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Abstract: We investigate the nonlinear optical response of a thin film of ion-implanted VO,
nanocrystals with open aperture z-scans involving femtosecond near-infrared pulses. Beyond
the established nonlinearity related to the insulator-metal phase transition of VO, the metallic
state features a pronounced saturable absorption for 100 fs pulses from a modelocked Yb:fiber
source at A = 1036 nm. In contrast, we find a pronounced reverse saturable absorption for 90 fs
pulses in the telecom window at 4 = 1550 nm. We attribute these nonlinearities to a transient
red-shift of the plasmonic resonance of the nanocrystals, in line with the temperature dependence
of the linear absorption and the theoretical expectation for electronic heating. Details of the
transmissivity characteristics can be tailored by the lattice temperature and/or the size of the
nanocrystals. The results hold promise for the use of VO, nanocrystals as a saturable absorber,
e.g., to mode-locked near-infrared lasers.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Vanadium dioxide (VO,) has attracted the interest of researchers for decades since it exhibits
an insulator-metal phase transition (IMT) near ambient temperatures (transition temperature
of Tc ~68°C for bulk crystals). Upon heating, VO, undergoes a structural change from a
monoclinic to a rutile phase. It is accompanied by a substantial modification of the complex
dielectric function and a marked change of the DC electrical conductivity by five orders of
magnitude [1]. Closely related, VO, nanocrystals (NCs) in their high-temperature phase feature
near-infrared plasmonic resonances with properties depending on their size, shape and the
host matrix material. VO, based structures in general are envisioned for applications such as
switchable optical elements [2,3] and the optical control of the phase of light [4]. More recent
work incorporates VO, into hybrid structures involving, e.g., photonic crystals and waveguides
[5,6]. Much less is known about the nonlinear optical properties of VO,. Z-scan experiments in
bulk and nanoscale VO, have shown that effective nonlinear optical coefficients extracted for
femtosecond pulses at 800 nm are mostly related to an optically induced phase transition rather
than to an intrinsic optical nonlinearity of the two individual phases [7].

In this letter, we investigate the near-infrared optical nonlinearity of both the insulating and
metallic state of VO, NCs of about 100 nm diameter embedded in fused silica. To this end, we
perform open aperture z-scans for a wide range of lattice temperatures and two complementary
mode-locked fiber laser sources. Such measurements provide direct insight into parameters
such as effective saturation intensities and/or effective nonlinear absorption coefficients, i.e.,
parameters for practical applications such as nonlinear absorbers. The most striking observation
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for the metallic state is a pronounced saturable absorption for femtosecond pulses centered at a
wavelength of 1036 nm, i.e. in the high-energy flank of the absorptive plasmonic resonance of
the NCs. In marked contrast, we find a reverse saturable absorption for femtosecond pulses at a
wavelength of 1550 nm, i.e., in the low-energy flank of the plasmonic resonance. Both results are
readily understood as arising from a transient red-shift of the plasmonic resonance during the
ultrashort light matter interaction window. Such a red-shift upon heating is well known from
metallic nanoparticles [8].

2. Sample overview and linear optical properties

The VO, NC sample is fabricated by ion beam synthesis by sequential implantation of vanadium
(9 x 10" atoms/cm? at 100 keV implantation energy) and oxygen (1.8 x 10'7 atoms/cm? at 32 keV
implantation energy) into a 500 um thick fused silica substrate [9,10]. Via Raman spectroscopy
we can exclude significant amounts of other vanadium oxide phases such as V,0s (data not
shown). The formation of roughly spherical NCs with an average diameter of 100 nm and a lateral
spacing of about 60 nm happens during a rapid annealing step at a temperature of 1000°C [11].
Specifically, a dense layer of isolated VO, nanocrystals (areal density ~10'" cm=2) is located
85 nm below the surface. These values were estimated from transmission electron micrographs
such as the example in Fig. 1(a). As a result, the NCs are well protected from the environment so
that they do not suffer from potential detriments like oxidation or hydrophilicity.

Upon heating and/or optical excitation, VO, undergoes an abrupt structural change from a
monoclinic, insulating state at room temperature to a rutile, metallic phase at elevated temperatures
(T¢ =~ 68°C for bulk crystals) [1,12]. In particular, this IMT is accompanied by a marked change
of the complex dielectric function especially in the telecom window [13,14]. In addition, for
NCs of high structural quality it exhibits a large hysteresis with a supercooled metallic state
persisting almost down to ambient temperatures. These phenomena can be directly seen from the
linear optical properties of the sample. Figure 1(b) displays results for the complex refractive
index n = n + ik as determined by ellipsometry. In the analysis of the ellipsometry results, the
NC layer is modeled as a thin layer of an effective medium with spherical particles embedded
into SiO, [15]. The dielectric function of VO, is included based on an established model with
three Lorentz oscillators [16]. The metallic phase features a Mie-type, absorptive resonance
as expected for roughly spherical, metallic NCs. It is characterized by an increased imaginary
part k and a dispersive signature in the real part n of the complex refractive index. In order to
demonstrate the thermal hysteresis, Fig. 1(c) shows the normalized transmissivity for a weak
1036 nm cw-laser beam when the VO, NCs are heated and cooled through the phase transition.
Upon heating the IMT occurs at ~80°C. The phase transition comes along with a reduction of
the transmissivity by as much as ~22%, in line with the ellipsometry data. When the sample is
cooled down again, a supercooled metallic state is seen until the transition back to the insulating
state happens close to ambient temperatures. The results of electron microscopy (cf. Figure 1(a))
and the temperature range of about 10°C over which the IMT is seen point to a relatively broad
distribution of NC sizes. The fairly wide hysteresis is related to the high structural quality of our
NCs [17]. In particular, for high quality NCs it is much wider than for VO, thin films as, e.g.,
studied in [18]. Figure 1(d) shows spectrally resolved data for the reduction of the transmissivity
in the supercooled metallic state when compared to the insulating state, both at a temperature of
60°C. These results are obtained with a standard setup for (near-infrared) white-light spectroscopy.
We note that this setup can also be combined with an oven that permits to record transmissivity
spectra at temperatures up to 900°C. The spectrum in Fig. 1(d) is well reproduced by a Gaussian
curve with a central photon energy of 0.97 eV and a full with at half maximum of 0.64 eV. We
note that the spectral position of this resonance and the characteristics of the hysteresis can be
tailored during the fabrication process via e.g. the particle’s dimension, shape and the host
matrix [11,19-21]. From the theoretical point of view, the position and shape of the plasmonic
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Fig. 1. (a) Cross-section transmission electron microscope image of ion beam synthesized
VO, nanocrystals (NCs) embedded into a fused silica (SiO;) matrix. (b) Real and imaginary
part of the refractive index of VO, NCs in SiO; as determined by spectral ellipsometry
for different sample temperatures. Blue: 28°C (insulating). Red: 100°C (metallic).
(c) Thermally induced insulator-metal phase transition (IMT) and hysteresis recorded
by tracking the 1036 nm probe transmission for increasing (blue) and decreasing (red)
sample temperatures. The IMT from insulating to metallic VO, is triggered at a transition
temperature of 7c =~ 80°C. Upon cooling, a supercooled metallic phase persists almost down
to room temperature. (d) Spectrally resolved data for the relative decrease of the optical
transmissivity related to the phase transition from insulating to metallic VO, NCs. The red

line is a Gaussian fit to the data.

resonance of such NCs can in principle be computed by Maxwell-Garnet theory as described in

[21].
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3. Experimental approach

We use the open aperture z-scan technique, pioneered by van Stryland [22] and Sheik-Bahae [23]
to determine the nonlinear transmission characteristics of such a layer of VO, NCs embedded in
fused silica. The measurements are performed at wavelengths of 1036 nm as well as at 1550 nm
and at various lattice temperatures corresponding to the different crystallographic phases of
VO,. The first laser source used is a commercial mode-locked Yb:fiber laser (Onefive, Origami
HP-10) operating at 4.3 W of average output power. It delivers a train of linearly polarized,
transform-limited 100 fs pulses at a repetition rate of 90 MHz and a central wavelength of 1036 nm
(central photon energy of 1.20 eV). The second laser source is a commercial mode-locked Er:fiber
laser (Toptica, FemtoFiber Scientific) operating at 280 mW of average output power. It delivers a
train of linearly polarized, transform-limited 90 fs pulses at a repetition rate of 75 MHz and a
central wavelength of 1550 nm (central photon energy of 0.80 eV). Using a half-wave-plate and a
polarizing beam splitter cube, a portion of up to a few hundred milliwatts is focused down to a
beam waist of 12 um (9 um) using a lens with a focal length of 150 mm (75 mm) for the 1036 nm
(1550 nm) pulses. These values correspond to the full with at half maximum and are measured
with a commercial scanning-slit beam profiler (Thorlabs BP209-IR).

The VO, NC sample is located inside a temperature-controlled oven (Covesion OC1 and
PV10) that allows for operating temperatures between near-ambient values and 200°C with a high
thermal stability. This oven is mounted on a computer-controlled translation stage. Alternatively,
the oven can be exchanged by a small vacuum chamber equipped with a Peltier element that
allows to cool down the sample to -40°C. All temperatures given throughout the manuscript
are related to the SiO; substrate. Depending on the irradiance the temperature of the NCs is
somewhat higher. We note, however, that the heat conduction into the SiO; substrate is much
faster than for NCs in a liquid environment where heating, e.g., leads to vapor generation [24,25].

Open aperture z-scans are performed by translating the VO, nanocrystal sample through the
beam waist of the focused laser beam while measuring the total transmitted intensity [22,23].
Because only the irradiance at the sample is changing upon translation, any (non-destructive)
deviation in the total transmitted intensity must be due to saturable absorption or reverse saturable
absorption, e.g. related to two-photon absorption. For a more quantitative analysis of selected
z-scan traces we employ a phenomenological model based on a nonlinear absorption coefficient
and saturation intensity [26,27]. These composite nonlinear absorptions with opposite signs can
be phenomenologically combined to a total nonlinear absorption coefficient:
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where « is the linear absorption coefficient which is @jpsytator = 1.05 x 10° m™! and @metal
=3.19 x 10°m™" at 1036 nm and @ineutaror = 3.08 x 10° m~! and &mera = 2.78 x 10° m~! at
1550 nm, respectively. These values are calculated from the imaginary part k from the complex
refractive index, cf. Fig. 1(b). 8 is the nonlinear absorption coefficient describing multi-photon
absorption. [ and [ are the laser intensity and saturation intensity, respectively. In the limit
where the nonlinear absorption is restricted to two-photon absorption, associated with the third
order nonlinear susceptibility y(®, the time-integrated transmitted intensity can be approximated
by the following equation [22,23,26-28]:
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where 3 is the two-photon absorption coefficient, L.g is the effective interaction length, z is the
longitudinal coordinate with z = 0 located at the focal plane, Iy is the on-axis peak intensity and zg
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is the Rayleigh length. The sample length L can be estimated by averaging the spherically shaped
NCs with an average diameter of 100 nm and a lateral spacing of about 60 nm. We estimate that
this configuration corresponds to a homogenous layer of approximately 25 nm thickness.

4. Results and discussion

In the first step we want to give an overview of the rich phenomenology of nonlinear optical
processes in VO, NCs. Figure 2(a) contains a large number of room temperature z-scan traces
recorded for 1036 nm pulses of average powers ranging from 10 mW to 490 mW. The upper
power limit is given by the threshold for permanent damage to the NCs occurring at higher power
levels. Note that the sample is translated towards more positive z-values.
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Fig. 2. (a) Series of room temperature z-scan traces recorded for 1036 nm pulses with
translation direction to positive z-values. The top panel shows enlarged versions of three
low-power z-scans for better visibility. (b) Transmissivity for various powers at the position
z = 0 extracted from Fig. 2(a). The spectral position of the laser wavelength of this particular
measurement with respect to the NCs resonance is shown in Fig. 1(d).

The findings can be grouped into three kinds of optical nonlinearities: (i) For power levels up
to 30 mW only a weak positive peak is found around z = 0, cf. enlarged z-scan traces in the top
panel of Fig. 2(a). It is related to a saturable absorption in the insulating state. (ii) For larger
power levels a pronounced dip with minimum transmissivity levels as low as 78% is seen. This
behavior is readily explained by a light-induced IMT of VO,. For somewhat larger powers, the
traces become increasingly asymmetric around z = 0. This asymmetry arises from the hysteresis
of the NCs, i.e. at least a part of the excitation region remains in a supercooled metallic state in
the z > 0 section. (iii) On top of the IMT-related drop of the transmissivity a marked positive
peak is seen which arises from a pronounced saturable absorption of the metallic phase of VO,.
For the largest power levels in Fig. 2(a), the transmissivity at z=0 is even almost restored to the
values far away from z = 0, i.e., in the low-fluence limit

The main focus of this paper is a careful examination of the nonlinearities (i) and (iii). In
contrast, the nonlinearity (ii) is very similar to earlier observations with 800 nm pulses [7] and is
not strongly emphasized here. The three different regimes are also evident from Fig. 2(b) where
the transmissivities at z = 0 are shown. When increasing the power level, a slight increase of
the transmissivity is seen, i.e., a saturable absorption occurs. Then, a very sharp IMT-related
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drop of the transmission by ~20% is found. It is followed by an increasing transmission due to
the saturable absorption of the metallic phase. Around power levels of 300 mW, a change of the
slope is seen in Fig. 2(b). We note that this finding is reproducible. However, we cannot offer an
explanation for the change of the nonlinearity to date.

We now compare the above findings to the situation where the sample is translated through
the beam waist of the 1550 nm pulse train. Figure 3(a) displays z-scan traces for various power
levels ranging from 20 mW to 265 mW. The transmissivity values at z = 0 are summarized in
Fig. 3(b). For this wavelength the maximum power level is given by the available power of the
mode-locked Er:fiber laser. To partially compensate for the lower power levels, we use somewhat
tighter focusing as quantified in the description of the experimental setup. The z-scan traces
look drastically different from those in Fig. 2. For low power levels, a slight decrease of the
transmissivity around z = 0 is seen. It arises from a reverse saturable absorption of the insulating
state of VO,. For elevated power levels, the traces are again dominated by the IMT-related
sharp drop of the transmissivity. For 1550 nm pulses, the absorption of the metallic phase is
slightly stronger when compared to the 1036 nm case. The result is also expected from the
data in Fig. 1(d). On top of this nonlinearity, another drop of the transmissivity is observed for
power levels > 100 mW. It is related to reverse saturable absorption of the metallic state of VO,.
Remarkably, for the highest available powers the transmission at z = 0 drops to values as low as
57% of the value for unfocused pulses.
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Fig. 3. (a) Series of room temperature z-scan traces recorded for 1550 nm pulses. The
sample is translated towards positive z-values. The top panel shows enlarged versions of
four low-power z-scans for better visibility. (b) Transmissivity values at z = O for various
power levels, as extracted from Fig. 3(a). The spectral position of the laser wavelength of
this particular measurement with respect to the NCs resonance is shown in Fig. 1(d).

The data in Fig. 3(b) show a marked change of their slope at about 160 mW. It is instructive to
compare these results to Fig. 2(b). In both cases the change of the slope occurs at a power density
of ~2.5 mW/um? and point to a quantitative modification of the optical nonlinearity. Again, this
effect is reproducible but still requires further investigation.

The results so far are related to a convolution of the IMT and the optical nonlinearity of both
the metallic and insulating state. We now turn towards the central aspect of the paper which is
the nonlinearity of the individual states of VO, NCs. To investigate the metallic state only, we
heat the sample to 100°C, i.e., well above T¢c. Figure 4(a) contains z-scan traces for the 1036 nm
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pulse train and the same power range as used for the data in Fig. 2(a). For all power levels,
saturable absorption is found. For the highest irradiances the transmittance almost recovers to
the value seen for the insulating state (cf. Figure 2(a)). In a complex material such as VO, NCs,
this saturable absorption is probably not related to a standard third-order nonlinearity. However,
it is still instructive to extract, e.g., I equivalent values from such traces. The extracted values
for I according to Eq. (2) for the different power levels are summarized in Fig. 4(b) along with
an example for such a fit to the data.
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Fig. 4. (a) & (c) Show series of high temperature (7 = 100°C > T¢) z-scan traces recorded
for (a) 1036 nm and (c) 1550 nm pulses with translation direction to positive z-values. (b)
Saturation intensity /g for VO, NCs in the metallic state and 1036 nm laser wavelength
extracted from Fig. 4(a) using Eq. (2). (d) Saturation intensity /g and two-photon absorption
coefficient § for VO, NCs in the metallic state and 1550 nm laser wavelength extracted from
Fig. 4(c) using Eq. (2).

We now compare these results to the optical nonlinearity of the metallic state at 1550 nm.
Figure 4(c) contains z-scan traces for the 1550 nm pulse train and the same power range as used
for the data in Fig. 3(a). It shows a transition from saturable absorption at low-to-moderate powers
to reverse saturable absorption at elevated powers. This saturable absorption is not resolved in
the data in Fig. 3(a) as it is probably hidden underneath the large response related to the IMT.
The combined saturable and reverse saturable absorption is modeled according to Eq. (2) to yield
equivalent I and B values. The extracted values for I and S for the different power levels are
summarized in Fig. 4(d) along with an example for such a fit to the data. In direct comparison to
Fig. 4(b), I takes values in the same order of magnitude. Also a decrease of I for increasing
power levels is seen in both cases.
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It is instructive to compare these values for /s to those of other materials. Our values are
comparable or somewhat smaller than the /5 of typical bulk semiconductors [29]. However they
are not as small as those of NCs made from noble metals [28,30]. In view of those results, our
values for the /5 of VO, NCs seem reasonable as those NCs are made from a material of moderate
metallic conductivity. Values of 8 can only be reliably extracted for 1550 nm pulses and power
levels beyond 120 mW. They increase with the excitation power and are seen to take values as
large as ~5000 cm/GW. As the typical two-photon absorption coefficient of, e.g., prototypical
semiconductors such as GaAs, is in the range of 10 cm/GW [31], the observed value for § is
unlikely to arise from true two-photon absorption. In metallic systems, however, it is well known
that very large values of the apparent two-photon absorption coefficients in z-scan traces can
arise from thermal effects [32]. In essence, the front part of the ultrashort laser pulse heats
the electronic systems and, thereby, the absorption of the rear part is enhanced. Furthermore
the overall power-dependent behavior of 8 suggests that higher orders of optical nonlinearities
contribute to the observed absorption. Therefore Eq. (2) would have to be extended beyond the
limit of a bare two-photon process for an accurate description.

At first glance the results presented in the panels 4(a) and 4(c) seem to be contradictory as a
metallic system should behave similar irrespective of the exact photon energy in the near-infrared
spectral domain. However, the different behavior can be directly related to the plasmonic
resonance of the VO, NCs and its spectral profile for different temperatures. Figure 5 shows
the normalized difference between the metallic phase at different lattice temperatures when
compared to the insulating state at room temperature. It shows a clear red-shift and broadening
upon heating. This finding is well established, e.g., for gold nanoparticles [8]. In short the
red-shift can be largely explained by the thermal expansion of the NCs while the broadening
of the resonance is readily explained by enhanced electron-phonon scattering. Certainly the
situation of an ultrashort interaction with the NCs is different in the sense that only the electron
system is heated while the ~100 fs pulse is present and the timescale is too short for significant
thermal expansion. As an example the 1550 nm Er:fiber laser’s pulse energy is calculated to be
3.33 x 1077 J at an average laser power of 250 mW. The illuminated volume of pure VO, in the
focal plane sums up to be 1.6 um? (c.f. section 3). The rise of the electron temperature can now
be estimated from the average kinetic energy taking into account an overall optical absorption of
42% of the laser’s pulse energy (c.f. Figure 3(a)). For various values of the electron density in
VO, found in literature [33-35] the electron temperature ranges from several hundred Kelvin to
a few ten thousand Kelvin above ambient temperature. A transient red-shift of the resonance,
however, readily explains the different observations in Figs. 4(a) and (c). As shown in the Fig. 5,
such a red-shift moves the 1550 nm pulse towards the peak of the absorptive resonance. In
contrast, the 1036 nm pulse is shifted away from the resonance explaining the reduced absorption
for strong irradiance.

Finally we address the optical nonlinearity of the insulating state. To this end, we cool the
sample to -35°C such that (in comparison with the data in Figs. 2 and 3) larger power levels can be
used without triggering the IMT. At 1550 nm, power levels of up to 130 mW can be used before
the IMT is photo-induced, cf. the dashed graph of Fig. 6(a) that shows the z-scan trace with an
optically triggered IMT for a power of 140 mW. For all power levels we find a well-resolved
reverse saturable absorption. However it is much weaker than the apparent nonlinearity related
to the IMT. Nevertheless the z-scan trace for 130 mW power is indicative of an equivalent
two-photon absorption coefficient as large as 8 = 3510 cm/GW. At 1036 nm, power levels up to
75 mW leave the sample in the insulating state, cf. the dashed graph of Fig. 6(b) that shows the
z-scan trace with an optically triggered IMT for a power of 80 mW. The z-scan traces for lower
power levels are indicative of rather weak optical nonlinearities with z-scan traces deviating from
unity by 1% at most. Surprisingly, the traces exhibit dispersive features which are more likely to
occur for closed-aperture z-scans. We have carefully checked that the traces are not related to,
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Fig. 5. Evolution of the IMT transmission decrease (normalized transmission difference
between the metallic phase and the insulating state) at different lattice temperatures. The
visible reduction of the resonance’s amplitude partially occurs from a degeneration process
of the hot sample in air environment. To partly compensate for this effect, a vertical offset
aligns the traces outside the resonance. The sample investigated here originates from a
different batch such that center energy, width and amplitude of the resonance slightly differ
from the data shown in Fig. 1(d).

e.g., a lensing effect that could arise from the real part of the third-order optical nonlinearity.
Instead they are related to some form of photo-induced modification of the NCs that exhibits a
hysteretic behavior. Most likely this asymmetric graph originates from a slightly shifted overlap
of a saturable absorption (symmetric around z = 0) and an optically induced IMT with hysteretic
behavior of only a few single nanocrystals (z > 0). The latter can be estimated from the positive
z-position of the induced phase transition at elevated laser power. In particular, the traces for a
z-scan along the negative z-axes leads to traces that are mirrored around z = 0. We note that
this mirror-symmetry also holds true for z-scan traces where the IMT is photo-induced and the
NCs remain in the supercooled metallic state (data not shown). Specifically the IMT leads to
asymmetric z-scan traces as shown in Fig. 2(a) or Fig. 3(a).
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Fig. 6. (a) & (b) Show series of low temperature (T = -35°C < T¢) z-scan traces recorded
for (a) 1550 nm and (b) 1036 nm pulses with translation direction to positive z-values. The
dashed graphs show z-scan traces with triggered IMT.
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5. Conclusion

In conclusion, the nonlinear optical response of a thin film of ion beam synthesized VO,
nanocrystals is thoroughly investigated by open aperture z-scan technique involving femtosecond
near-infrared pulses. It is found that, beyond the established nonlinearity related to the insulator-
metal phase transition of VO,, the metallic state features a pronounced saturable absorption at
A =1036 nm. In marked contrast, a pronounced reverse saturable absorption of the metallic state is
found at A = 1550 nm. These nonlinearities are attributed to a transient red-shift of the plasmonic
resonance of the nanocrystals during the ultrafast light-matter interaction. The insulating state is
characterized by a substantial reverse saturable absorption at A = 1036 nm and a weak optical
nonlinearity at A = 1550 nm. A quantitative analysis of the different z-scan traces using a
phenomenological model based on nonlinear and/or saturable absorption reveal high equivalent
two-photon absorption coefficients of several thousand cm/GW and saturation intensities in the
range of 10'> W/m?. These nonlinearities are largely linked to the plasmonic resonances of
metallic VO, NCs. As this resonance can be custom tailored by, e.g., the NCs’ size and host
material, our results hold promise to achieve widely adjustable and large optical nonlinearities in
the near-infrared, suitable for applications such as saturable absorbers to mode-locked lasers.
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