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ABSTRACT: The response of metal nanostructures to optical
excitation leads to localized surface plasmon (LSP) generation with
nanoscale field confinement driving applications in, for example,
quantum optics and nanophotonics. Field sampling in the terahertz
domain has had a tremendous impact on the ability to trace such
collective excitations. Here, we extend such capabilities and
introduce direct sampling of LSPs in a more relevant petahertz
domain. The method allows to measure the LSP field in arbitrary
nanostructures with subcycle precision. We demonstrate the
technique for colloidal nanoparticles and compare the results to
finite-difference time-domain calculations, which show that the build-up and dephasing of the plasmonic excitation can be resolved.
Furthermore, we observe a reshaping of the spectral phase of the few-cycle pulse, and we demonstrate ad-hoc pulse shaping by
tailoring the plasmonic sample. The methodology can be extended to single nanosystems and applied in exploring subcycle,
attosecond phenomena.
KEYWORDS: plasmonics, plasmon dynamics, gold nanoparticles, petahertz field sampling

■ INTRODUCTION
In metallic nanoparticles (NPs), the light electric field can
drive the conduction band electrons into a collective oscillation
on the nanoscale, referred to as localized surface plasmon
(LSP).1 Coupling of light to an LSP resonance leads to the
local enhancement of the electromagnetic field and to the
confinement of the light-matter interaction on the nanoscale,
therefore enabling a manifold of applications including surface
enhanced spectroscopy,2 enhanced luminescence,3 strong-field
driven nanoscale currents,4 enhanced nonlinear optical effects,5

and strong-coupling quantum optics.6,7 However, a direct
characterization method for the electric fields emerging from
the resonantly excited nanostructure is still lacking.

Subsequent to its coherent driving by the light field, Landau
damping, electron−electron, electron−phonon, and electron−
surface scattering result in an ultrafast (about 10 fs) plasmon
decay with the energy transferred to highly excited, non-
equilibrium carriers.8−13 These hot carriers can contribute to
chemical transformations on the NP surface, intensely studied
in the field of heterogeneous catalysis.14 The details of the
plasmon decay channels have only been deduced from theory
and dependencies on material parameters and e.g. excitation
conditions have not yet been experimentally confirmed in a
direct manner.15−17 For this reason, experiments enabling
more direct access to the plasmon decay of different NP
systems are of strong interest. Measurements in the time
domain that enable a more direct access to the plasmonic field

build-up and decay of different NP systems have been
accomplished with phase-retrieval methods, such as fre-
quency-resolved optical gating.16 These methods, do, however,
not provide the carrier-envelope phase (i.e., an absolute field).
They also tend to catastrophically fail for complex phases and
too much noise. To circumvent these issues, field sampling of
plasmonic nanoantennas has been recently implemented with
electro-optical sampling, limiting the approach, however, to the
terahertz domain.18 The vast majority of plasmonic nanostruc-
tures discussed in the literature exhibit resonances in the visible
spectral region, strongly motivating the extension to the
petahertz (PHz) domain. As a first example heading in this
direction, plasmonic nanoantennas have been utilized as near-
field sensors to enhance the sensitivity for the reconstruction of
the incident light electric field (E-field),19 and extended to
probing plasmonic fields in the near-field.20 What is still
lacking despite its high relevance,21 is the realization of far-field
sampling of short-lived collective excitations in the visible
spectral region.
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Here, we close this gap and demonstrate sampling of few-
femtosecond LSPs of colloidal NPs in the visible spectral
region. Based on recent advances in methodology,22 we
implemented petahertz sampling of LSPs with the tunneling
ionization with a perturbation for the time-domain observation
of the electric field (TIPTOE) technique.23 We compare the
experimental data to results from finite-difference time-domain
(FDTD) calculations showing that the temporal build-up and
decay of the plasmon field on a few-fs time scale can be
resolved. Our approach expands the tool kit for transient
polarization dynamics measurements by direct field resolved
(rather than intensity correlations) measurements.

Furthermore, we demonstrate extreme scale control of the
transmitted fields with the NPs. With our approach we are not

only sensitive to the electric field in the time domain but also
directly sensitive to the phase response, which is imprinted in
the phase of the sampled field. This in turn allows for the
specific design of the plasmonic material to optimize the light-
matter interaction for the aforementioned applications. In our
case, we demonstrate the ability to shape the dispersion of
ultrafast light pulses by changes of the geometry of our NPs.
Our results provide a simple way of sampling plasmon fields of
arbitrary nanostructures on the PHz scale and show important
practical applications in the control of light fields.

■ RESULTS
Few-cycle pulses with a pulse duration of 4.5 fs, central
wavelength of 780 nm, and repetition rate of 10 kHz were sent

Figure 1. Experimental approach. (a) Sketch of the field sampling setup. The incident laser pulse is split into a fundamental and a signal pulse in an
interferometer. The signal pulse interacts with the sample. Both pulses are recombined with variable delay and focused between two electrodes,
where the TIPTOE measurement takes place. (b) TEM image of the employed AuNS with scale bar corresponding to 100 nm. (c) TEM image of
the AuNRs with scale bar corresponding to 200 nm. (d) Absorption spectra of the investigated NPs (AuNS: red curve, AuNRs: orange curve)
together with the incident light spectrum. BC: beam combiner, PM: parabolic mirror.

Figure 2. Optical field sampling measurements. (a) TIPTOE trace for the non-resonant AuNS. (b) TIPTOE traces for the resonant AuNRs. In
both cases, the blue line depicts the TIPTOE trace of the reference (plain substrate). (c, d) Corresponding transmission spectra obtained via
Fourier transform from the measurements in (a) and (b), respectively. The dashed blue curve displays the reference few-cycle spectrum. The
shaded gray areas display the absorbance spectrum of the corresponding NPs. (e) Spectral phases for each case. The dashed blue line displays the
reference, red the non-resonant and orange the resonant spectral phase, respectively. The black arrow indicates the crossing between the phases of
the resonant and reference case.
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into the experimental setup shown in Figure 1a. The incident
light was split interferometrically into a fundamental and a
signal beam. The signal beam was propagating through the
plasmonic sample before being recombined with the
fundamental beam for field sampling. The intensity ratio
between signal and fundamental beams was chosen to be
roughly 1:1000, to remain in the perturbative regime for the
TIPTOE technique.23 The peak intensities for the excitations
were chosen to be under 1010 W/cm2 to avoid damage of the
sample, and to ensure that the interaction between the few-
cycle signal pulse and the sample is in the linear regime (see
Supplementary Notes 3−5 in the Supporting Information). As
samples, we employed gold nanospheres (AuNS) with 20 nm
diameter and gold nanorods (AuNR) with dimensions of 80
nm × 26 nm (aspect ratio of 3.1), respectively. To ensure well-
defined conditions and to minimize the potential effects of
plasmonic coupling, the NPs were stabilized with polymer
ligands. These drive the assembly into uniform films with
controlled minimal interparticle distances. Transmission
electron microscopy (TEM) images of each sample are
shown in Figure 1b,c. From the TEM images, we also obtained
the size distributions of the colloidal samples (see Supple-
mentary Note 1). For AuNS, the plasmon resonance only
marginally overlaps with the broad bandwidth of the few-cycle
near-infrared (NIR) pulse (non-resonant case), while the
longitudinal surface plasmon resonance of AuNRs lies right
within the NIR spectrum (resonant case); cf. Figure 1d. The
samples were deposited on a fused silica substrate. A replica
silica substrate was used as a reference. The dispersive
contribution from the 1 mm thick fused silica substrate for
the deposited NPs was carefully compensated with chirped
mirrors. Observed changes should therefore arise only from the
plasmon field itself. Figure 2 displays the results obtained from
the TIPTOE measurements for both the non-resonant and
resonant cases in the time domain. As expected for a non-
resonant sample, the TIPTOE measurement performed for
AuNS shown in Figure 2a exhibits a very similar E-field as the
reference field with a small attenuation that can be attributed
to intraband transitions in gold. This also results in almost

identical spectral amplitudes and spectral phases between the
sample and bare substrate as shown in Figure 2c and e,
respectively. Note that the non-resonant case serves as a
benchmark in our field sampling approach. In the case of
AuNRs, a strong reduction in the amplitude of the E-field is
observed, as expected by the resonant absorption (Figure 2d).
More interestingly, the sampled E-field in the time-domain
(Figure 2b) exhibits deviations from the reference: starting
from the peak of the pulse envelope, we can observe a
significant distortion of the optical cycles with oscillations
extending in the tail of the few-cycle pulse. These distortions
result in a drastic change of the spectral phase as shown in
Figure 2e, which exhibits a crossing with the reference phase at
the peak of the plasmon resonance around 810 nm. The phase
shift due to the resonance is a well-known effect and has been
reported in previous studies.19,24 We note that we neglect CEP
induced effects by the plasmonic sample itself in order to
emphasize the influence of the plasmonic sample on the
electric field in the time domain directly. In fact, the plasmonic
sample induces a change in the CEP in the electric field itself.
The field sampling technique allows tracking these changes,
which we discuss further in Supplementary Note 8.

The experimental observations were compared to FDTD
calculations implemented using Lumerical 2022 R1 software
(ANSYS, Inc.).25 As input parameters we used the particle
dimensions, the dielectric constants of the materials, and the
sampled incident E-field. To account for the inhomogeneous
broadening of the plasmon resonance, we calculated the
interaction between the experimental few-cycle field with five
particles of different sizes, considering the determined size
distribution from TEM analysis as a weighting factor. The
calculation results are summarized in Figure 3.

The obtained traces for the plasmonic interaction agree with
the experimental traces (Figure 3a). At 5 fs the discontinuity of
the E-field is indicated, and the delayed oscillation can be
observed until 12 fs. The agreement persists for the spectral
phases. As in the experiment, the spectral phase between
reference and plasmonic system exhibits a visible phase

Figure 3. FDTD calculation for the resonant case. (a) Simulated E-field with the plasmonic contribution (orange) and the input pulse as
experimental data (blue). (b) Retrieved spectrum (blue) and spectral phase (orange) from the FDTD calculation, displaying the transmitted E-field
after propagation through the plasmonic sample. As a reference the field without sample interaction is depicted in dashed lines as well. The shaded
gray area displays the absorption spectrum of the sample, in which five different sized AuNRs embedded on a fused silica matrix are used for the
calculations. Insets: simulation geometry of AuNRs, with five different size dimensions considering the colloidal size distribution of the AuNRs.
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crossing at the central resonance around 750 nm in this case,
cf. Figure 3b (indicated by the arrow).

To resolve the onset of the plasmonic excitation from the
time-resolved measurements, we subtracted the TIPTOE
traces between the sample and the reference. In this way, we
isolate the contribution of the plasmon from the driving few-
cycle field in the far-field domain. The results are reported in
Figure 4.

For the non-resonant case, the differential signal is almost
negligible. For the resonant case, a clear buildup of an
additional field component can be resolved, with a subsequent
decay with a lifetime in the order of 10 fs, after which the
differential field approaches the baseline. Treating the
calculated data the same way, we observed a qualitative
agreement with the experiment. The plasmon drive is well
reproduced by the simulations, while we experimentally
observe a faster decay, which could be attributed to
inhomogeneous broadening due to plasmon coupling and
increased damping at elevated temperatures.26,27 The visible

ultrafast decay can be attributed to the ultrafast dephasing time
of the plasmon, which conversely to previous measurements19

can now be retrieved from far-field measurements (see
Supplementary Note 7). The pulse interaction with the
plasmon is also reflected in the optical dispersion. Applying a
polynomial fit to extract the group delay dispersion (GDD)
yields different values for the plasmonic interaction compared
with the reference sample. A positive GDD enhancement of
approximately 8.03 fs2 compared to the original phase value
was observed after propagation through the resonant AuNRs
sample. The enhancement was consistent with differently
chirped pulses (S2 of Supplement 1). Interestingly, we observe
that the residual spectral phase, representing the plasmonic
contribution, displays a positive parabolic shape close to the
peak of the plasmon resonance. In contrast, the non-resonant
AuNS induce no significant change of the dispersion. To
further explore this effect, we performed measurements with
samples displaying different plasmon resonances by altering the
aspect ratio (AR) of the AuNRs. As samples we used AuNRs

Figure 4. Sampling of plasmon fields. (a) Differential field contributions for the non-resonant AuNS with the experimental data as solid line and the
FDTD data as dashed line. (b) Differential field contributions for the resonant AuNRs.

Figure 5. Comparison of the propagating pulse spectral properties for AuNRs with resonances shifted relative to the AuNRs discussed before. (a)
Blue-shifted AuNRs. (b) Red-shifted AuNRs. The absorption position of the plasmonic resonances are hinted as shaded gray area.The residual
spectral phase contribution with its extracted GDD value is depicted as the gray line in each case. Exemplary TEM images of the AuNR samples
with corresponding scale bars of 200 nm each are shown as insets.
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with dimensions of 71 × 26 and 78 × 19 nm corresponding to
an AR of 2.7 and 4.1 respectively. As the AR for AuNRs
changes, the longitudinal plasmon resonance shifts in
frequency. We observe that the spectral phase of the few-
cycle pulse is altered correspondingly; cf. Figure 5.

As the plasmon absorption shifts relative to the previous
resonant case, we also observe a shift of the positive parabolic
contribution. In particular, for the plasmon resonance
overlapping with the blue part of the spectrum, the minimum
of the parabola shifts toward the blue, and correspondingly the
remaining spectral phase exhibits a slightly negative parabolic
shape that results in a negative GDD. In contrast, for the
plasmon resonance overlapping with the red part of the
spectrum, the minimum of the parabola shifts toward the red
and results in an increase of the positive GDD. Tailoring of the
plasmonic resonance is straightforward by changing the
properties of the NP such as shape, size, or environment and
thus allows the realization of ad-hoc pulse shaping. Moreover,
the ability to tailor plasmon resonances with a broad
bandwidth facilitates the possibility of manipulating the
spectral properties of broadband few-optical-cycle pulses.
This concept was already anticipated in a theoretical study
proposing the use of plasmonic NPs as metasurfaces to
engineer ultrashort pulses28 and it has been experimentally
demonstrated with 45 fs long pulses.29 In this context, our
approach demonstrates the feasibility of shaping broadband
few-cycle pulses by using broad plasmon resonances.

■ CONCLUSION
We demonstrated the direct sampling of few-femtosecond
localized surface plasmons at near-infrared to visible wave-
lengths, which are the most relevant in nanoplasmonics. The
method provides the absolute field in the petahertz domain.
We demonstrated the approach by measuring the build up and
dephasing of localized surface plasmons of colloidal gold
nanostructures. The methodology can be straightforwardly
extended to single nanostructures using a microscopic setup, as
well as to dense NP structures to explore coupling effects. The
ability to resolve absolute plasmonic fields with subcycle,
attosecond resolution, opens an avenue to study strong-field
plasmonics. Furthermore, we demonstrated that the broadband
plasmon resonance of nanostructures can alter the optical
properties of few-cycle pulses. The field sampling allows for
direct extraction of the spectral phase without the application
of any reconstruction algorithms. With careful design of such
plasmonic nanostructures, their usage for shaping of ultrashort
laser pulses becomes in principle feasible.

■ METHODS
Sample Preparation. Monocrystalline NPs with uniform

size distribution were synthesized via established wet-chemistry
approaches, namely, the seed-mediated growth approach. The
detailed protocol for the synthesis of AuNS is stated in
refs.30,31 The protocol for AuNRs is stated in ref.32 To prepare
the NPs for the optical experiment, in a first step the
hexadecyltrimethylammonium chloride (CTAC)/hexadecyltri-
methylammonium bromide (CTAB) stabilized particles in
aqueous solution were transferred to an organic solution
(toluene), in which the particles are stabilized by thiol-
terminated polystyrene (PSSH) with a molar weight of 25k g/
mol. The PSSH facilitates a uniform NP distribution and
ensures a minimum interparticle distance. The reaction was

carried out in 1 mL of tetrahydrofuran (THF), where the
solution was stirred for three min in a glass vial. By shaking the
vial after the reaction, a thick product stuck at the side of the
vial, with the remaining supernatant on the bottom, which was
removed. The remaining product in the vial was treated under
a nitrogen atmosphere to dry the sample and was then
redispersed with toluene. After three washing steps via
centrifugation (10k g, 20 min each washing step) with toluene
in which 0.1 M PSSH was dispersed, the 25 μL of the particle
solution were spin-coated onto the plasma cleaned silica
substrate (EKSMA Optics) at low spin speeds (100 rpms)
until the organic solution evaporated completely. Materials:
CTAB and CTAC were purchased from Sigma-Aldrich (USA),
thiol-terminated PSSH was purchased from Polymer Source
(Canada), THF (>99.5%) was purchased from VWR
Chemicals (USA) and toluene (>99.8%) was purchased from
Thermo Fisher Scientific (USA).
Characterization of Samples. For the as-synthesized

particles, the characterization was carried out via UV/vis
absorption spectroscopy and transmission electron microscopy
(TEM). Absorption spectra were recorded by using a Varian
Cary 50 spectrometer. For TEM analysis, a droplet of AuNS or
AuNP solution was deposited on amorphous carbon-coated
copper grids. The grids were dried in air overnight to remove
residual solvent. TEM images were obtained using a JEOL
JEM-1011 transmission electron microscope operating at 100
kV. The particles displayed a narrow size distribution, which
was determined based on the width of the plasmon absorption
and the TEM data. The deposited NPs were characterized by
UV/vis-absorption spectroscopy. For the NPs on the substrate,
a slight red-shift and broadening can be observed, one possible
source originating from plasmon coupling. This would most
likely lead to faster damping of the plasmon oscillation. Further
effects that play a role in the broadening could be changes of
the environment. Nonetheless, the assumption that the
observed plasmon response mainly displays the properties of
the individual particles is valid, as the shift is not too
pronounced.
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