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ABSTRACT: A possibility to tune optical properties of materials on demand is

Weak Dielectric permittivity
of great importance to both fundamental science and applications. We show  pumping "l /.\\ —
that nanosecond laser pumping can significantly depopulate the ground state of | N v light
AF455 dye nanoparticles, resulting in gigantic change of dielectric permittivity | . i dye l
of the order of unity. Such extreme nonlinearity (¥ = 1.3 X 1075 esu), " ooy e
evidenced by increase of the Mie scattering efficiency, places AF4SS dye among Z:{;ﬁng 0 )
the most efficient ¥ nonlinear optical materials, extends the limits of active 1 I /=S i
metamaterials and plasmonics, and paves the way to ultimate control of ™ =

photonic devices and systems.
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Laser-induced change of ground state concentration causes
change of dielectric permittivity — strong Kerr effect. This, in turn,
enhances Mie scattering and reduces transmission of the
suspension of dye nanoparticles.
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wo classes of materials most commonly used in optics and

photonics are low-loss dielectrics (including semiconduc-
tors) and metals. Their distinctly different optical properties,
e.g. ability or inability to propagate light waves, are determined
by their dielectric permittivities, & = &’ + ie”, whose real parts
are positive in dielectrics, &’ > 0, and negative in metals, £’ < 0.
Bringing metals and dielectrics in contact gives rise to localized
and propagating surface plasmons, which stem from oscillation
of free electrons at optical frequency and enable scores of
fundamental physical phenomena and applications ranging
from a spaser (plasmonic laser)' to surface-enhanced Raman
scattering and sensing.

Even broader range of unparalleled optical responses and
fascinating applications, including negative index of refraction’
and invisibility cloaking,* can be realized in photonic
metamaterials,” artificial composite materials with rationally
designed sizes, shapes, mutual orientations, and compositions
of subwavelength inclusions, most commonly metals and
dielectrics.

Most metamaterial and plasmonic systems (as well as optical
materials in general) are passive. However, future devices and
applications, for example, electronic circuits operating at optical
frequencies,® call for active plasmonics and (meta)materials
with optical gain,7’8 nonlinearity,g’10 and tunability.11719
Metamaterials can be tuned via changing dielectric permittivity
& and magnetic permeability jI of constituent components or by
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physical reshaping. The majority of tuning mechanisms involve
modifications of constituent materials which are (i) strong and
slow or (ii) fast but small. The first category includes thermally
or electrically induced reorientation of molecules in liquid
crystals'' and thermally induced phase transition in VO,."* In
these cases, the change of &, i, or index of refraction 7 can be
large, >1, although, the switching rates typically do not exceed
100 Hz (here and below, i = n + ik). Tuning via mechanical
reconfiguration of the metamaterial is usually slow, too."?
However, 1 MHz switching rate has been reported in ref 14.
The second category of tuning mechanisms includes laser-
induced nonlinearities,ls’16 saturable and reverse saturable
absorption,'® modification of dispersion determined by
transient optical gain,”'”'® and fast laser-induced phase
transitions (in chalcogenide glasses).lg The characteristic
times of such processes range from subpicosecond to 100 ns.
However, the changes of [&l, Ijil, and I7il are typically small,
between ~0.001 and ~0.1. (Note that femtosecond laser-
induced increase of electric conductivity of silica by 18 orders of
magnitude, to reach that of semiconductors, has been reported
in ref 20, and the ~100 fs laser-induced phase transition in VO,
has been reported in ref 21. To the best of our knowledge,
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Figure 1. (a) Transmittance T(4) and reflectance R(A) spectra of the AF45S thin film. Inset: Chemical structure of the AF45S dye molecule.
Adopted from ref 24. (b) Spectra of €, €”, n, k, and K,;,; of the AF45S dye calculated from T(A) and R(4). The film thickness is 174 nm. Inset: size

distribution of AF4SS nanoparticles.

these processes have not been utilized in tunable metamaterials
yet.)

Remarkably, strong control of plasmon and metamaterial
responses, IAEMM] ~ JAFMM] ~ |AT™™] ~ 1, can be achieved at
much smaller changes of dielectric permittivity of interfacing
constituent materials, 0.001 < IAZ9 ~ IA# < 0.1.%'5'8 The
question arises whether a stronger (and fast) tuning of
dielectric permittivity of constituent components can be
realized experimentally in other systems, besides the two
examples mentioned above,”®*' and what kinds of nonlinear
optical phenomena are expected in such an extreme regime,
when &' changes sign from positive (like in dielectric) to
negative (like in metal). As we argue below, the later switchable
metallic/dielectric plasmonic materials can not only revolu-
tionize the whole research field of active metamaterials, but also
have unique applications on their own.

To answer the first part of this question, we note that
negative &’ can be found in the vicinity of strong absorption
bands in concentrated laser dyes,”* where a “perturbation” of
real and imaginary parts of & can be as large as Ae” ~ Ag’ > S.
If the pumping pulse duration is longer than the excited state
lifetime of the dye molecules 7, the fraction of ground state
molecules n,/N (in a three level or four level laser scheme) is
given by

E N Iot/hw

N Ior/ho + 1 (1)
where I is the pumping power density, ¢ is the absorption cross
section, and 7w is the photon energy. At dye emission cross
section 6 = 4 X 107 cm? and emission lifetime 7 = 4 ns,
modest laser dye parameters, more than 50% of dye molecules
can be excited with S ns laser pulses (4 = S00 nm) at the
pumping density >1.2 mJ/cm?® This value is easy to achieve
and, if needed, it can be exceeded by an order of magnitude or
more, implying that the molecule ground state can be efficiently
depopulated even at shorter emission life times expected of
highly concentrated dyes. Therefore, laser-induced change of &’
in organic media by more than one, Ae’ > 1, does not seem to
be an impossible task.

Given that such a strong control of dielectric permittivity is,
indeed, possible, one can predict unparalleled material
properties and applications, which have been absolutely
unthinkable so far. Thus, by tuning dielectric permittivity of a
material from a dielectric state, &' > 0, to a metallic state, & < 0,
one can gain unprecedented control over photonic and
plasmonic waves, for example, to switch a waveguide from a
photonic mode to a plasmonic mode.
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Furthermore, negative dielectric permittivity of an organic
dye can be achieved not only in the vicinity of a very strong
absorption band, but also in the vicinity of an equally strong
gain band. Such material, which simultaneously has negative
real and imaginary parts of dielectric permittivity can be
regarded as a “metal with gain”, a unique active medium that
has never been realized or discussed in the literature. One of its
potential uses is in a new-generation spaser, which will not have
a traditional metallic core supporting plasmon oscillation' (an
inevitable source of a strong absorption loss), but will consist of
a single phase nanoparticle with ¢’ < 0 and &” < 0, providing for
both gain and stimulated emission feedback. With no doubts,
optical material with such strong (and fast) tunability can
revolutionize the whole area of metamaterials (if used as a
constituent component), plasmonics and nanophotonics. In
this Letter, we report on the first step taken in this direction,
nanosecond laser control of dielectric permittivity of dye
nanoparticles of the order of |Ael =~ 1.

Experimentally, we have studied nanoparticles and thin films
of the AF455 dye,* inset of Figure la. In many highly
concentrated dyes, the population inversion and corresponding
substantial changes in the spectra of dielectric permittivity are
difficult to achieve because of strong concentration quenching.
To avoid the quenching problem, the nanoparticles and films
consisting of the triazine based AF455 compound have dye
molecules cores separated by alkyl side chains, resulting in the
luminescence quantum yield as high as 0.1. The synthesis,
structure, and spectroscopic properties of this material are
described in ref 25. Dye nanoparticles were prepared, similar to
ref 26, by dispersing a 3% (by weight) acetone solution of
AF4SS into water at 40 °C under sonication. The alkyl spacer
side chains prevent the AF455 compound from aggregating or
crystallizing. Thus, spherical amorphous particles have been
obtained. Thin films were spin coated onto glass substrates for
60 s at 3000 rpm from a 3% (by weight) solution of AF4SS in
toluene. The samples were allowed to dry for 24 h before
spectral measurements.

The transmittance, T(4), and reflectance, R(1), spectra of the
AF4SS thin films deposited on glass have been measured in the
Lambda 900 spectrophotometer setup, Figure la. The known
formulas®” (modified Frensel equations) relate the reflectance
and transmittance spectra to the spectra of real and imaginary
parts of £(4). Correspondingly, if the spectrum &(4) is modeled
as a combination of several Lorentz oscillators,
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Figure 2. (a) Absorbance (1), excitation (2), emission (3), and Mie scattering spectra (4) of the water suspension of AF4SS nanoparticles. Inset:
energy state diagram of AF45S. (b) Mie scattering spectra calculated for different particle sizes. (c) Emission kinetics: dots, experiment; solid line,

exponential fit with 7 = 0.73 ns.

the parameters ¢, ®; 7, and A;, as well as the film thickness d,
can be varied to get the best fit between the experimental and
the calculated spectra R(4) and T(A). Here w is the angular
frequency, €, is the real dielectric permittivity of the host
medium, @; and 7; are the central frequency and the relaxation
time of the j* oscillator, and A; is the amplitude factor.

The spectra of ¢’ and &¢” (modeled as a combination of six
Lorentzian line-shapes) obtained in result of such fitting
procedure are shown in Figure 1b. As one can see, in the
vicinity of the absorption line at A ~ 0.42 ym - 0.45 um, ¢’ and
g” vary approximately by 1, suggesting that equally strong
changes of dielectric permittivity can be expected at sufficiently
strong laser pumping, which significantly depopulates the
ground state of the dye molecules. The spectra of real, n, and
imaginary, k, parts of the refractive index are depicted Figure
1b, along with the spectrum of absorption coeflicient, K.
Knowing the density of the AF45S dye, p = 0.95 g/cm?, and its
molecular weight, MW = 1917 g/mol,28 one can calculate the
concentration of AF435 molecules, N = 3.0 X 10® cm™, in
solid dye compound and the peak absorption cross section, 6™
= 3.5 % 107'% cm” at A = 426 nm.

Note that larger number of Lorentzian profiles used in the
fitting procedure would result in smoother spectra. The fact
that Lorentz oscillators were used to model the spectrum of
dielectric permittivity #(4) guarantees that &' (1) and &”(4)
match each other via the Kramers—Kronig relations and do not
violate causality.

Water suspension of dye nanoparticles had lightly greenish
and scattering appearance. The broad size distribution of the
nanoparticles p(d) was measured using elastic light scattering
technique. The maximum of the distribution was at d,,, & 500
nm and the average (expectation) value of the diameter d,,
defined as / g"p(x)dx = / 0 2 (x)dx, was equal to ~660 nm, inset
of Figure 1b.

Emission, excitation, and Mie scattering spectra of the water
suspension of AF4SS nanoparticles were recorded in the
spectrofluorimeter setup (Fluoromax 3). In the emission
measurements, the excitation wavelength was kept constant,
Aex = 395 nm, and the emission wavelength was scanned; while
in the excitation measurements, the excitation wavelength was
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scanned and the emission wavelength was kept constant, 4., =
520 nm. In the Mie scattering measurements, excitation and
collection monochromators were scanned synchronously. Both
emission and scattering signals were detected in the direction
orthogonal to the excitation light beam. These spectra, along
with the absorption spectrum measured in the spectropho-
tometer, are shown in Figure 2a.

The absorption and excitation spectra, nearly identical to
each other, are dominated by the band centered at 0.42 um,
corresponding to the transition between the singlet ground
state S, and first excited state S,,>* see Figure 2a and inset. The
second band with the maximum at 0.32 pm is tentatively
assigned to the transition Sy, — S,.** The strong emission band
with the maximum at 0.47 um (at the transition S, = S,) is
Stokes shifted relative to the corresponding absorption band,
Figure 2a. The emission originating at the second excited state
S, is almost completely quenched, probably due to strong
nonradiative relaxation S, — S,. The Mie scattering spectrum
has two maxima red-shifted in respect to the corresponding
absorption bands, Figure 2a. The Mie spectra calculated for
several particle sizes (Figure 2b) based on the spectra of
dielectric permittivity (Figure 1b) resemble the experimental
spectrum (Figure 2a).”

Absolute measurements of the emission quantum yield in
AF4SS dye nanoparticles (based on comparison of the emission
intensity and the excitation intensity) were carried out using an
integrating sphere with the Horiba Jobin-Yvon Fluorolog-3
spectrometer, as described in ref 30. At the excitation
wavelength 4 = 429 nm, the quantum yield was evaluated to
be equal to # = 0.1.

In the emission kinetics measurements, AF45S nanoparticles
were excited by 70 ps laser pulses at A = 375 nm. The emission
signal was spectrally filtered and detected using the Edinburgh
OB920 fluorescence spectrometer equipped with the time
correlated single photon counting detector. The effective decay
time 7, defined as [{exp(—t/7)dt = [I(t)dt was equal to 0.73
ns, Figure 2c.

In the last and the most important experiment of this study,
the suspension of dye nanoparticles, placed in a cuvette with
square (1 cm x 1 cm) cross section and four polished walls, was
excited with 4 ns pulses of the optical parametric oscillator at 4
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Figure 3. (a) Schematic of transmission and scattering measurements. (b) Experimental Mie scattering efficiency (red squares), experimental
transmission (green triangles), calculated Mie scattering (blue circles), and calculated ground state population o/ N (solid line). Inset: The
dependence of ¢ and #n on the pumping energy density calculated at 4 = 436 nm, based on eqs 1 and 2 and the spectra of Figure 1b. (c) Mie
scattering spectra calculated for d = 0.66 ym and n,/N equal to 1 (1), 1/2 (2), 1/4 (3), 1/8 (4), 1/16 (5), 1/64 (6), and 0 (7). (d) Calculated

scattering efficiency (at A = 426 nm) as a function of ng/N.

= 426 nm. Experimentally, the sample’s transmission (T) and
Mie scattering (S) were measured, in the setup of Figure 3a, as
the function of the pumping density, which was varied using a
set of neutral density filters over nearly 3 orders of magnitude.
We found that with increase of the pumping density from 0.12
to 67 mJ/cm? the Mie scattering efficiency increased nearly 3-
fold, Figure 3b. (The latter was defined as the Mie scattering
intensity measured with Detector 1, Figure la, divided by the
pumping density.) At the same time, the sample’s trans-
mittance, measured with Detector 2 (Figure 3a), decreased
approximately 2-fold, Figure 3b. The observation of the strong
laser-induced change of the scattering efficiency and trans-
mittance is the central result of this study.

As we show below, both effects stem from strong laser-
induced depopulation of the ground state of the AF4S5S
molecules and corresponding gigantic change of dielectric
permittivity, Al&l ~ 1. In fact, at the experimentally determined
absorption cross section of the dye molecules in solid state, o =
3.5 X 1071 em?, spontaneous emission lifetime 7 = 0.73 ns,
pumping pulse duration £, = 4 ns>' and excitation wavelength 1
= 426 nm, the saturation energy density (at which Io/Aw = 1/
7) can be evaluated as E, = Lt, = 7.3 mJ/cm’. Correspondingly,
at the maximal pumping energy density available in our
experiment, 67 mJ/cm?, the ground state population was nearly
depleted, ng/N = 0.10.

As the ground state concentration is getting smaller, the
numerators of Lorentzian terms in eq 2 decrease accordingly
(A; «x ny/N), leading to smaller minimum-to-maximum
variation in the spectra of £'(1) and &”(1). (We neglect any
contribution to dispersion originating from population of
excited states.) This causes change in the Mie scattering
spectra, in particular, strong enhancement of the scattering
efficiency at the pumping wavelength, A = 426 nm, Figure 3c.
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The calculations predict that, as n / N decreases from 1 to 0 and
AlZl changes by ~1 (Figure lb) the scattering efficiency
(calculated at 426 nm for average particle size d, = 0.66 ym)
increases 2.0X, which is reasonably close to the 2.7-fold
enhancement measured experimentally. The calculated depend-
ence of the scattering efficiency S on the ground state
population n,/N is plotted in Figure 3d. Combining the
dependence of n,/N on the pumping energy density E = It,,
which can be calculated from eq 1, with the dependence of the
scattering efficiency S on n,/N, depicted in Figure 3d, one can
calculate the dependence of S on E (Figure 3b, blue circles).
One can see that the latter is in fair agreement with the
experimental result (Figure 3b, red squares). The relatively
small discrepancy between the theory and the experiment can
be explained by, for example, approximation of emission
kinetics with a single exponent, overestimation of the pulse
duration t,, and imperfect spherical shapes of dye nanoparticles,
which were assumed to be spherical in the Mie calculation. The
increase of the Mie scattering explains the reduction of
transmission at increase of the pumping energy (Figure 3b,
green triangles): the larger number of photons is scattered, the
smaller number of photons is transmitted.

Lastly, inferring that the amplitude of the “wavelike”
perturbation in the spectrum of the refraction index n at 4 =
0.42—0.45 pm (Figure 1b) is proportional to the ground state
population n,/N, which, in turn, depends on the pumping
power density I, one can present n in the standard Kerr
nonlinearity form n = ny + n,I, where n, = 1.9 X 1077 cm*/W.
(The estimate is made at small pumping intensities I, at which
change of 7 is linearly proportional to I, see 1nset of Figure 3b.)
The corresponding third order succeptibility P =13x%x107
esu, combined with the nanosecond time response ¢ ~ 0.7 ns,
places AF455 dye among the most advanced 2% nonlinear
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optical materials, including Au (% =107 esu, t ~ 90 fs),**
graphene (y® = 4 x 107 esu, t ~ 6 ps),* polydiacetilene (at
peak of excitation, y® = 7.5 X 1076 esu, t ~ 2 ps),** GaAs (¥
=65 % 107* esu, t ~ 20 ns),3’4 GaAs/GaAlAs quantum wells
(¥ = 4 x 102 esy, t ~ 20 ns),>* and InSb (77 K, 5.4 pm,
=3 X 107" esu, t ~ 400 ns).>* (Note that following ref 34, the
(effective) third order succeptibilities ¥* above are formally
related to n, with the formula, n, (cm®*/W) = (127%/
n2c)107y(esu), and not all of them, especially those
characterizing slow processes, can enable two-photon absorp-
tion or harmonics generation.)

To summarize, we have studied spectroscopic and nonlinear
properties of thin films and nanoparticles of the AF45S dye. We
estimate that, at modest pumping energy density used in our
experiment, 67 mJ/cm? the ground state of molecules was
almost completely depopulated, n,/N = 0.10, leading to the
change of dielectric permittivity of the order of Alél ~ 1. This
results in nearly 3-fold increase of the Mie scattering efficiency
as the pumping energy density is raised from 0.12 to 67 mJ/
cm’. The corresponding gigantic optical nonlinearity, =13
X 1075 esu, of a solid state organic compound at nanosecond
laser pumping is of imminent importance to nonlinear optics,
metamaterials, and plasmonics. This is also the first step toward
novel photonic materials with unparalleled responses to
electromagnetic waves, which can be tuned to metallic,
dielectric, or epsilon near zero states on demand or even
combine properties of metals and gain media, leading to metal-
less spasers and other applications, which are unthinkable with
currently available materials.
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