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Abstract: We propose a concept for generation of ultrashort pulses based on transient field-
induced plasmonic resonance in nanoparticle composites. Photoionization and free-carrier
plasma generation change the susceptibility of nanoparticles on a few-femtosecond scale under
the action of the pump pulse. This opens a narrow time window when the system is in plasmonic
resonance, which is accompanied by a short burst of the local field. During this process,
frequency-tunable few-fs pulses can be emitted. This paves a way to ultra-compact yet efficient
generation of ultrashort pulses at short wavelengths.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The ultrafast femstosecond-scale characterization and control of bound-electron motion [1]
allow the measurement of solid-state properties [2] and is the key component of novel petahertz
electronics. In particular, sufficiently strong pump pulses lead to a reversible transition of a
material from insulator to conductor within one optical cycle [3]. Control of currents in solid
state [4] and ultrafast metallization yield dramatic change of the material properties [5] that can
be used for optical switching, signal processing etc. on the petahertz time scale. On the other
hand, perspectives of short optical pulse generation offered by this ultrafast dynamics were barely
investigated up to now.

Numerous fields of modern ultrafast optics, such as tracing of atomic motion in molecules [6],
chemistry on electronic timescale [7], steering of ultrafast electron dynamics in the valence band
[8], material modification [9] and so on, require short, sub-10-fs intense pulses at ultraviolet (UV)
or near-UV frequencies. In the visible and near infrared ranges, ultrashort pulses are routinely
generated using different approaches: directly from a laser oscillator [10], by a non-collinear
optical parametric amplifier [11], or by spectral broadening in a nonlinear medium [12]. The
extension of these techniques to the UV range is challenging due to the lack of broadband laser
gain media in the UV (except for excimers of noble gas halides [13]) and strong two-photon
absorption for high-energy photons [14] required for UV optical parametric amplifiers. For these
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reasons, broadband UV pulses are typically generated in a two-step approach: first, few-optical-
cycle pulses in the visible or near-infrared ranges are generated, and then nonlinear frequency
up-conversion is used to reach the UV range. For frequency up-conversion in gases, the usually
used nonlinear processes are third- or higher- order harmonic generation or four-wave-mixing
between the fundamental wavelength and the second harmonic of the driving pulse, which
is typically obtained from a Ti:sapphire laser. For example, sub-4-fs pulses at 270 nm were
generated in Ne from the 6-fs laser output spectrally broadened in a hollow-core fiber [15], and
1.9-fs third-harmonic pulses with spectra from 210 to 340 nm were generated in argon gas cell
[16]. UV pulses were also generated by second-order nonlinear frequency conversion in crystals,
typically β-barium borate. For example, sub-10 fs 400 nm pulses were reported [17], and UV
pulses with 9.7 fs pulse duration were generated by second harmonic generation using a spectrally
shaped 1.9 mJ, 8 fs few-cycle near-infrared pulses [18]. Some new trends in the generation of
UV pulses include dispersive-wave generation during the soliton propagation which provides an
easy tunability over the entire ultraviolet and visible spectrum [19,20].

Due to a persistently high demand for short pulses in near-UV range and adjacent visible
frequencies, it is promising and timely to search for alternative approaches to their generation,
preferably directly from relatively long infrared pulses without compression step. Here, we seek
to combine the two above-mentioned fields, and to utilize the perspectives offered by ultrafast
carrier excitation and metallization of solids for the needs of ultrashort near-UV pulse generation.

A possibility to generate short UV pulses by a very small device in situ would be an important
and highly desirable feature, particularly in view of biological applications. Indeed, during
propagation in any transparent condensed matter, a ∼10-fs pulse will very quickly, on the sub-mm
scale, become much longer due to group-velocity dispersion. Pre-compensation of group-velocity
dispersion is in principle possible but challenging and requires precise a priori knowledge of the
material properties, which is rarely available. Therefore it would be highly valuable to suggest a
technique which allows generation of short pulses directly inside a transparent material at the
desired position. On top of that, spectral tunability of the pulses would strongly enhance their
application potential, e.g. by allowing to address different optical transitions.

In this paper we propose a method to generate such ultrashort tunable pulses using strongly
nonlinear dynamics in a nanoparticle (NP) composite. The key idea of the paper is illustrated in
Fig. 1. The incident long near-ir pulse, shown by the green curve, leads to transition of electrons
from valence band to the first and higher conduction band (photoionization) inside the dielectric
nanostructure. The motion of conduction-band electrons (plasma) is almost free, possibly with
a modified effective mass. Therefore they provide a negative Drude-type contribution to the
dielectric function of the NPs ϵi(t), which depends on time due to growing density of carriers
ρ (illustrated by blue curve in Fig. 1). This process transiently converts a dielectric NP into
a metallic one. Metallic NP are known to have a plasmonic resonance, where the local field
is significantly enhanced. For NPs much smaller than the wavelength, the frequency of this
plasmonic resonance is determined by the condition 2ϵh + ϵi(t) = 0, where ϵh is the dielectric
function of host material. For 2ϵh + ϵi(−∞)>0, the plasmonic resonance can be reached only for
a short time range when the relative plasma density is close to a certain value ρres. In this time
range, the local field inside the NPs, proportional to 1/[2ϵh + ϵh(t)], shows a burst as illustrated by
the red curve in Fig. 1. As will be discussed later, this burst and associated nonlinear processes
lead to generation of short pulses at new frequencies (above the frequency of the pump field). All
of the above aims: short near-UV pulse generation directly from long IR pulses, generation in
situ at the position on NPs, as well as spectral tunability, are met by this design.
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Fig. 1. The schematic representation of the key idea of the investigation. In a nanocomposite,
the electric field inside the spherical nanoparticles (red curve) can be high compared to
incident electric field (green curve) during the short time range when the plasmonic resonance
(indicated by the magenta asterisk) is reached. The resonance takes place when the relative
plasma density (blue curve) crosses the resonant value ρres indicated by the dashed black
curve. In the top part of the figure the sign of the denominator 2ϵh + ϵi(t) which determines
the plasmonic resonance, as well as the sign of the dielectric function ϵi(t) of the NPs, are
indicated. On the surface of nanoparticles, charge distribution is schematically shown in
each case.

2. Theoretical model

We consider a composite consisting of a homogeneous host material and spherical NPs with
diameter well below the light wavelength so that effective-medium theory can be applied. A
unidirectional (1+1)D propagation equation [21,22] is the most suitable for this kind of situations,
since backward-propagating wave can be neglected. For details related to the propagation
equation and the numerical procedure, see Ref. [23], Supplement 1.

The key equation describing the transient resonance is given by the ratio of the local field
inside the nanoparticles Eloc, and the volume-averaged electric field Eav:

Eloc
Eav
=

3ϵh
2ϵh + ϵi(−∞) −

Nρ(t)e2

ϵ0meω(ω+iν)

, (1)

where N is the density of atoms/molecules in the NPs, ρ(t) is the relative plasma density, and
ν is the decay rate for the plasma motion. One can directly see the emergence of a transient
plasmonic resonance for an appropriate value of Nρ(t), when the denominator becomes close
to zero. This equation provides self-consistent description of the local field Eloc in relation to
averaged field Eav for any pump pulse and time-dependent plasma density. Here we note that
we consider perfectly spherical NPs, however, for typical deviations of the shape from spherical
the shift of the plasmonic resonance is relatively small, as discussed in detail in section 6 of
Supplement 1.

https://doi.org/10.6084/m9.figshare.24182463
https://doi.org/10.6084/m9.figshare.24182463
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Using a formal substitution ω→ i∂t, we get[︃
∂2

∂t2
+ ν
∂

∂t

]︃
Eloc(t) = κρ(t)Eloc(t) +

3ϵh
2ϵh + ϵi(−∞)

[︃
∂2

∂t2
+ ν
∂

∂t

]︃
Eav(t), (2)

∂ρ(t)
∂t
= Γ(Eloc(t)), (3)

where κ = Ne2

ϵ0me
. This system of equations allows rigorous description of transient plasmonic

resonance and is the key novel contribution of our model. It allows to calculate the time-dependent
ratio Eloc/E including the contribution of plasma.

Due to the high relevance of the photoionization for the considered process, it is critically
important to develop an accurate formalism for the ionization rate in agreement with the
experiment. After careful considerations based on the available experimental data as well as
on our first-principle calculations of the ionization rate based on the numerical solution of
the time-dependent 3D Schrodinger equation in single active electron approximation, we have
found that ADK [24] ionization rate is the most suitable for our purposes, with corresponding
material-dependent prefactors, as detailed in Supplement 1.

Additionally, the following effects are taken into account: linear group velocity dispersion,
intrinsic and scattering losses, third-order optical nonlinearities, as well as photoionization losses.
For the derivation and details see Supplement 1.

3. Numerical results

In Fig. 2, the numerical results for 25-fs, 25 TW/cm2 pump pulses with 800 nm central wavelength,
propagating in a composite of AlN particles (volume filling fraction f = 0.003) in SiO2 host
are presented. AlN and SiO2 we chosen because of the relatively high damage thresholds
(DT), broadband transmission, and availability for experimentalists. We have used available
Sellmeyer-type expressions to model the dispersion of both materials [25,26], phenomenological
values of the nonlinear susceptibilites [27–29], and the bandgap of 6.01 eV for the AlN [30].
Note that the fluence of above pulses is below the DT for fused silica of 1 J/cm2, suggesting
that ionization will be predominantly happening in the AlN NPs. We note parenthetically that
absence or presence of backreflection is determined by effective refractive index, therefore for
AlN NP composite (as opposed to bulk AlN) due to low filling factor f even significant levels of
relative ionization in NPs will not lead to backreflection, and damage can be avoided even for
ρ ∼ 1.

From blue curves in left column in Fig. 2, one can see that indeed high levels of relative
ionization are reached during the driving pulse. Slightly before the maximum of the pulse, the
system passes through a plasmonic resonance, which manifests itself as a sharp peak of the field
inside the NPs Eloc (red curve) as compared to the average field Eav (green curve). At the later
stages of propagation, the input pulse is modified and depleted in the center of the pulse due to
photoionization, as can be seen in Fig. 2(g). In the spectral domain, at the initial stage of the
propagation a pronounced peak is formed at roughly (but not exactly) double the input frequency
ω0, which later broadens and extends to higher frequencies. In the right column of Fig. 2, we
show the temporal profile corresponding to this higher-frequency spectral components, by leaving
only the spectral range from 1.2ω0 to 3.5ω0. It is important to note that we do not calculate the
Fourier-limited pulse, rather, all the spectral phases which result from propagation are preserved.
One can see that after only 35 nm of propagation, a well-isolated short pulse with a FWHM
duration of 1.9 fs and weak pedestal is formed, with energy efficiency of 1.2% (corresponding to
the efficiency determined from the peak field ratio of roughly 14%). Subsequent propagation,
as illustrated in Fig. 2(i), shows further efficiency increase, which is however accompanied by
longer and less regular pulse shape.

https://doi.org/10.6084/m9.figshare.24182463
https://doi.org/10.6084/m9.figshare.24182463
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Fig. 2. The temporal properties [left column, (a),(d),(g)], spectra of the average field Eav
[middle column, (b),(e),(h)], and temporal profiles generated short pulses [right column,
(c),(f),(i)] for propagation distances of 15 nm [top row, (a),(b),(c)], 45 nm [middle row,
(d),(e),(f)], 105 nm [bottom row, (g),(h),(i)]. Input pulse centered at 800 nm has a duration of
25 fs and intensity of 25 TW/cm2. A composite of AlN NPs with identical radius of 2.5 nm
and filling factor of f = 0.003 in SiO2 host is considered. In left column, composite-averaged
electric field (green curve), local field inside the NPs (red curve), and relative plasma density
(blue curve) are shown.

4. Pulse tunability and generation mechanism

We explored the possibility to influence the position of the spectral peak visible in Fig. 2(b) by
varying the pump pulse intensity and, correspondingly, the relative density of plasma after the
pulse, ρ(+∞). In Fig. 3(a) we show that for different pump intensities it is possible to shift the
peak (and the corresponding short pulse) in a significant spectral range, from 410 to 545 nm. The
pulse duration varies slightly with intensity (not shown), but does not exceed 2.5 fs. In Fig. 3(b),
the maximum wavelength of the peak is presented as a function of the relative density of plasma
after the pulse, ρ(+∞).
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Fig. 3. Spectra of generated short pulse for different intensities (a) and the dependence of
the central wavelength on the after-pulse plasma density (b). In (a), the intensities of 15.045
TW/cm2, 15.05 TW/cm2, 15.075 TW/cm2, 15.2 TW/cm2, 15.5 TW/cm2, 17 TW/cm2, 25
TW/cm2 (from right to left) are considered. In (b), by solid green curve the analytical
dependence given by Eq. (4) is shown.
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The mechanism responsible for the generation of this peak is highly relevant to understand
its tunability and further features. We note that it cannot be explained by the well-known
plasma-induced blue shift of the spectrum, since such shift is proportional to the nonlinear phase
accumulated during propagation, and therefore the position of the peak would be z-dependent, in
contradiction to the numerical findings. Also, the energy of the peak grow quadratically with
propagation length, which excludes amplification-like processes. Rather, we speculate that a
short burst at the plasmonic resonance contains many spectral components. After the plasmonic
resonance, the relative plasma density ρ(+∞)>ρres corresponds to the plasmonic resonance at
frequency ω∗>ω0. Spectral components at or around this frequency could be preserved and grow.
To confirm this conjecture, in Fig. 3(b) we plot the wavelength corresponding to the resonant
frequency after the pulse, the latter being given by

ω∗ = 0.91

√︄
Ne2

ϵ0me[2ϵh + ϵi(+∞)]
. (4)

In order to fit the numerical data, we have introduced a prefactor of 0.91, which is justified by
the fact that the peak is generated under highly dynamical conditions with plasma density quickly
changing in time. In Fig. 3(b), the prediction given by Eq. (4) is shown by the green curve. An
almost perfect agreement with numerical results is obtained. Even with a fit parameter, such
agreement is highly indicative that proposed mechanism indeed describes the peak generation in
our system.

Note that the proposed mechanism allows in situ generation of short pulses. This can be
achieved by simply placing the NPs (using e.g. optical nanotweezers technique [31] for NP
manipulation, which is also available for biological matter [32]) at the desired position inside
the material to be investigated, with this material simultaneously serving as a host medium for
the proposed mechanism. Alternatively, for easily ionizable soft materials, one can place at a
desired position a nanoscale piece of AlN-SiO2 composite, using one of the microfluidic particle
manipulation methods [33] such as electrophoresis.

With the aim to investigate the influence of the material choice of the transient plasmonic
resonance, in Fig. 4 we show the numerical results for the 55-fs, 10 TW/cm2 pulses at 800
nm propagating in a composite of ZnO NPs (volume filling fraction f = 0.0003) in SiO2 host.
Similar to the case of AlN NPs, phenomenological bulk material parameters were used [34–37].
ZnO has a much lower bandgap of 3.37 eV, which has significant influence on the dynamics.
The dependence of the ionization rate on the intensity is smoother and does not have a strongly
pronounced threshold-like character. Therefore the growth of the relative ionization, as shown in
Fig. 4(a), occurs slower, and the systems spends a longer time in the plasmonic resonance, as can
be seen from comparison of local field (red curve) and average field (green curve) in Fig. 4(a).
Correspondingly, the generated pulse is longer with FWHM of 9.5 fs, whereas the efficiency of
1.3% is comparable to AlN case. Despite the quantitative differences to AlN case, the generation
of the short pulse is based on the same mechanism, as can be seen from the spectrum in Fig. 4(c)
showing clear isolated feature around 1.4ω0. We would like to stress that, despite the different
ionization dynamics, for ZnO NPs the Eq. (4) provides accurate estimation of the peak spectral
position using the same fitting factor of 0.91. We conclude that short pulse generation is possible
for composites with host bandgap larger than inclusion bandgap, however, the latter should not
be below roughly 4 eV for photoionization to be threshold-like. In addition, pedestal-free and
sufficiently strong input pulses (intensity above 10 TW/cm2) are required.
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Fig. 4. The temporal properties (a), temporal profile of the generated short pulse (b), and
spectrum (c) for propagation distance of 10 nm. Input pulse centered at 800 nm has a
duration of 55 fs and intensity of 10 TW/cm2. A composite of ZnO NPs with identical radius
of 2.5 nm and filling factor of 0.0003 in SiO2 host is considered. In (a), composite-averaged
electric field (green curve), local field inside the NPs (red curve), and relative plasma density
(blue curve) are shown.

5. Conclusion

We have shown that strong optical field can lead to a transient metallization of a dielectric
nanoparticle, forming a short burst of the local field inside the NPs as it crosses the plasmonic
resonance. This process is accompanied by generation of tunable ultrashort light pulses at higher
frequencies. For AlN and ZnO NPs, we predict a direct generation of tunable few-fs near-UV
pulses from much longer near-IR pulses, with efficiencies reaching ∼1% after only few tens of
nanometers of propagation. We expect the proposed mechanism to be general and applicable
beyond the examples considered here. As we have shown, it promises a new way to generate
tunable, ultrashort radiation in nanosized devices, but it can be useful also in context of PHz-scale
lightwave electronics [3,5].
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