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ABSTRACT: Utilization of the plasmonic response in nanosystems is a key component
of nanophotonics that is typically altered by varying the incident optical frequency or the
material configuration. However, in this work we demonstrate that employing intense,
femtosecond laser fields unlock nonlinear light—matter interactions such that precise
control of the optical response is achieved solely by adjusting the incident intensity. The
plasmonic properties of Au/SiO, nanoshells are manipulated by exploiting the nonlinear
index of refraction of gold and experimentally observed by employing photoelectrons
emitted during the interaction as a sensitive, sub-wavelength probe. A striking transition
seen in the photoelectron energy spectrum between the weak and strong-field regime is
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verified by a modified Mie theory simulation that incorporates the nonlinear dielectric
nanoshell response. The exhibited intensity-dependent optical control of the plasmonic response in prototypical core—shell
nanoparticles paves the way toward ultrafast switching and opto-electronic signal modulation with more complex nanostructures.

KEYWORDS: nanoplasmonics, femtosecond laser, nonlinear optics, photoelectron spectroscopy

B INTRODUCTION

The ability to reversibly manipulate the electronic structure
and optical response of nanometer-sized materials has recently
attracted substantial attention.'™> A hallmark property of
nanostructures is the capacity to design and fabricate systems
to take advantage of the tunable, size-, shape-, frequency-, and
material-dependent properties as a means of tailoring specific
optical responses. This holds promise to both further our
understanding of the transient electronic response in solid
matter as well as enable new applications such as novel opto-
electronics,” plasmonically enhanced light harvesting,* and
photocatalysis.”® Among different configurations, composite
nanostructures, such as core—shell nanoparticles, consisting of
a dielectric core and a thin metallic shell, are of special interest
for their exceptionally large plasmonic field enhancement and
high tunability of absorption spectra,7’8 generating novel
applications in optical imaging and photothermal cancer
therapy.”'" Precise control of the optical response, typically
achieved by manipulating the geometric structures,” is key to
utilizing their unique plasmonic properties.

Investigations into such optical properties in nanostructures
have been conducted by studying their plasmonic response, in
particular, their plasmonic near-field enhancement.”"'~™"* For
intense laser fields, the use of photoelectrons provides an
excellent window into understanding of the dynamics of these
interactions due to their sensitivity on the sub-wavelength
spatial and ultrafast temporal scales, especially to the transient-
induced plasmonic field distribution. Photoelectron spectros-
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copy utilizes photoelectrons emitted during the interaction of a
nanoparticle with an intense, femtosecond laser, allowing for
the unraveling of the fundamental contributions to their
acceleration, including enhanced near-fields, surface rescatter-
ing, and charge interactions.’>™"” Experiments revealed the
fundamental light-matter interaction processes during the
optical response and associated electron dynamics in selected
nanosystems (nanospheres, nanotips), consistent with the-
oretical modeling of the induced plasmonic field near the
nanostructure surface in the linear response approxima-
tion,'’~**

Recent investigations of nanoscale thin films and meta-
surfaces have revealed significant nonlinear (Kerr) effects””*
and demonstrated the possibility to use such eftects to optically
manipulate the plasmonic properties in various nanostruc-
tures.”® Therefore, a compelling interest is raised to utilize
nonlinear effects for the optical control of the plasmonic
properties of the aforementioned composited nanostructures,
especially those with thin layers such as core—shell nano-
particles. Here, we investigate a type of core—shell nanoparticle
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Figure 1. Experimental schematic and photoelectron energy spectra. (a) Schematic of an ultrafast laser interaction with a single, isolated
nanoparticle in vacuum. The emitted photoelectrons are angle- and energy-resolved using high-energy VMI spectroscopy. (b) Comparison of the
obtained photoelectron energy distribution for photoemission from gaseous Xe (blue solid line), 120 nm diameter SiO, nanospheres (green dotted
line), and 120 nm diameter Au nanospheres (gold dashed line), at a peak laser intensity of 8 TW/cm? at 780 nm wavelength. Respective cutoff
energies in units of the ponderomotive energy U, are indicated by arrows. All spectra are obtained from photoelectron counts within a 30° cone

centered along the polarization direction.

specifically tailored to have a significant nonlinear optical
response which enables the intensity-dependent optical control
of its plasmonic properties. This core—shell nanoparticle is
composed of a nanometer-thin gold coating encasing a larger
dielectric silica core. We demonstrate, experimentally and
theoretically, that, as a function of the incident field intensity, a
nonlinear response in the gold shell can be induced to control
the plasmonic properties of the nanoparticle. At laser
intensities below 0.1 TW/cm?, the linear response dominates,
resulting in a large plasmonic near-field. However, with
increasing intensity, the onset of a nonlinear component of
the complex index of refraction for gold decreases the skin
depth and effectively reduces the magnitude of the near-field.
This ability to manipulate the plasmonic properties of core—
shell nanoparticles solely by tuning the external-field intensity
substantiates a new method of precise control over the optical
response in layered nanomaterials.

B METHODS

Experimental Setup. The experiment was performed at
the James R. Macdonald Laboratory at Kansas State University
making use of a Ti:sapphire-based chirped pulse amplification
system generating 25 fs pulses at 780 nm central wavelength.
Photoelectron spectra were captured using a thick-lens, high-
energy velocity map imaging (VMI) spectrometer”’ capable of
gathering up to 350 eV electron energy. The custom
nanoparticle source produces a continuous beam of nano-
particles into vacuum. Spherical nanoparticle samples were
selected for their narrow size distribution and overall purity.
The initial nanoparticle concentration was also carefully
chosen to avoid the formation of clusters in the nanoparticle
beam.

Laser Intensity Characterization. The peak laser
intensity was determined by analyzing the above-threshold
ionization photoelectron energy distribution of atomic Xe with
the aforementioned VMI under similar experimental parame-
ters. The ponderomotive shift of the Xe above-threshold
ionization comb was measured as a function of the input laser
pulse energy, in order to derive the ponderomotive energy U,
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o I? and thus, the peak laser intensity 1.”**” For intensities
below the ionization threshold of Xe, the ratio of the pulse
energies was used to extrapolate the peak intensity. See Note
S1 for more details.

Photoelectron Cutoff Determination. The nanoparticle
photoelectron cutoff energy was extracted from the exper-
imental VMI images in a method described in a previous
work.'®” The detected elastically back-scattered photo-
electrons are obtained from the non-inverted VMI images,
for which the upper energy boundaries of the full 3D
momentum sphere and the 2D projection are essentially the
same. A radial distribution of these projections along the
polarization direction accurately determines the maximum
photoelectron energy.

Mie Simulations. We simulated laser-induced plasmonic
near-fields by solving the Mie equations’””" for plane waves
scattered by spherical objects. The linear terms of the dielectric
response of Au and SiO, enter as the frequency-dependent
complex-valued index of refraction obtained from experi-
ments.””** Our inclusion of nonlinear effects is discussed in
the next section. As the original Mie theory applies only to the
solid spheres, we used a modified Mie theory to simulate the
plasmonic near-fields of core—shell structures,”**” as outlined
in Note S3.

B RESULTS AND DISCUSSION

Probing Plasmonic Field Enhancement. The photo-
electron cutoff energy, defined as the highest observable
electron energy, has been established as a gold standard for
probing the induced plasmonic near-fields close to various
nanostructure surfaces of different materials.'>"****” This
cutoff scales linearly with the cycle-averaged quiver energy of a
free electron in a laser field, referred to as the “ponderomotive
energy” U, = €’E*/4mw” o« IA* (e and m are electron charge
and mass and E, I, w, and A designate the incident field
strength, peak intensity, frequency, and wavelength of the laser
pulse, respectively). Though near-fields are generally inhomo-
geneous (decreasing with distance), the fastest photoelectrons
elastically rescatter and gain most of their kinetic energies near
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the nanoparticle surface,'””® well within the typical spatial

range of the near-field enhancement.””®*® Therefore, rescaling
photoelectron cutoff energies with the incident field U, reveals
information about the plasmonic near-field enhancements,
independent of the incident-field intensity.

We determine the cutoff energies for single, isolated
nanoparticles photoionized by femtosecond laser pulses,
employing a high-energy VMI spectrometer to measure the
energy- and angle-resolved photoelectron spectra (see
Methods for additional details). Figure la illustrates a
simplified schematic of the interaction and subsequent electron
propagation and detection. Figure 1b shows the comparison of
typical photoelectron energy spectra and their respective cutoff
energies for atomic Xe, SiO, nanospheres, and Au nano-
spheres, exemplifying the substantial increase in the kinetic
energy of electrons emitted from nanoparticles.

To demonstrate the feasibility of observing the signature of
the near-field in these nanosystems, we measured the size-
dependent photoelectron cutoff energies for solid Au nano-
spheres. Figure 2a shows the cutoff energies for diameters
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Figure 2. Probing field enhancements with photoelectron cutoff
energies. (a) Size-dependent maximum cutoff energies from
experimental VMI spectra for various laser intensities for Au
nanospheres in units of eV and for an incident pulse wavelength of
780 nm. (b) Same cutoff energies as in (a) for Au and SiO,
nanospheres rescaled to incident-field ponderomotive energy U,.
(c) Simulated near-field enhancement lal* for Au (orange solid line)
and SiO, nanospheres (blue dashed line).

ranging from 5 to 400 nm at several intensities. The plasmonic
near-field response was investigated by rescaling the cutoff
energies to their respective incident-field ponderomotive
energy U, as shown in Figure 2b. For comparison, the cutoff
energies for SiO, nanospheres at similar diameters and
intensities are also plotted.'® The U, -rescaled cutoff energies

p
for both materials are shown to be independent of the laser
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field intensity, within the size and intensity range of this work,
as evidenced in Figure 2b by the overlap of the data points for
each particular size. The cutoff energies for Au nanospheres
indicate a prominent peak at diameter D = 200 nm and more
energetic photoelectrons than for SiO, nanoparticles, for which
only a slight, monotonic increase with diameter occurs.

Further analysis in Figure 2c reveals that the Uj-rescaled
cutoff energies resemble the maximum near-field intensity
enhancement (which we refer to as “field enhancement” lal*),
in Figure 2b. For the results shown in Figure 2c, we calculated
the induced near-field by numerically solving the Mie
equations’””" using indices of refraction within the linear
optical response for Au and SiO, nanospheres.”” The field
enhancement is defined by the maximum total field intensity
with respect to the incident intensity and typically located
close to the particle surface.””*” Though the exact dependence
between the cutoff energy and field enhancement is
determined by multiple effects (such as rescattering and
Coulomb interactions)15'17Figure 2b,c reveals that the cutoff
energy does, nevertheless, accurately reflects the dominant
signature of field enhancement profiles for Au and SiO,
nanospheres (see Note S2). This agreement supports our
use of the cutoff energy as an indicator for observing changes
in the magnitude of the plasmonic field enhancement.

Controlling Plasmonic Properties in Core—Shell
Structures. To investigate the strong-field control of the
plasmonic properties in a layered nanostructure, we examined
SiO,-core—Au-shell structures. Core—shell nanoparticles were
specifically chosen to elucidate any intensity-related changes to
the field enhancement due to their unique configuration in
comparison with solid Au nanospheres of a comparable size.
The nanometer-thin Au shell surrounding a dielectric core
results in a stronger localization of the plasmonic near-field
when compared to solid Au nanospheres. We neglect any laser-
induced propagation effects as the nanoparticle radius is much
smaller than the incident pulse wavelength. Figure 3a shows
our measured intensity-dependent photoelectron cutoff
energies, rescaled with the incident-field ponderomotive
energy U, at 780 nm wavelength, for core—shell structures
and solid Au nanospheres of approximately 150 nm diameter.

The Uj-rescaled cutoff energy for solid Au nanospheres
remains approximately unchanged (~500U,) for different
incident-field intensities, indicating that the field enhancement
near solid Au nanospheres is nearly independent of the
intensity (Figure 3a). In contrast, the cutoff energy for the
core—shell structures varies drastically within the intensity
range sampled. At low intensities, this energy is large when
scaled by U, (~2500U,, approximately 10 eV). However, it
rapidly decreases and converges to the nearly identical value of
the solid Au nanospheres beyond ~2 TW/cm?, as indicated by
the black arrow in Figure 3a. This implies that the field
enhancement of the core—shell structure does not remain
constant with the increasing laser intensity, but rather begins
(at low intensity) at a significantly larger value than the
enhancement of solid Au nanospheres, before quickly
decreasing to a similar value at higher intensities. The contrast
of these two particles is particularly strong at very low
intensities (~0.1 TW/cm?), where no photoemission is
observed for solid Au nanospheres due to the extremely
weak electromagnetic field. A measurable amount of photo-
electrons with over 2000U, cutoff energy are still observed
from core—shell structures, further confirming that a large field
enhancement is induced at low intensities.
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Figure 3. Probing and analyzing intensity-dependent field enhance-
ment of core—shell structures and solid Au nanospheres. (a)
Maximum photoelectron cutoff energies in the units of incident-
field ponderomotive energy U, for SiO,-core—Au-shell structures
(hollow markers) and solid Au nanospheres (solid markers), as a
function of the incident-field intensity I. The core—shell structures
have an outer diameter D, = 147 &+ 7 nm and an inner diameter D, =
118 + 4 nm whereas the solid Au nanospheres have a diameter of 150
+ 5 nm. The simulated field enhancement lal* (scale on the right) for
core—shell structures (red dotted line) and solid Au nanospheres
(blue solid line) are also plotted for comparison. The red shaded area
is the calculated uncertainty range caused by the manufacturing
dispersity of the inner and outer radii of the core—shell structures (see
Note S4). The black arrow indicates the selected convergence of the
core—shell and solid nanospheres in cutoff energies and in field
enhancements. (b) Calculated IR skin depth (red line and darkened
area) for a Au shell thickness of 14.5 nm, as a function of the incident-
field intensity I. All results are for an incident pulse wavelength of 780
nm.

Physical Mechanism of Strong-Field Control. The
nonlinear optical response of the Au shell is the key to
understanding the observed effects in core—shell nanoparticles.
Note that only the linear optical response is included in Figure
2c. To include the nonlinear response, we apply a simple and
widely used model to account for intensity-dependent changes
in the index of refraction for Au™’

n=ny+ n,l

(1)

where 7y, an experimentally determined complex number,*” is
the linear index of refraction employed for our simulation
results in Figure 2. n, is related to the third-order susceptibility
2% (or the Kerr effect)’

283 (3) 2 2
— " (m"/V%)
noR (o) (2)
R(n,) is the real part of ny and 7% = (=9.1 + 0.35i) x 107"

m?*/V?, according to a measurement using 15 nm Au films,**
close to the Au shell thickness in our work. At 780 nm

wavelength, n, = (0.026 + 3.65i) X 107> (W/cm?)™" is pre-

ny (mz/w) =

3518

dominantly imaginary. When I — 0, the linear optical response
dominates and n & n. As the intensity increases, the imaginary
part S(n) = F(ny) + J(n,) X I increases, and the nonlinear
effect starts to emerge.
We estimate the normal incident IR skin depth o following™
as
c ¢

7T 2080 | 20[S(ng) + S(n,) X 1]

()

where c is the speed of light. Thus, the IR skin depth decreases
with incident-field intensity in this particular situation. Figure
3b plots the intensity-dependent IR skin depth, in comparison
with the Au shell thickness (~14.5 nm) of the core—shell
structures. At low intensities (<0.1 TW/cm?), the skin depth is
approximately 13 nm, comparable to the Au shell thickness,
suggesting that a considerable amount of the IR field reaches
the SiO, core. Because the optical response of a core—shell
nanoparticle is extremely sensitive to the fields at both the
inner and outer surfaces, their larger field enhancement results
from the penetration of the external field into the Au—SiO,
interface. This effect is incorporated by applying the boundary
conditions at both interfaces when solving the Mie equations.”
However, as the intensity increases, o rapidly drops and
approaches 2 nm at 8 TW/cm? well below the Au-shell
thickness, preventing the IR field from penetrating the Au
shell, that is, shielding the SiO, core. Therefore, the outer Au
surface becomes the dominant factor for determining the
optical response (and thus the field enhancement), causing the
core—shell structures to appear to be indistinguishable from
solid Au nanospheres of the same outer diameter.

Note that, while a recent study included the nonlinear
response of SiO, nanoparticles,'® we neglect such effects in the
SiO, core of the core—shell structures because the field near
the Au—SiO, interface is too heavily dampened (not exceeding
10" W/cm?) to induce any significant nonlinear response in
this study. In addition, we point out that the macroscopic
theoretical model given by eq 1 is incomplete with regard to
two aspects. (i) It lacks the detailed self-consistent description
of the nanoparticle’s electronic response to and ensuing
modification of the external laser electric field. Such a
comprehensive microscopic numerical modeling of the
laser—matter interaction would require the self-consistent
solution of Schrédinger’s and Maxwell’s equations and is
clearly beyond the scope of the present investigation.**™* (i)
We assume the intensity-independent nonlinear response
coefficient n, in eq 1 is perturbative and thus valid near the
onset of nonlinear refraction. This assumption will fail for high
intensities in the strongly nonlinear regime. Our model based
on eq 1 is nevertheless able to capture the onset and
characteristics of the observed nonlinear effect on photo-
electron emission due to the first nonlinear corrective term,
ml. In fact, as discussed below, the intensity-dependent
transition from linear to nonlinear response is revealed in the
experimental cutoft energies and agrees with the physically
transparent modeling in eq 1.

Figure 3a also plots the Mie-simulated field enhancement
lal* for core—shell structures and solid Au nanospheres,
including the nonlinear optical response. The field enhance-
ment of solid Au nanospheres only decreases slightly from 18
to 13 as the intensity increases. This indicates that the
nonlinear response, while present in solid Au nanospheres, is
insignificant and does not induce a measurable difference
exceeding experimental uncertainty in this work, justifying our
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calculation of the results in Figure 2 using a linear response
approximation. The core—shell structures, on the other hand,
start with a field enhancement up to 60 at low intensities,
where linear response dominates. This large enhancement is
responsible for the photoemission observed from core—shell
structures at low intensities, which is absent in solid Au
nanospheres, as well as the significantly larger cutoff energy. As
the intensity increases, the nonlinear response results in a
decreasing skin depth (Figure 3b), leading to significantly
smaller field enhancements that eventually converge with our
results for the solid Au nanospheres beyond ~2 TW/cm? The
profiles of the simulated field enhancements, especially the
convergence at ~2 TW/ cm?, are in excellent agreement with
that of the measured cutoff energies for both nanoparticles.
This success validates the use of the simple model in eq 1 and
shows that the laser intensity has a significant impact on the
plasmonic response of core—shell structures, in contrast to
their solid Au counterparts.

A more in-depth understanding of the intensity-dependent
plasmonic response and its broader implications can be
achieved by extending our line of investigation to a larger
spectral range. Figure 4d—f shows the calculated field
enhancement of core—shell structures and solid Au nano-
spheres as a function of the incident-field wavelength for
incident-field intensities of 0.08, 0.3, and 8 TW/cm?
respectively. For each corresponding incident-field intensity,
Figure 4a—c compares a section of our simulated electric-field-
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Figure 4. Controlling plasmonic properties of core—shell structures.
(a—c) Simulated inhomogeneous electric-field intensity distribution
for core—shell structures (left half) and solid Au nanospheres (right
half), for the incident-field wavelength of 780 nm and intensities of
(a) 0.08, (b) 0.3, and (c) 8 TW/cm® (d—f) Simulated field
enhancement lal* as a function of incident wavelength, under the
same respective incident-field intensities, for core—shell (red circled
lines) and solid Au nanospheres (blue solid lines). The red shaded
areas are the uncertainty range caused by the manufacturing dispersity
of the inner and outer radii of the core—shell structures.
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intensity distribution between the two types of nanoparticles
for an incident field at 780 nm wavelength.

At 0.08 TW/cm? where the linear optical response
dominates, a weak yet noticeable field penetrates the Au
shell of the core—shell structure. The propagation of the
external field across the Au—SiO, interface yields the
significantly more intense and red-shifted resonant spectra, as
compared with solid Au nanoparticles. Such pronounced
differences show that the plasmonic response of core—shell
structures, including the absorption resonance and the near-
field magnitude, can be tuned by changing parameters in the
production of the nanospheres (core diameter and shell
thickness and composition).” ™"

As the incident-field intensity increases, due to the growing
nonlinear response of the Au shell preventing penetration of
the field, the resonance feature for the core—shell structures
starts to blue-shift and decreases in magnitude, before
gradually becoming indistinguishable from solid Au nano-
spheres across the spectra. We thus demonstrate that for core—
shell nanoparticles, the tunable plasmonic response can be
effectively switched “on” and “oft” by simply controlling the
external-field intensity. For intensities well below a threshold
(~2 TW/cm? in this work), the tunable plasmonic response of
core—shell structures is switched “on”, manifesting a large and
red-shifted resonance. For intensities above the threshold, the
response is effectively switched “off’, and the core—shell
structures appear to be indistinguishable from the solid Au
nanospheres. According to eq 3, for a chosen material, such a
threshold is determined primarily by the shell thickness, where
a thinner shell requires a larger intensity threshold to ensure
that the IR skin depth is smaller than the shell thickness. This
shows that core—shell nanoparticles can be carefully
synthesized to have a designated intensity threshold so that
their plasmonic properties are controllable by manipulating the
external-field intensity.

B CONCLUSIONS

We have demonstrated the ability to control the plasmonic
response of a layered nanostructure solely by varying the laser
intensity. This was accomplished by measuring the photo-
electron cutoff energies from single, isolated core—shell
nanoparticles and using them as a sensitive probe of the
plasmonic field. Experimental signatures of a non-constant,
intensity-dependent near-field were verified by a modified Mie
theory as the direct result of the nonlinear optical response of
the outer gold shell. Further analysis revealed that the
decreasing skin depth into the nanoparticle surface at laser
intensities above ~2 TW/cm? effectively shields the SiO, core,
rendering the magnitude of its near-field identical to that of a
solid Au nanosphere. These results suggest a new intensity-
dependent strong-field control of the plasmonic response in
layered nanostructures. Although such responses in layered
nanostructures are known to be tunable by their physical
structure, we demonstrated that they can further be effectively
switched “on” and “off” solely by controlling the external-field
intensity.

This intensity-dependent optical control of the plasmonic
response could hold the key to new lines of research and
implementations based on layered nanostructures. For
example, many applications require nanosystems such as
core—shell structures to be tuned to precise resonant
wavelengths.”'® Our work unlocks a new tuning mechanism
where a core—shell (or layered) structure can be manipulated
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to have adjustable resonance and optical properties, dependent
merely on the applied laser intensity, without modifying its
shape, size, or material. In other applications, such as
photocatalysis’ and field-induced molecular reactions,*’
core—shell structures could be versatile substitutes for the
currently used solid nanoparticles. Not only can they be
tailored to provide larger field enhancements and substantially
reduce the laser intensity requirements but such large
enhancements can also be automatically turned “off” by the
nonlinear response to avoid overexposure at high intensities.
This can have significant impacts in areas such as
metamaterials, plasmonics, and opto-electronics.
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