carries a net momentum and propagates at the surface of the
film. The coherently oscillating electrons eventually lose phase
coherence, and the associated polarization diminishes. The

electronic dephasing results from pure dephasing processes such
as elastic electron-electron collisions and energy-dissipating
mechanisms such as radiative decay or relaxation to single-
electron eigenstates. These electronic relaxation processes
generally take place on femtosecond time scales.21,22 The
dephasing times of SPs in colloidal particles have only been
studied in a few cases: by frequency-domain dispersion23 and
by incoherent light degenerate-four-wave-mixing experiments.24

The subsequent dissipation of electron thermal energy to
(nuclear) lattice motion, termed electron-phonon coupling,
occurs on hundreds of femtoseconds to picosecond time scales.
Thermalization of the lattice occurs on even longer time scales
until the whole system reaches equilibrium.

Ultrafast laser systems can now routinely generate 20 fs laser
pulses and have been employed to study the electron dynamics
of metallic systems.14,17-19,25-33 The temporal resolution of
intensity autocorrelation-based measurements is limited by the
width of the autocorrelation function. Because of the extremely
short time scale associated with the electronic dephasing, it is
often assumed that the electron Fermi sea reaches thermal
equilibrium within the (pump) pulse duration. As a result,
pump-probe experiments in metallic systems were primarily
used to examine electron-phonon coupling or slower processes.
By contrast, fringe-resolved interferometric measurements pro-
vide a chance to probe ultrafast processes on time scales
comparable or shorter than those of the pulse duration by
resolving phase shifts or higher harmonic contributions to the
measured interferometric response. This technique has been used
in studies of the ultrafast dynamics of metallic films,34,35

structured metal particle arrays,13,36,37and bulk semiconductors.38

In general, however, most of the experimental investigations
in this area have examined ensembles of particles, thereby
averaging over a distribution of particle sizes, adding an
inhomogeneous contribution to the measured response. Because
the electron-phonon dynamics of nanoparticles are strongly
affected by their shape (and perhaps size),8,11,39-41 the dephasing
and the relaxation times obtained in these studies should be
regarded as a lower limit; the contribution of (structural)
inhomogeneity to the dephasing cannot be separated from the
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homogeneous contribution by pump-probe nonlinear spec-
troscopies. These factors justify the direct investigation of single
particles.

To date, only one such investigation has been reported: a
frequency domain measurement by near-field scanning optical
microscopy. A total dephasing time of about 8 fs was extracted
from the line shape of the extinction spectra of single Au
particles.42 However, a range of other measurements has been
performed with single metal particles. A study of the STM-
induced photon emission from single metal (Au) nanoparticles
showed that the localized SP mode of particles is excited by
tunneling electrons mainly through an inelastic process.43 Other
investigations utilized the field enhancement associated with
SP modes localized on single particles to observe surface-
enhanced Raman scattering from single metal particles.44

Recently, even Raman scattering from (single) molecules
adsorbed to single metal nanoparticles has been reported.45-48

This paper reports experimental studies of SP dynamics of
single Ag colloidal particles. Time-resolved second harmonic
generation (SHG) interferometric autocorrelations were meas-
ured to obtain the free-induction decay of single particles
constituting a more complete report of previously published
results.35 An ensemble of these colloids has an absorption
spectrum peaking at around 3.1 eV in solution. Hence, the
single-particle interferometric signals are resonantly enhanced
because of a two-photon process when exciting with ultrafast
laser pulses centered at 800 nm (1.55 eV). The interferometric
measurement allows monitoring the phase and amplitude of the
optically induced polarization and therefore is a sensitive
measure of the coherence relaxation. A density matrix simulation
of the interferometric signals is also performed to extract the
phase relaxation dynamics of the system. The results are
compared to the homogeneous resonance width calculated from
Mie theory.

II. Theory and Background

A density matrix formalism has been employed to describe
the matter-field interactions.49 The dynamic properties of the
system can be obtained with detailed knowledge of the system-
reservoir interaction.50 However, the essential information is
usually incomplete, especially for condensed-phase systems.
Nevertheless, the equation of motion that governs the time
evolution of the system returning to equilibrium upon external
perturbation can be simplified by implementing phenomenologi-
cal decay rates. The resulting optical Bloch equations employ
two characteristic exponential decay rates, 1/T1 and 1/T2, to
describe the population and coherence relaxation of the system,
respectively. The optical Bloch equations have been used by
others to simulate the coherent field-matter interaction, includ-
ing the time-resolved photoemission of metallic systems34,51and
the free-induction decay of semiconductors.38 In this study, the
formalism is adapted to describe the dephasing of the coherently
driven plasma oscillation of single Ag nanoparticles.

The laser spectrum, centered at 800 nm, is two-photon
resonant with the SP of the Ag colloids; a three-level system is
thus used to describe the two-photon-induced process. Upon
laser illumination, electrons in the particles are driven coherently
by the laser field and undergo collective motion. A nonlinear
polarization oscillating at twice the frequency of the laser field,
ω, is created. The second harmonic generation from the Ag
colloid can be monitored as a function of the delay time to reveal
the dynamics of the coherent interaction.

Modeling of the light-matter interaction requires precise
characterization of the electric field at the sample. Femtosecond

laser systems can generate ultrashort pulses that consist of only
a few optical cycles.52 The electric field of the optical pulse
can be reconstructed from the second-order interferometric
autocorrelation measured from nonresonant materials with an
assumed intensity envelope profile. In the present case, the light
field has been characterized at the focus of the microscope
objective.53 The measured SHG interferometric autocorrelation,
well approximated as a Gaussian intensity profile, was then used
in the simulation described in the following paragraphs.

The system under study is excited by a pair of identical laser
pulses that propagate collinearly with a controlled delay. The
electric field of the laser pulse pair is

where A(t) is the envelope of the laser field (i.e., Gaussian
profile), ω is the laser frequency,τ is the time delay between
the two pulses, andφi (i ) 1 and 2) are the optical phases of
the pulses. The equation of motion of the system, the Liouville
equation, that governs the time evolution of the system is49

where G is the density matrix,H0 is the Hamiltonian of the
system at the equilibrium state,Hint is the interaction of the
external electric field with the system, and (∂G/∂t)relaxation

represents various relaxation processes. For a three-level system,
the Liouville equation can be expressed as nine coupled
differential equations of the corresponding density matrix
elements that include three population and six polarization terms:
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) F02
/ , F21 ) F12

/ , andFij (i andj ) 0-2) are the density matrix
elements of a three-level system,Ei is the energy of leveli,
andVij ) 〈i|Hint|j〉 is the matrix element of the interaction. With
the semiclassical and dipole interaction approximations, the
interaction can then be expressed asVij ) -E〈i|µ|j〉 ) -E‚µij,
where µij is the transition dipole moment. Note that the
population and polarization relaxation of the system are
described as population decay and dephasing rates, 1/T1

ij and 1/
T2

ij (i andj ) 0-2) as discussed before. The frequently applied
rotating wave approximation is not used here, thereby preserving
contributions of the double-frequency component oscillation to
the interferogram.54

The nine coupled differential equations describing the dy-
namics of a three-level system were solved numerically (Fortran
program) to obtain the time evolution of the population and
the polarization associated with the three-level system. The
transition dipoles between neighboring states are all set to be
equal and are assumed to be 10 times greater than the nonlinear
transition dipole terms (i.e.,µ01 ) µ12 ) 10µ02) in the
calculation. The total polarization,P ) Tr[G‚µ], was evaluated
as a function of the delay time by integration over the data-
acquisition time, which is considered to be infinitely long
compared with the two-pulse delay time scale. The observable
SHG signal measured with a square-law detector is thus

wherePSHG is the 2ω component of the material polarization
with negligible contributions from terms besidesF20.

III. Experimental Section

A. Samples.The Ag colloids were prepared according to
published methods.55 Briefly, an aqueous solution containing
silver cations was reduced to colloidal Ag0 in the presence of
citrate that acts as a stabilizer. The solution immediately turned
yellow, indicating the formation of colloidal Ag particles. The
average particle diameter has been determined to be 75 nm by
transmission electron microscopy and atomic force microscopy.
The sample was made by spin-coating the solutions onto glass
coverslips. The concentration of the solution was diluted to
minimize aggregation upon spin-coating. The low particle
density on the substrate also ensured that individual particles
could be resolved by far-field optical microscopy.

B. Apparatus. The experimental setup, shown in Figure 1,
consists of three parts: a femtosecond laser system, a Mach-
Zender interferometer, and an inverted optical microscope
integrated with an atomic force microscope (AFM; Digital
Instruments, Bioscope).

A detailed description of the laser system has been given
elsewhere.53 Briefly, femtosecond laser pulses were generated
by a home-built cavity-dumped Ti:sapphire (CDTS) oscillator.
Cavity dumping was achieved by an acousto-optic modulator
in the laser cavity. The CDTS oscillator produced 35 nJ pulses
at repetition rates from 10 to 500 kHz. The pulse energy and
the average power delivered to the samples were independently
adjusted by the radio frequency power and the repetition rate
of a Bragg cell driver, respectively. A pair of Brewster cut BK7
prisms were used to precompensate the dispersion resulting from
propagation through the material of the optics located in the
light path. The pulse width was characterized by second-order
interferometric autocorrelation measurements. Pulse durations
as short as 23 fs, assuming a Gaussian intensity profile, were
obtained at the focus of a high numerical-aperture oil-immersion

objective. The laser spectrum was centered at 800 nm with a
full width at half-maximum (fwhm) bandwidth of 43 nm.

The pulses from the CDTS oscillator were split, delayed, and
recombined collinearly in the interferometer. The delay between
the pulse pair was varied by a piezo-actuated stage. The typical
scan range and step size were 200 and 0.1 fs, respectively. The
nonlinearity of the piezo actuator was calibrated over the whole
piezo scan range, with interferometric fringes generated by a
continuous wave (CW) laser (Melles-Griot, red He-Ne, λ )
632.8 nm). Data were only taken in one scan direction to remove
the error due to piezo hysteresis.

The two “exit ports” of a Mach-Zender interferometer were
used in the experiment. The laser pulse-pair train exiting from
one “port” of the interferometer was sent to the optical
microscope and focused by an objective to the surface of a
nonlinear crystal placed on a coverslip glass (the same types of
coverslips were also used for sample substrates). Index-matching
oil was used to provide optical contact between the cover glass
and the doubling crystal. The other pulse-pair train from the
second exit port (termed “reference”) was focused by an
achromatic lens to another nonlinear crystal for the simultaneous
measurement of the reference laser pulse interferogram. The
prism compressor was adjusted such that near-transformed-
limited pulses were obtained at the focus of the objective.
Because the dispersion of the objective is greater than that of
the lens, additional material (fused silica) was added to the
reference optical path until the pulse autocorrelation obtained
at the reference path was virtually identical to that obtained at
the focus of the objective. The doubling crystal at the focus of
the objective was then replaced by the sample.

Because of the low photon count rate in the single-particle
experiment, several scans need to be acquired and averaged to
obtain interferograms of sufficient signal-to-noise ratio to
determine the dephasing time. Signal-averaging interferometric
experiments usually require active stabilization and closed-loop
feedback to control the time-delay shift and phase drift that
inevitably washes out the fringe contrast and can produce an
artificially broadened interferogram.56 In the present case, we
use a simple approach to deal with the aforementioned errors
by “aligning” the interferograms with a numerical calibration
of the phase shift.

A He-Ne laser was injected into the interferometer in a
counter-propagating direction with respect to the femtosecond

ISHG(τ) ) |PSHG(τ)|2 ∝ |∫F20 dt|2 (9)

Figure 1. Experimental setup for the investigations of single colloidal
Ag particles consisting of a CDTS oscillator, a Mach-Zender inter-
ferometer, an optical microscope, and a scanning probe microscope.
For clarity, the prism compressor, the telescope, the phase-compensating
setup, and the diagnostic reference beams are not shown. See text for
details.
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pulse train to generate a CW interferogram. The CW interfero-
gram was then used to obtain the “phase” drift (actually probably
time drift) of individual scans by comparing it with an ideal
sinusoidal function of the 15 802.8 cm-1 laser frequency; the
choice of the phase was arbitrary and was selected to be in-
phase with the first interferogram measured. The numerically
determined overall phase/time shift for each interferogram was
then compensated before signal averaging. Further, the inter-
ferometer was set up in an acoustic isolation enclosure to reduce
incidental phase fluctuations due to air flow and acoustic noise.
Compared with the “phase-locking” technique51,57that requires
a spectrometer and a lock-in amplifier to continuously monitor
the phase/time drift at each fringe and a second piezo to actively
compensate the drift, the present approach is easier to imple-
ment, relying on negligible phase/time drift over the 10 s
duration of each scan. Because no significant degradation in
the peak-to-wing ratio of the resultant interferogram (either
pulsed or CW) averaged over 100 repetitive scans was found,
the drift of the interferometer has been properly corrected, and
the interferometer is “passively” stable over the duration of each
individual scan.

The pulse train from the interferometer was directed into an
inverted optical microscope (Carl Zeiss, Axiovert 100) and was
focused to the sample by a high numerical-aperture microscope
objective (Carl Zeiss, F-Fluar 40X/1.30 oil). The 700 nm
diameter focal spot size (i.e., point-spread function) was obtained
by laterally scanning a sharp razor blade across the focal plane.53

The two-photon point-spread function is considerably smaller.
The SHG signal generated from the sample or a KDP doubling
crystal, the latter used for in situ pulse autocorrelation measure-
ments, was collected by the same objective and directed to a
thermoelectrically cooled photomultiplier tube (Hamamatsu,
R4220P) for photon-counting detection. A broad-band interfer-
ence filter centered at 400 nm (Melles-Griot, 03-FIB-002) and
a heat-reflecting mirror (Corion, HR-750-F) were used to isolate
the SHG signal from the scattered fundamental.

The pulse energy and the repetition rate need to be carefully
adjusted to avoid photoinduced damage or thermal effects due
to excessive laser illumination. A typical repetition rate is 250
kHz or less. The pulse energy at the focal plane is about 25 pJ,
assuming 80% transmission for the objective at 800 nm, giving
an energy density of 5.1µJ/cm2. Under these conditions, the
signal level remained constant, and no degradation of the
interferogram was found over many hours, indicating that no
photoinduced or thermal damage occurred to the single particle.

A capacitance-feedback-controlled XY stage (Queensgate
Instrument, S3000) is used for sample positioning and scanning.
An AFM (Digital Instruments, Bioscope) is mounted on top of
the sample stage of the inverted microscope for surface
characterization. This arrangement allows the same area of the
surface to be accessible to the optical excitation/detection as
well as to the AFM for correlated structure-function studies
of heterogeneous systems. The particles are optically identified
with two-photon microscopy,58,59 where the sample is scanned
with respect to the laser focal spot and the SHG signals are
recorded in a point-by-point fashion to generate optical images.
The SP-enhanced SHG signals from the Ag colloids are
significantly greater than the SHG signals from the glass-air
interface. A confocal aperture before the detector further reduces
the unwanted background signals. The contrast in the optical
images facilitates the definite identification of single Ag colloids.
Furthermore, atomic force microscopy topographic imaging with
the tip prealigned to the optical axis of the microscope (i.e.,
the objective field of view) was used to verify that only one

particle at a time was under laser illumination. The single
particle is then positioned to the center of the laser focal spot
for interferometric measurement.

IV. Results

Linear Absorption Spectra. The linear absorption spectrum
of the Ag colloidal solution is shown in Figure 2. The main
resonance feature, centered at 400 nm, is associated with the
collective electron-plasma oscillation.2 Note that the “absorb-
ance” in the spectral range of the laser fundamental (800 nm)
is likely the result of Mie scattering from high aspect ratio
particles.6,60,61

The Mie expression for the absorption cross section of
spherical particles embedded in a dielectric medium is2

whereN is the number density of particles,V is the particle
volume, nm is the refractive index of the medium,λ is the
wavelength, andε1(λ) and ε2(λ) are the real and imaginary
dielectric constants of the particles, respectively. This expression
predicts a Lorentzian line profile with the resonance position
determined byε1(λ) ) -2nm

2. The width of the Lorentzian is
determined by the imaginary part of the dielectric constant,ε2(λ),
that is directly related to the damping of the plasma oscillation.
Because the dielectric constants of small particles are not well-
known, the value of bulk Ag was assumed. The wavelength-
dependent dielectric constants of bulk silver were taken from
the literature.62 The refractive index of the medium, i.e., water,
used in the calculation is 1.332.63 The calculated spectrum based
on Mie theory is shown in Figure 2 (dashed line) overlaid on
the measured spectrum. Both spectra are normalized to the peak
of the plasma absorption band to clearly show the difference in
the line width and profile.

Simulation. The SHG intensity,|∫F20 dt|2, is calculated, as
described in the Theory and Background section, as a function
of the two-pulse delay time,τ, for different dephasing times.
The results for two representative cases,T2

20 ) 1 and 20 fs, are
shown in Figure 3; the calculation uses a 23 fs fwhm Gaussian
pulse centered at 800 nm (12 500 cm-1). For dephasing times
much shorter than the pulse width (e.g.,T2

20 ) 1 fs), the
simulated autocorrelation is essentially identical with the second-

Figure 2. Linear absorption spectrum of a Ag colloidal solution (solid
line) and calculated spectrum (dashed line) based on Mie theory and
the dielectric constants of bulk Ag. Inset: schematic of the three-level
system relevant to the density matrix calculation.

σ(λ) ) (18πNVnm
3

λ ) ε2(λ)

[ε1(λ) + 2nm
2]2 + ε2(λ)2

(11)
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order pulse autocorrelation measured with a nonresonant
doubling crystal (termed the reference measurement). By
contrast, the autocorrelation is broadened and new frequency
components appear if the dephasing time of the system is
comparable with the pulse duration (e.g.,T2

20 ) 20 fs). Note
the frequency-doubled features in Figure 3A (open circle results)
that are prominent at larger delay times.

The comparison can also be made in the frequency domain.
The Fourier transforms of the simulated autocorrelations are
shown as the power spectra in Figure 3B normalized to the
fundamental-frequency component (i.e., atω). The double-
frequency component (i.e., 2ω) in the power spectrum of the
20 fs dephasing-time simulation is significantly greater than that
for the 1 fs dephasing time. The difference becomes greater as
the dephasing time is further increased. As a result, the double-
frequency component is used as a fingerprint of the noninstan-
taneous response or dephasing time of the system. An empirical
relation between the dephasing time and the value of the double-
frequency components in the power spectrum can thus be
established from a series of simulations corresponding to
different dephasing times. The result will be used to extract the
dephasing time of the single Ag colloid from the experimental
data.

Interferometric Autocorrelation. The SHG interferogram
measured from a doubling crystal is used to characterize the
pulse duration at the focus of the objective. The high numerical-
aperture objective used in the present study, with a small depth
of field, causes the SHG to be generated in the small focal

volume (∼1 µm3), where the power density is highest. The
confocal aperture further blocks signals outside the focal volume.
Because the focus was set to be at the front surface (the surface
close to objective) of the doubling crystal, the signal measured
is mostly generated within the confocal length of the oil-crystal
interface.

The SHG interferogram for single Ag colloidal particles is
measured simultaneously with and in the same manner as that
used to characterize the pulse duration. Both outputs of the
interferometer are used to simultaneously record a reference and
signal interferogram. Figure 4A shows the SHG autocorrelation
of a single Ag colloid as an average over 80 consecutive scans.
The laser pulse autocorrelation measured from a nonresonant
KDP crystal (i.e., simultaneously acquired “reference”) is
overlaid for comparison. The SHG autocorrelation of a single
Ag colloid is significantly broader than the measured pulse
second-order autocorrelation. The power spectra of the Ag SHG
interferogram and pulse autocorrelation are shown in Figure 4B.
The finite dephasing time of the single Ag colloid autocorre-
lation manifests itself as a larger amplitude of the double-
frequency component.

The noise statistics for single-photon counting are given by
the Poisson distribution function with a variance equal to the
averaged counts acquired per data point (i.e., per time delay
channel) and thus could introduce artificial broadening. To
determine the significance of noise-induced broadening of the
signal, the autocorrelation of 23 fs Gaussian pulses with a per
channel signal level that was assumed Poisson-distributed was
calculated. The SHG autocorrelation was calculated assuming
a “signal counting rate” of 150 counts/s when the sample is

Figure 3. (A) Comparison of the simulated second-order interfero-
metric autocorrelation functions assuming dephasing times of 1 (dark
line) and 20 fs (open circles), respectively. For clarity, only one side
of the symmetric autocorrelation is shown. (B) Fourier transform spectra
of the autocorrelation functions.

Figure 4. (A) Interferometric autocorrelation of SPs in single Ag
colloidal particles (open circles) overlaid with SHG autocorrelation of
laser pulses (dark line) measured from KDP crystal at the focus of the
same objective. (B) Fourier transform spectra of the measured auto-
correlation functions.
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illuminated by two temporally nonoverlapped laser beams (i.e.,
the delay time. the pulse width). A Poisson distribution
function was generated for each data point, with the average of
the distribution being the value of the data point. The noisy
autocorrelation was then calculated by sampling the data from
the associated Poisson distribution. The result of the calculations
is shown in Figure 5. The almost imperceptible broadening
resulting from noise clearly is not the origin of the temporal
broadening shown in Figure 4. As a result, the measured
broadening can be attributed to the coherent interaction of
photons with, and the finite dephasing time of, the Ag colloidal
particle SP.

The dephasing time was determined to be 10 fs by comparing
the measured interferogram to the results of simulations for
different dephasing times. Figure 6 shows the calculated
autocorrelation function corresponding to a 10 fs dephasing time
overlaid with the experimental result of the single Ag colloid.
The measurement is reproduced well by the simulation.

V. Discussion

The calculated spectrum of silver particles based on Mie
theory shown in Figure 2 is in good agreement with the
measured peak position, indicating that the real part of the
dielectric constant of silver particles does not differ significantly
from that of the bulk material. The discrepancy in the spectral
width is obvious. The fwhm of the calculated spectrum is 0.25
eV (2000 cm-1), corresponding to a dephasing time of 5.3 fs.
By comparison, the 0.6 eV fwhm of the measured spectrum
would give a dephasing time of 2.2 fs, assuming the spectral
width is homogeneously broadened (from the damping of the
SP). Although the spectral width is a manifestation of the
dynamics, the complex nature of the spectral width makes this
simple estimation questionable.

We suggest that the broad spectral width of the colloidal
solution results mainly from the inhomogeneity of the system;
it is static in nature, resulting from the polydispersity of the
particle size and shape. Because a sample can never be prepared
with identical particles, this effect will always be present. Also,
variations in the local environment of each particle cause the
resonance of individual particles to be different from one
another, causing the measured static spectrum to be broader than
the spectrum of each single particle. Fluctuations in the local
environment caused by solvent motion might also cause the peak
position to fluctuate (causing the width to increase) because of
changes in the dielectric constant of the medium.50

Nonlinear (e.g., photon-echo) spectroscopy is one method
used to separate the inhomogeneous and homogeneous contribu-
tions to dephasing dynamics. However, the extremely rapid
dephasing time implied by the line width and the 10 fsT2

measured here makes this measurement very challenging. In
principle, it is possible to measure the absorption spectrum on
single nanoparticles; the actual measurement, however, is usually
hindered by low optical density. The free-induction decay
acquired by a two-pulse first-order (electric-field) interferogram
measured on single particles provides the same information, but
it also encounters a similar optical density/sensitivity problem.
A higher order spectroscopic measurement of single chro-
mophores provides an opportunity to circumvent this difficulty.
SHG of the Ag colloids dominates any background signal
because of the plasmon resonance enhancement. As a result,
the free-induction decay of single nanoparticles can be obtained
by a second-order two-pulse interferometric autocorrelation
measurement even with the small optical density presented by
a single particle.

The observed interferometric autocorrelation of the Ag
particles can be understood in the following way. The plasmon
oscillation driven by the laser field will eventually lose the phase
information (coherence) because of pure dephasing processes
such as elastic electron-electron scattering. Other energy
dissipation processes such as inelastic electron-electron scat-
tering, radiative decay, and electron-phonon scattering will also
contribute to the damping. These damping processes manifest
themselves as the optical conductivity or as the imaginary part
of the dielectric function.20 The overall decay processes
modulate the measured SHG autocorrelation. If the lifetime of

Figure 5. Simulated interferometric autocorrelation assuming a Poisson
distribution in the fluctuation of the photon counts (open circles). The
solid line shows the ideal interferogram with no noise. A pulse width
of 23 fs and an averaged counting rate of 150 count/s are assumed in
the calculation.

Figure 6. (A) Interferometric autocorrelation of SPs in single Ag
colloidal particles (open circles) overlaid with the simulation (dark line)
assuming a 10 fs dephasing time (i.e,T2

20 ) 10 fs). (B) Fourier
transform spectra of the autocorrelation functions.
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the plasmon oscillation is comparable to or longer than the laser
pulse duration, the driven polarization will last longer than the
laser field oscillation and cause the broadening of the auto-
correlation measured in this experiment.

It is noteworthy to compare the present results with recent
studies on the dephasing dynamics of SPs in noble metal
systems. There is only one report on the dephasing time of single
particles to date.42 In this frequency-domain study, the near-
field extinction spectra of individual Au particles were measured.
The dephasing time extracted from the homogeneous spectra
was around 8 fs for 20 nm Au particles embedded in a TiO2

matrix. The dephasing of SPs has been studied on several
metallic systems including colloidal gold in solution,23 gold
nanoparticles embedded in a medium,24 and silver island films.64

Among them, a plasmon decay time of 40 fs was obtained for
Ag films, and upper limits of 20 and 50 fs have been reported
for gold nanoparticles24 and colloidal gold in solution,23

respectively. In these earlier studies, the relaxation time was
estimated (indirectly) from nonlinear spectroscopy experiments
or measured in the time domain with relatively poor resolution.
Therefore, these values should be regarded with caution.

Recently, Aussenegg and co-workers performed a decay-time
measurement of the electron-plasma oscillation of Au and Ag
lithographically designed particle arrays, with a particle’s lateral
size being about 150 nm.13,36,37The reported decay time is 7-10
fs for Ag nanoparticle arrays.36 The energy decay time is
approximately equal to half of the dephasing time. As a result,
the dephasing time of silver particles reported in ref 36
corresponds to 14-20 fs, slightly larger than the value obtained
in the present study. The size distribution for the nanoparticles
appeared to be around 10%. Because of the relatively larger
illumination region, the SHG signals should contain contribu-
tions from a significant number of particles presumably having
slightly different sizes and shapes. This inhomogeneity would
distort the SHG autocorrelation and thus affect the decay time
extracted from the ensemble measurement. Recent theoretical
studies of plasmon dynamics suggest that the inhomogeneity
would narrow the autocorrelation, making the determination of
the decay time from the ensemble autocorrelation measurement
difficult.65 The slight inconsistency in the spectral width and
the determined dephasing time also implies a residual inhomo-
geneity. Therefore, the decay time measured by Aussenegg and
co-workers can be regarded as a lower limit for Ag particles of
lateral sizes of around 200 nm. The Ag particles in the present
study are considerably smaller in size. Therefore, the electrons
would undergo more frequent surface-mediated electron-
electron scattering, resulting in faster damping of the plasma
oscillation. Also, the surrounding organic layer of the colloids
would provide an additional relaxation mechanism, termed
chemical-interface damping.2 Taking these factors into account,
we found that the present results are reasonably consistent with
those of Aussenegg and co-workers.

VI. Conclusion

In summary, we have presented the first time-resolved studies
of the SP dephasing of single Ag particles. The measured
dephasing time is 10 fs for single Ag colloids of 75 nm diameter.
Our results are in agreement with values obtained from
measurements on particle arrays. Future work on the dephasing
dynamics of single nanoparticles of different sizes and shapes
is underway.

We combined time-resolved interferometric spectroscopy with
multiphoton microscopy to study the single nanoparticle dynam-
ics. The work could be extended to single chromophores such

as single molecules. To obtain useful data, before photobleach-
ing, phase-locked pulse-pair techniques57 could be used to reduce
the data-acquisition time. The ultrafast interferometric responses
of single chromophores, if spectrally resolved, could provide
more detailed information of homogeneous dynamics of dif-
ferent molecular states.66 Both extensions are being explored.
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