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Nonlinearity management of photonic composites and observation of
spatial-modulation instability due to quintic nonlinearity
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We present a procedure for nonlinearity management of metal-dielectric nanocomposites (MDNCs). Varying
the volume fraction occupied by silver nanoparticles (NPs) suspended in acetone we could investigate the
nonlinear (NL) response of the MDNC. In particular, we could cancel the NL refractive index related
to the effective third-order susceptibility, x5, and thus the NL refractive behavior of the MDNC was due
to the effective fifth-order susceptibility, Xe(f-f). Hence, in a cross-phase modulation experiment, we demonstrated
the effect of spatial-modulation instability due to Xéff). The experimental results are corroborated with numerical
calculations based on a generalized Maxwell-Garnet model that includes the direct contributions of the NPs and
the host medium as well as cascade contributions due to the third- and fifth-order susceptibilities of the NPs.
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I. INTRODUCTION

The nonlinear (NL) response of matter to optical fields
can be described by expressing the induced polarization by
a power series of the field with NL susceptibilities, x™,
N =2,3,..., as coefficients of the series [1]. Since all
even-order susceptibilities are null in systems with inversion
symmetry, the lowest-order NL response in centrosymmetric
systems is generally due to the third-order susceptibility, x®,
which contributes for generation of fields that depend on the
cubic power of the incident field. Therefore, most of the NL
studies reported are related to x® that is responsible for two-
photon absorption, third-harmonic generation, and coherent
Raman scattering, among other effects. Cascade processes of
x® behave analogously to high-order nonlinearities (HON)
processes and were reported for gases and condensed matter
systems [2]. Nevertheless, experiments based on HON, related
to direct (not-cascade) processes, have been reported for a large
variety of physical systems [3].

HON are still under investigation from the fundamental
point of view [4] and there is large interest in phenomena
such as liquid light condensates [5], soliton formation [6,7],
and other transverse NL effects [7,8]. Interferences between
third- and fifth-order processes were reported for different
systems [9]. Also of interest is the exploitation of HON in
quantum information [10], quantum memories [11], and for
improvement of high-precision measurements [12].

The interest in effects related to quintic and cubic-quintic
nonlinearities has led several authors to investigate theoret-
ically new NL phenomena and propose experiments with
metal-dielectric nanocomposites (MDNCs) [ 7]. From the basic
point of view MDNCs are interesting systems because their
NL response can be controlled by changing the nanoparticles
(NPs) volume fraction, f—the ratio between the volume
occupied by the NPs and the host. Indeed, the interest in
the NL properties of MDNC is large in nanoscience and
nanotechnology [13-18].

In this paper we present a procedure for nonlinearity
management of a MDNC aiming its exploitation for practical
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realization of mathematical models and experiments related
to HON [7,19]. The NL response of a colloid consisting of
silver NPs suspended in acetone was described by effective
susceptibilities, XéfszH), N=1,2,3,..., that depend on
the NL susceptibilities of the host liquid and NPs. HON
up to seventh order were measured as a function of the
NP volume fraction. In particular for f = 1.6 x 107> we

obtained Rexé?f) =0 and Rexe(ff) # 0 with negligible values

of Im Xé?f) and Imxe(sf) . Using this condition two-beam cross-
phase modulation experiments were performed and revealed
the effect of spatial-modulation instability (SMI) due to the
fifth-order susceptibility. The third-order SMI effect is well

known but the effect due to only Xéf:f) was not reported before.

II. EXPERIMENTAL DETAILS

The silver colloid was prepared as described in [13,20]:
90 mg of AgNO3 were diluted in 500 ml of water at 100 °C;
10 ml of solution of 1% sodium citrate was added for reducing
the Ag™ ions, and later was boiled and strongly stirred for
1 h. Subsequently, photofragmentation of the NPs [21] was
performed by placing a cuvette containing the pristine colloid
in front of the second harmonic beam from a Q-switched
Nd:YAG laser (10 Hz, 8 ns, 85 mJ/pulse) for 1 h while the
suspension was slowly stirred. A homogeneous distribution of
spherical NPs (average diameter: 9.0 & 2.2 nm) was obtained.
Hence, colloids prepared by adding 20-300 p1 of the Ag-water
suspension in 1 ml of acetone, with f varying from 0.5 x 107>
to 2.5 x 10~*, were used in the experiments.

The linear absorption spectra of the samples were measured
using a commercial spectrophotometer. For the NL measure-
ments we used the second harmonic of a Q-switched and
mode-locked Nd: YAG laser (80 ps, 532 nm); single pulses
at 10 Hz were selected using a pulse picker. The incident
pulses on the samples had maximum energy of 10 uJ.

III. RESULTS AND DISCUSSION

Figure 1 shows the absorption spectra of the colloid before
(pristine) and after photofragmentation of the NPs using
8-ns pulses with 85 mJ/each at 532 nm. The fragmentation
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FIG. 1. (Color online) Linear absorption spectra of acetone
(dashed line) and silver colloid before (dotted line) and after
photofragmentation of the NPs (solid line). Cell length: 1 mm.

procedure allows obtaining a narrow size distribution of NPs as
demonstrated in [13,21] and by the narrow spectrum of Fig. 1.
In addition, the spectrum of pure acetone is shown to assure
that the band centered at ~400 nm (linewidth = 50 nm) is due
to the surface plasmon resonance associated with the NPs.

The Z-scan technique [22] was used for characterization
of the samples. For the measurements the sample was moved
along the beam propagation direction (Z axis) in the region
where the laser beam is focused. Measurements of the
transmitted beam intensity through a small aperture placed
in front of a photodetector in the far-field region provide the
NL refractive index value (closed-aperture scheme). When all
the light transmitted through the sample is detected, the NL ab-
sorption coefficient can be determined (open-aperture scheme)
scanning the sample in the focus region and measuring the
transmitted intensity by a detector positioned in the far-field
region. For both Z-scan schemes the laser beam was focused
by a 5-cm focal distance lens, producing a beam waist of 20 um
at the focus. The detected signals were processed by boxcar
integrators and computer. To improve the signal-to-noise ratio
in the Z-scan experiment a reference channel was used as in
[23]. Carbon disulfide (CS;) with NL refractive index equal
to +3.1 x 107'%cm?/W [22] was the reference standard for
calibration of the measurements.

Figure 2 shows closed-aperture Z-scan traces correspond-
ing to four f values. The colloid inside a 1-mm-long quartz
cell was scanned along the Z axis using a translation stage.
Figures 2(a) and 2(b) show profiles that indicate positive NL
refractive index for f =0.8 x 107 and f = 1.3 x 1077,
respectively. The normalized peak-to-valley transmittance
change, |ATpy|, is smaller in Fig. 2(b) than in Fig. 2(a)
because the NPs contribute to the NL refractive index
with the opposite sign than acetone that has n, = +2.16 x
10~1% cm?/W [24]. Figures 2(c) and 2(d), corresponding to
f=22x 1073, indicate that the NL refractive index of the
colloid became negative because the silver NPs dominate the
NL response. For small laser intensities (I < 2.0 GW /cm?)
we determined n, for different f values using the expression
|ATpy| = 0.406k Legn, I from Ref. [22], where k = 2wy /A,
L = [1 — exp(—aoL)]/ag, L is the sample length, o is the
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FIG. 2. (Color online) Typical closed-aperture Z-scan traces ob-
tained at 532 nm for different NP volume fractions f. Negative values
of Z correspond to locations of the sample between the focusing lens
and its focal plane. The solid lines are guides to the eyes. Laser peak
intensity: 5.0 GW /cm?.

linear absorption coefficient, and A is the laser wavelength.
The sign reversal of n, as a function of f was observed for all
intensities used. However, no sign reversal of n, was observed
fixing f and changing I for the whole range of f values.
Figure 3(a) shows additional features in the closed-aperture
Z-scan profiles due to HON for I > 6.0 GW /cm? and Fig. 3(b)
shows open-aperture profiles for various laser intensities. The
solid curves were obtained following the procedure of [13] as
described below. After each Z-scan experiment no changes
were observed in the linear absorption spectrum indicating
that the energy of the laser pulses did not change the samples’
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FIG. 3. (Color online) Normalized Z-scan traces obtained for
different laser peak intensities: (a) Closed-aperture scheme and (b)
open-aperture scheme. From bottom to top, the curves correspond
to 2, 4, 6, 8, and 9 GW/cm?. Volume fraction: f = 5.0 x 107>, The
curves were normalized and shifted in the vertical to prevent overlap.
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characteristics. The NL experiments were repeated more than
one time with each sample and the results were reproduced.

To analyze the experimental results we plotted |ATpy|/I
versus [ following the same procedure as [13]. For f <
0.8 x 107 the ratio | ATpy |/I remains constant for intensities
up to 10 GW/cm?, indicating negligible contributions of
xGND (N > 1). For f ~ 1.3 x 1075, the ratio |ATpy|/I
presents linear dependence with the laser intensity and from
the slope of the straight line we determined n4 o Reng)
[13]. For f > 2.0 x 107> the laser intensity dependence of
|ATpy|/I is a polynomial function that allows obtaining
the refractive indices associated to NL susceptibilities up
to the seventh order. The polynomial fit was performed
based on 20 experimental points corresponding to intensities
between 2 and 10 GW/cmz, for each f value, with a
measurement uncertainty of 15% due to the laser intensity
fluctuations. The algorithm used to obtained the best fit was a
combination of the Levenberg-Marquardt and the least-squares
minimum method with determination coefficient, R? > 0.95.
For instance, when f =2.5x 107> and I = 9.0 GW/cm?
we determined n, = —1.1 x 10713 cmz/W, ng = +6.9 x
1072 cm*/W?, and ng = —1.1 x 1073* cm®/W3. Notice that
the values of n,, n4, neg and an, oy, g obtained from the
polynomial fit were used to adjust the experimental Z-scan
profiles shown in Figs. 2 and 3 with good agreement. It is
important to remark that if the NL coefficients values used
(including their signs) were different, the Z-scan traces would
present other profiles.

The ratio |ATpy|/1 also exhibited a polynomial depen-
dence with [ in the open-aperture experiments and from the
results shown in Fig. 3(b) we obtained «; (i = 2, 4, 6) for dif-
ferent values of f. For example, for f = 5.0 x 107>, we have
o, = —4.9 x 10710 cm/W, a4 = +1.4 x 10719 Cm3/W2, and
g = —1.7 x 1072 cm’ /W3,

Figure 4 shows that n,, n4, @y, and o4 present linear
dependence with f. Notice that for f ~ 1.6 x 107> we have
ny = 0 but ny = +3.2 x 1072 cm*/W?2. This result does not
violate the powers series of the NL polarization and opens
routes for exploitation of unique effects considering that under
the conditions identified here Re Xe(ﬁf) is the lowest-order NL
refractive response.

In addition, spatial cross-phase modulation experiments
were performed to exploit the response of the MDNC with
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FIG. 4. (Color online) Dependence of the effective third-order
coefficients (n, o< Rex'y and a; oc Imy ) and the effective fifth-
order coefficients (14 o< Rex$y) and ay oc Imy'Y) versus the NP
volume fraction, f: (a) n, and n4l; (b) o, and oyl. Laser peak
intensity: 7 = 9.0 GW /cm?.
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adjustable f values. The laser beam was split into probe and
pump beams with intensity ratio 1:10. The probe beam was
weak in order to not induce NL changes in the beam profile.
The pump and probe beams were aligned to counterpropagate
along the sample and a careful adjustment of the spatial
and temporal overlap between the pulses was made. The
measured beams’ waists were ~100 wm with Rayleigh lengths
of =6 cm. The beams’ profiles were analyzed using a CCD
camera.

Figures 5(a)-5(c) show the probe beam profiles when the
pump beam with 2.0 GW /cm? is present; the results presented
correspond to f = 0.5 x 1075, 1.6 x 1073, and 2.5 x 1073,
respectively. We analyzed the spatial profile of the probe beam
as an intensity matrix; the curves in Figs. 5(d)-5(f) represent
column matrix components passing through the axis of the
probe beam exhibiting the beam intensity versus the radial
coordinate. As expected, we observed spatial broadening of the
probe beam due to the presence of the pump beam that induces
spatial cross-phase modulation. Moreover, additional spatial
frequencies were generated due to the spatial-modulation
instability (SMI) of the probe beam induced by the pump
beam, as noticed by the feature induced in the center of the
probe beam profile. Due to the f values used Figs. 5(d) and
5(e) exhibit the SMI effect due to only xeff and only xe(gf) ,
respectlvely, Flg 5(f) illustrates the simultaneous influence
of ! “ ) and Xerr Figures 5(g)-5(i) show the numerical results
obtained from Eqgs. (3) and (4).

To understand the results reported here we developed an
extension of the Maxwell-Garnet model [25] including the
contributions of the third- and fifth-order susceptibilities.
The quasistatic approximation was assumed because the NP
diameters are smaller than the A value. Accordingly, for f < 1
and optical electric field, Eo, the induced polarization can

be written as P = Py, + - Z, | P;» where P, is the host
polarization, N, is the number of NPs inside the volume
V, and p; = ¢,0; E¢ is the induced dipole moment of each

NP; o; is the NP polarizability given by o; = 3v;(455),

where ¢,, (¢,) is the dielectric function of the NPs (host)
and v; is the volume of the NP. The dielectric functions
can be expressed as a sum of the linear and NL contribu-

tions such that ¢ ,, = shL,zp + 8;11\;?, where the NL terms
are gwen by eNE = xS Ewl®) + 3x5 (I E,p|*)* and
szNL) = (3)(|E0| ), with X,(li,,),i =3, 5,and Xh3) being the ith

NL susceptlblhty of the NPs and the third-order susceptibility
of the host, respectively. The expression (| E ,|*) = |n|*| Eol*
represents the mean squared modulus of the electric field inside
the NP and 1 = 3¢, /(e4p + 2¢1) is the local field factor. The
effective NL susceptibilities are determined expanding the
polarizability up to second order in | E|? to obtain

3 3
X = fLALPAS) + 1, (1)

5
X = F LAILPXS) — fL LI (D)’

3
— 1o/ LIL ||x<3> , )

where L = 3¢, /(ef)) + 2¢,").
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FIG. 5. (Color online) Probe beam profile in the presence of the counterpropagating pump beam: (a) fi = 0.5 x 107>;(b) f, = 1.6 x 1073;
(c) f3 = 2.5 x 1073, Probe beam intensity versus the radial coordinate: (d) fi; (e) f>; (f) f3. Numerical results using the values of 1, and ng4
determined in the Z-scan experiments and f as in (d)—(f). Pump beam intensity 2.0 GW/cm?; probe beam intensity: 0.2 GW /cm?.

Equation (1) corroborates our interpretation of Fig. 2;
i.e., the sign reversal of Rexe(?f) as a function of f is due

to competition between the terms containing Rey\> and

Rexf) that have opposite signs. Equation (2) was derived

neglecting terms proportional to (x.)* and (x,” X)) due

to the magnitude of X;(,3) = +1.67 x 1072 (m?/V?) that is
approximately five orders of magnitude smaller than X,(lf,).
The fifth-order susceptibility of the host was neglected in
comparison with the contributions due to the NPs. It can
be seen from Eq. (2) that the NPs’ contributions to the
direct fifth-order susceptibility, x\> and cascade of third-order
susceptibility (terms with X,g,)) are enhanced due to the high
powers of L and |L|. The NL response of the NPs is attributed
mainly to the s electrons in the conduction band because the
energy difference between the d band and the Fermi level
is &4 eV, larger than the energy of the incident photons
(2.34 eV).

From Egs. (1) and (2),
(ReXé?f) ) is negative (positive) for all values of f,
in agreement with the experiments. Considering &) =
(0.055 +i3.455)> [26] and " = (n)?, with ng = 1.36,
we obtained x) =—5.9 x 107'° —i 8.5 x 10716 (m?/V?),
XD =-1.0x 1073 =i 1.7 x 107 (m*/V*) and x§ =
+3.7 x 1078 4 3.3 x 10737 (m*/V*). For f =1.6 x 107
we have ny Rexe(?f) =0 and ng4 x Rexe(?f) # 0 due to the
cascade process associated with ()(,(3,))2 and | X,EZ)|2, and to

we verified that Imxe(?f)

the direct process described by X,Sf,). Moreover, a, = —1.6 x
107 "9cm/W and oy = +2.2 x 1072 cm?®/W? are very small
indicating that the MDNC presents essentially a refractive
nonlinearity for f = 1.6 x 107>,

The cross-phase modulation experiment can be described
by a pair of coupled equations that relate the pump and probe

beams as
n %A,
0y?

ikn ikn
= “2(A P+ 2144 + — (A
no no

0A; i <82A1

S 9z 2k \ ax?

+6]A1 17| A2l* + 3] A2l DAY, 3)
9A, i [9%A, N 324,
9z 2k \ ox? dy?
ikn2 D) 2 ikn4 4
= —(A2]* + 2|41 ) A2 + — (A,
no no
+6]A1 7| A2l + 3| A1 A,, 4)

where A; and A, are the slowly varying envelope amplitude
of the pump and probe beams, respectively; k = 2mwng/A, and
x and y are the transverse coordinates.

Equations (3) and (4) were solved using the split-step
method and considering only one transverse dimension due

063803-4



NONLINEARITY MANAGEMENT OF PHOTONIC ...

to the cylindrical symmetry of the beams. The numerical
results, considering the values of n, and n4, determined in
the Z-scan experiments, are shown in Figs. 5(g)-5(i) where a
good agreement with the experimental results is observed. The
amplitude of the signal shown in Fig. 5(b) is approximately
threefold smaller than the signals corresponding to 5(a) and
5(c) because it is due to the quintic nonlinearity only. The
reduction of the probe beam intensity in the center of the
spatial profile is well described by the theoretical model. The
contribution due to the positive value of ny4 is noticed by
the narrower spatial profile shown in Figs. 5(b) and 5(c). We
emphasize that the experimental results shown in Figs. 5(b) and
5(e) represent a demonstration of SMI due to the fifth-order
susceptibility in a system with n, = 0 and n4 # 0.

IV. SUMMARY

In summary, we demonstrated the conditions under which
the real part of the effective third-order susceptibility of
a MDNC can be suppressed and the NL refractive re-
sponse is dominated by the fifth-order nonlinearity. The
present experiments demonstrate a procedure for managing

PHYSICAL REVIEW A 89, 063803 (2014)

cubic-quintic composites in order to develop systems with
dominant quintic refractive nonlinearity and negligible cubic
refraction. As an application we demonstrated the spatial-
modulation instability due to the fifth-order NL refraction.
From the basic point of view such engineered MDNC offer
the possibility for practical realization of some mathematical
models proposed in the literature [7]. Of course, because
of the frequency-dependent mismatch between the dielectric
functions of the NPs and the host, as well as the excitation of
localized surface plasmons (LSPs) in the NPs, the NL suscep-
tibilities of the nanocomposites may be further enhanced by
using laser frequencies near resonance with the LSP frequency.
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