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Few-Femtosecond Plasmon Dephasing of a
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Response Function Reconstruction by
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ABSTRACT The precise characterization of the ultrafast optical response of metals and metallic nanostructures has remained an
experimental challenge. We probe the few-femtosecond electronic dephasing of a local surface plasmon polariton excitation using
symmetry-selective second-harmonic (SH) Rayleigh scattering of a nanoscopic conical gold tip as an individual plasmonic nanostructure.
The full reconstruction of the optical response function of the plasmon excitation with phase and amplitude without any model
assumptions is demonstrated from the analysis of the two-dimensional spectrogram obtained by simultaneous time- and frequency-
domain SH measurements, using interferometric frequency resolved optical gating. The measured dephasing time of T, = 18 £ 5 fs
indicates the plasmon damping is dominated by nonradiative decay, consistent with a Drude—Sommerfeld dielectric response for
gold. Even for the nominally homogeneous localized plasmon response, deviations are observed from the ideal harmonic oscillator
phase behavior, which may reflect the underlying inhomogeneous electronic response with its different scattering channels. The
presented technique is generally applicable for the reconstruction of the plasmon dynamics of complex nanostructures: information

that cannot be obtained by conventional dark-field scattering.
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he electron dynamics of metals are governed by the

interaction and scattering of electrons with other

charge carriers, phonons, defects, and impurities.
They therefore reflect the underlying elementary processes,
for example, the optical properties, charge, and thermal
transport of metals and metal nanostructures, including
complex many-body processes such as electron correlation
in heavy-fermion metals.' The investigation of the electron
dynamics in metals is often challenging due to the high
relaxation rates associated with the intrinsic large carrier
densities in metals, as already realized by Drude.” The few-
femtosecond electronic dephasing, in particular, is one of
the fastest processes, governing the initial interaction of an
optical field with the metal. This process also rules the
temporal evolution of the coherent charge density oscilla-
tions of quasi-free conduction electrons in the form of both
localized and propagating surface plasmon polaritons (SPPs).
The dephasing time T relates to the local field enhancement
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f of metal nanoparticles as f o< T, thus affecting the func-
tionality of optical antennas and plasmonic nanostructures
for sensing applications or the degrees of freedom for
coherent control on the nanoscale.>* The study of the
ultrafast dephasing dynamics provides insight into the valid-
ity and limitations of the Fermi-liquid theory and the Drude
model to describe conduction electrons in metals. '

Many time-domain,®~'? frequency-domain,"'®~'® and most
notably spatiotemporal measurements'® on different Au and
Ag nanostructures have established dephasing times ranging
from sub-10 fs to several tens of femtoseconds. These time
scales are at the limits of current optical pulse generation
and characterization schemes in the visible to near-IR
spectral range. Therefore, signal analysis and accurate as-
signment of an intrinsic dephasing time are challenging and
typically rely on several ad hoc assumptions,'” for example,
a transform-limited spectral phase of the driving laser pulse,
a constant relative signal phase with respect to the nonreso-
nant background, and a Lorentzian line shape from a
harmonic oscillator approximation. The presence of en-
semble inhomogeneities also complicates the signal analysis.
The widely used approach of incoherent dark-field scattering
is generally imprecise due to the lack of phase information,
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except for the characterization of simple resonances, and is
not suitable for the analysis of the more complex plasmon
dynamics in coupled nanostructures. Also, as a frequency
domain measurement, the fast time scales are encoded in
details of the spectral wings where the signal level is low and
sensitive to background and noise.

Here, we demonstrate the determination of the optical
response function and plasmon decoherence of a single
metal nanostructure with both amplitude and phase infor-
mation without specific model assumptions about the nature
of the resonance. This is achieved from analysis of the
spectrogram of simultaneous time- and frequency-domain
measurements of the collinear interferometric second-order
autocorrelation of the SPP response. The approach is con-
ceptually similar to frequency-resolved optical gating (FROG)
as used for laser pulse characterization.'®

We study the SPP excitation by symmetry selective
second-harmonic (SH) Rayleigh scattering of a radially sym-
metric nanoscopic conical tip as an individual nanostructure.
The real time dynamics of the plasmon dephasing is ob-
served, with a time scale of 18 &+ 5 fs. This is in agreement
with the longest dephasing times as expected for a nominally
homogeneous single particle SPP response in the Rayleigh
limit given by the Drude-type dielectric response in the near-
IR with the local bulk approximation. Details in phase
behavior and its deviation from harmonic oscillator behavior
may reflect the effects of intrinsic structural inhomogeneities
on the underlying electron ensemble.

Understanding the plasmon response of conical tips
chosen as a model system for this investigation is of great interest
for tip-enhanced and tip-scattering scanning near-field optical
microscopy,'” adiabatic plasmonic nanofocusing,”**' nonlin-
ear wave-mixing,** ultrafast local probe photoemission,?***
and for new concepts of atom trapping by plasmonic fields
with nanotips.?® The radially symmetric free-standing tips,
with the symmetry broken in the axial direction (comm sym-
metry) allow for a pure SH dipole signal under transverse
sagittal pinpoy polarized pump excitation and SH detection
(Figure 1b). This experimental configuration is unique, with all
nonlocal higher-order contributions to the SH-polarization from
field-gradient and the retardation effects oriented parallel to the
incident k-vector,”*>” and thus not observable in this geometry.
This allows for selective and background free probing of the
isolated axial SPP mode.”® The resulting source of the SHG
emission is the induced local second-order surface polarization
density at the apex P?(2w) = eoy@L(2w)L(w)L(w):E(w)E(w),
with the surface nonlinear susceptibility tensor y& (domi-
nated by component ¥, ,), and the local-field factors L(w)
and L(2w) for the pump fundamental and generated SH
fields E(w) and E(2w), respectively. For polycrystalline gold
surfaces typical values® for y2},; are ~1 x 107! m?/V. For
the tips used in the experiment, we have previously estab-
lished a SHG local-field enhancement®® of order 5 x 10> to
4 x 10”for a one-photon resonant plasmon response at the
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FIGURE 1. (a) Schematic of spectrally resolved interferometric
autocorrelation setup for measurement of the SH Rayleigh scattering
of the plasmonic tip. The recombined collinear pulses are focused
by parabolic mirror and used to study the pump pulse transient or
the full plasmonic response function. (b) Scattering geometry with
90° sagittal detection of scattered SHG emission from the tip apex.
(c) SHG polarization anisotropy reflecting the broken axial symmetry
of the tip.

fundamental laser frequency, corresponding to L(w) ~
10—20, consistent with theoretical values.*®

In using second-order perturbation theory, we then treat
the SH-emission as the second-harmonic term of the con-
ventional series expansion of the nonlinear optical polariza-
tion,”" with the fundamental term being the linear polariza-
tion P(f) that reflects the response function of the excited
plasmon. (Tilde represents a complex-valued property.)

Experimental Section. Gold tips are etched electrochemi-
cally with regular shape and apex radius down to ~10 nm
as described previously.”* They are selected for an axial
plasmon resonance near the fundamental photon energy of
~1.5 eV,?® as dictated largely by cone angle, with typical
values of 10—20°.

Figure 1a shows the schematic of the second-harmonic
two-pulse interferometric autocorrelation setup for the co-
herent pump—probe experiments, with a dispersion-bal-
anced Michelson interferometer using a 1 mm thick, seg-
mented dielectric beam splitter. Pump—probe delay control
employs a linearized and calibrated piezo-controlled transla-
tion stage exhibiting <0.05 fs root mean square drift and
jitter over typical 30 min measurement times. This collinear
interferometric implementation, by avoiding crossing wave-
front, preserves the full time resolution, provides an internal
reference for the delay, and allows for tight focusing by high
numerical aperture objectives, which is advantageous for the
study of individual nanostructures. In addition, the modula-
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tion intensity of the interference fringes serves as a guide
for the optimal alignment of the interferometer.

Broadband Ti:sapphire oscillator pulses (Femtolasers Inc.,
80 MHz repetition rate, center wavelength ~780 nm, pulse
duration ~10 fs) are used with dispersion precompensation
to ensure minimum pulse duration at the Au tip. The tip is
mounted interchangeably with a 50 um thin - BaB, Oy
(BBO) crystal. The recombined collinear pulses are focused
by means of a 90° off-axis parabolic mirror (focal length
50.8 mm), resulting in a ~20 um focus diameter, with 100
mW incident power, corresponding to a peak intensity of
~30 GW/cm?, which is below the onset of higher-order
continuum generation.

The tip-scattered SHG emission from the apex is col-
lected at 90° with respect to the incident k-vector as
shown in Figure 1b), spectrally filtered by a dichroic filter,
and detected by a spectrometer with cryogenic CCD
camera. Figure 1c¢ shows the polarization anisotropy of
the tip SH response detected parallel to the tip axis (Pour)-
The solid line corresponds to a normalized fit I2w) =
cos* @ + Iy with a residual isotropic term I, = 0.07 for
SinPou due to deviations from an ideal radial tip symmetry
and finite detection angle.

In general, an optical response function R(f) describes the
interaction of a stimulating optical field E(t) with the material
resulting in the induced optical polarization

POy = [Ret— OEC) dr

Amplitude and phase of the temporal evolution of R(t) can
be determined directly by electro-optic sampling or dif-
ferent interferometric homodyne or heterodyne measure-
ment techniques of P(¢), provided that decoherence is
on time scales longer than the pump and probe tran-
sients.?”?*

For pulse durations and system responses of comparable
time scales, the exact reconstruction of the response func-
tion is possible by deconvolution from autocorrelation and
cross-correlation measurements, provided that the ampli-
tude and phase of pump and probe transients are known.
Otherwise, spectrally integrated detection is not sufficient
for its unambiguous determination.'®

In the following, we discuss the reconstruction of amplitude
and phase of the underlying system response, and thus its
complete characterization, from measurement of the spectro-
gram of the correlation function.>® We first use interferometric
frequency-resolved optical gating IFROG)**~?® to measure

o - 5 ) 2
LprocRw, D) o< | [7_ (X + X(t — 1)’ exp(—iwt) dt

with time delay 7t and frequency w. For a nonlinear
medium with nearly instantaneous response far from
resonance, e.g., BBO, the field transient X(f) corresponds
to the electric field E(¢) of the laser pulse. Apart from trivial
ambiguities, such as time reversal, the IFROG trace
contains all necessary information to unambiguously
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FIGURE 2. Spectrogram of interferometric second-harmonic auto-
correlation measurement of BBO (a), plasmon resonant Au tip (c),
and off-resonant tip (e). Corresponding Fourier filtered data showing
the DC component (b, d, and f).

determine X(f). IFROG in particular offers two indepen-
dent ways to reconstruct X(¢) from the DC as well as the
carrier frequency wo, modulated part.’® Here, we use the
DC part for retrieval of X(f) as separated by Fourier
filtering and processed by a standard FROG retrieval
algorithm'®3® (FROG3, Femtosoft®®). Subsequently, we
measure the IFROG trace of the plasmonic nanostructure
as a resonant medium with its finite response time, thus
obtaining the induced polarization transient in response
to the driving laser pulse, i.e., X(f) = P(t). From E(f) and
P(t), standard deconvolution yields the intrinsic SPP
response function R().

Results. Figure 2 shows the experimental IFROG trace
of BBO (a) in comparison with the corresponding results for
a plasmonic tip (c). Measurement of a tip without a plasmon
resonance in the accessible spectral range serves as a control
experiment (e) with the weak SHG response arising from
intraband contributions and nonresonant excitation of con-
duction electrons. The signal is acquired for £250 fs (central
£80 fs shown in graph) in 0.15 fs delay steps with 20 s
acquisition time per step.

The corresponding DC parts extracted from the IFROG
traces via Fourier filtering are shown in panels b, d, and f of
Figure 2. The temporally broadened and spectrally narrow
response (¢ and d) is a manifestation of the finite response
time of the plasmon excitation. The weak tip signal (e and
f) resembles that of the instantaneous BBO response in
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FIGURE 3. Model calculations of typical spectrograms for sech? pump
pulse (a) of flat spectral phase (7o, = 9.5 fs pulse duration); plasmonic
response for a damped harmonic oscillator with dephasing time T,
of 20 fs (b) and 40 fs (c); plasmon response with T, = 20 fs and offset
resonance frequency w, = wo (d).

spectral and temporal characteristics as is expected for off-
resonance excitation.

lllustrating the effect of a finite response function on the
time-frequency spectrogram, Figure 3 shows the results of
model calculations. The simulation for BBO as a nonlinear
medium is shown in Figure 3a for a laser pulse with flat
spectral phase, described by

Esim([)

with full width at half-maximum 7, = 9.5 fs for the intensity
profile and carrier frequency w, corresponding to 800 nm
center wavelength. We describe the SPP with damped
harmonic oscillator response function

= E, sech(1.763t/t,) exp(iw,t)

ésim(t) =

where resonance frequency is wy, line width is y = 2/T,, and
effective oscillator strength is A. The resulting SH spectro-
grams for wy wo and T, = 20 fs (b) and 40 fs (c),
respectively, are characterized by corresponding spectral
narrowing and temporal broadening. For a plasmon reso-
nance with wp # w,, shifted by 40 nm with 7, = 20 fs as
seen in Figure 3d, the spectrogram becomes distinctly
asymmetric due to the finite bandwidth of the laser pulse.

Spectrograms acquired for the same plasmonic tip are in
general reproducible yet are often found to be slightly
asymmetric. This could be attributed to sample drift or
possibly some tip degradation when exposed to the intense
laser field. From data analysis of the original spectrogram,
and symmetrized spectrograms considering either negative
or positive delays, the robustness of the P(¢) retrieval can be
tested, with corresponding FROG errors of 0.0099 for the
original, 0.007 for the negative delay symmetrized, and
0.0067 for positive delay symmetrized spectrograms on a
512 point grid. This allows for the determination of the

A exp(z'a)plt — ytl2)
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FIGURE 4. Phase (dashed) and intensity (solid line) of E(t) (blue) and
P(t) (red) derived from data shown in panels b and d of Figure 2 for
pump pulse and plasmon polarization (a) and corresponding Fourier
transforms E(w) and Py(w) in frequency domain (b). Response
function R(w) (d) and R(t) (c) (green) from deconvolution of results
from (b), in comparison to damped harmonic oscillator model R_L(a))
(d) with time constant and corresponding Fourier transform Ry(t)
(c) (black).

procedural error in the deconvolution, yielding the uncer-
tainty of the dephasing time we report. While these FROG
errors are larger compared to values typical for FROG
analysis used for laser pulse characterization, this is due to
the weak SHG signal from probing just an individual
nanostructure.

Figure 4a shows the resulting intensity |E(f)
(1) of the laser pulse

|? and phase

E(t) = E(0) exp(i® (1)
(blue) and intensity |15p1(t) |2
polarization

and phase ®(t), of the plasmon

Pty = P(t) exp(i®,(1)

(red). The corresponding Fourier transforms

Ew) = [ E@) expliot) dt

and

J P explion dt

are displayed in Figure 4b). The finite plasmon dephasing
temporally extends the polarization response Py(t) and leads
to the correspondingly narrower spectrum |Py(@)| in com-
parison to the input field. With Py(w) = E(w)R(w), the
response function R(w) is obtained from Pp|(a)) and E(w) and
is shown in Figure 4d) (green). The ambiguity with respect
to the sign of the phase is resolved by the fact that all
combinations other than these results shown lead to the
decay behavior of response function.

Figure 4d shows the result for a numerical fit assuming a
single Lorentzian (black) of Ri(w) = Allw — wp + iy[2) with
center frequency Aw, = 1.47 eV and I' = Ay = 65 meV.

Pyw) =
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Using the same treatment as in incoherent Rayleigh scat-
tering data analysis, this corresponds to a tip plasmon
dephasing time of T, = 20 £ 5 fs (with I'T, = 2h relating
spectral linewidth and dephasing time). More precisely, with
the availability of the spectral phase information the Fourier
transform provides the corresponding time trace of the
plasmon response function R(f) as shown in Figure 4c. Here,
we can directly deduce the corresponding dephasing time
of T, ~ 18 £ 5 fs from the 1/e value of maximal amplitude.
Although similar within the experimental uncertainty of +5
fs with respect to the corresponding value derived from the
Lorentzian line width analysis, this deviation reflects the
methodological differences of the two approaches as dis-
cussed below.

Discussion. With a tip radius on the order of 10—20 nm
and the localized SHG response originating from the near-
apex region only where the axial symmetry is broken, the
tip emission can be treated as a point-dipole in the Rayleigh
approximation. This conclusion is validated also from com-
parison of the experimental results for T, with the value
estimated from calculating the resonant polarizability for
spheroidal particles in the quasi-static limit. Corresponding
dephasing times range between 18 and 22 fs for resonant
energies between 1.0 and 1.7 eV, in agreement with the
experimentally obtained value. Our dephasing time thus
corresponds to the low-energy limit and energy-independent
damping interpreted in the Drude—Sommerfeld model cor-
responding to the effective electon scattering rate of =9 fs
with T, T,/2,'"> dominated by electron—phonon and
electron—electron scattering.*°

Although the SHG photon energy of ~3 eV leads to
interband excitation, due to much shorter dephasing times
associated with the d to sp band transition in gold,*"** the
measured response function can be attributed to the one-
photon resonant plasmon excitation. Our dephasing times
observed for a plasmon resonance near 1.5 eV, i.e., well
below the onset of the interband excitation, can thus be
interpreted as the response from the conduction electrons
near the Fermi level.

In frequency domain dark field scattering,'® the time
domain dephasing time constant is obtained via the line
width and relaxation rate correspondence assuming a Lorent-
zian spectral shape. To be accurate, this approach requires
the plasmonic response to be in good agreement with a
single damped harmonic oscillator, further complicated by
the fact that the information about the fast dynamics is
determined by the broad spectral wings. In addition, this
indirectly corresponds to the assumption of a purely homo-
geneous line width.

Although, our results for the dephasing time compare
favorably with results obtained from dark-field scattering
experiments of metal nanoparticles with high aspect ratio,'®
with T, ~ 18 fs for resonance energies of 1.5—1.7 eV, the
meaningful use of dark-field scattering is limited to plas-
monic nanostructures with simple resonance behavior. In
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our approach demonstrated here of response function re-
construction, and related to the availability of the phase
information as required for the accurate Fourier transform
between frequency and time domain, the dephasing time
is directly obtained without any model assumption.

The phase behavior observed and the difference between
direct read out and Lorentzian line width analysis suggest
that the SPP response is inhomogeneously broadened. In-
homogeneities can result from an ensemble of nonidentical
particles or, as in the case of an individual nanostructure,
structural imperfections within the single plasmonic emitter
itself. In addition, despite the collective and coherent SPP
excitation, the driven conduction electrons correspond to an
inhomogeneous ensemble with different electron scattering
pathways including electron-defect and electron—phonon
scattering and its temperature dependence. The resulting
superposition can result in a flatter than expected phase
behavior in the frequency domain and, consequently a
slightly shorter dephasing time compared to the line width
analysis in the frequency domain. Note that with the dephas-
ing time of 18 fs measured being at the upper limit as
described by the bulk dielectric response and the Drude
model, radiative damping and contributions from surface
scattering and higher order nonlocal effects can be neglected.

In summary, we have integrated the well-established
FROG pulse characterization technique into a spectroscopic
experiment to provide the complex-valued optical response
function of a plasmonic nanostructure. Since the laser pulse
is explicitly considered with its full amplitude and phase
behavior, the method is generally robust with respect to
details of the optical transient of the driving laser pulse. With
this method, we have been able to look beyond the ad hoc
assumption of a damped harmonic oscillator model. In
addition, the deconvolution-based approach can provide
dynamic information on time scales faster than the laser
pulse duration, in principle only limited by the available
signal-to-noise ratio, and is generally applicable for analysis
of complex plasmon dynamics of waveguides and coupled
nanostructures with multiple resonances and complex phase
behavior. It can readily be extended by XFROG**** allowing
for the isolation of the effect of the nonresonant background
for more precise phase information and to remove the time
direction ambuigity*® of the FROG algorithm. The method
is related to similar experiments using the linear technique
of spectral interferometry*® and yet provides a higher con-
trast due to the lower background of the nonlinear response.
Further development of this technique for better amplitude and
phase retrieval may enable access to valuable information
concerning fundamental intrinsic anharmonicities in the plas-
monic response, discern the role of retardation induced phase
changes, may further allow for a distinction between homo-
geneous and inhomogeneous effects, and reveal details of the
near-fleld coupling in complex nanostructures.
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