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Petr Němec, and Mathieu Chauvet*
Cite This: ACS Photonics 2020, 7, 2562−2570

Downloaded via UNIVERSITE DE RENNES 1 on October 19, 2020 at 08:05:35 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: Controlling low power light beam self-conﬁnement
with ultrafast response time opens up opportunities for the
development of signal processing in microdevices. The combination of a highly nonlinear medium with the tight conﬁnement of
plasmonic waves oﬀers a viable but challenging conﬁguration to
reach this goal. In the present work, a beam propagating in a
plasmonic structure that undergoes a strongly enhanced selffocusing eﬀect is reported for the ﬁrst time. The structure consists
of a chalcogenide-based four-layer planar geometry engineered to
limit plasmon propagation losses while exhibiting eﬃcient Kerr
self-focusing at moderate power. As expected from theory, only
TM-polarized waves exhibit such a behavior. Diﬀerent experimental arrangements are tested at telecom wavelengths and
compared with simulations obtained from a dedicated model. The
observed eﬃcient beam reshaping takes place over a distance as low as 100 μm, which unlocks new perspectives for the development
of integrated photonic devices.
KEYWORDS: nonlinear integrated plasmonics, self-conﬁned waves, optical Kerr eﬀect, chalcogenide glass, planar waveguides, modeling

T

First descriptions of one-dimensional nonlinear self-trapped
waves with potential to form plasmon-solitons at metal/
dielectric interfaces and nonlinear surface waves at dielectric/
dielectric interfaces were unveiled in the early eighties.14−17
The concept being to propagate a plasmon-polariton wave at a
metal−nonlinear material interface in order to induce an
exalted Kerr self-focusing eﬀect giving rise to a self-trapped
wave. Up to now, the problem has been tackled only
theoretically, based on numerous analytical and numerical
calculations.18−28 Despite this constant and comprehensive
modeling development, no experimental evidence of selftrapped nonlinear plasmonic waves, including their stable
forms, so-called plasmon-solitons in ref 18, has yet been
revealed, despite almost four decades since the ﬁrst
publications on nonlinear surface waves.14,15 Among the
practical challenges inherent to this plasmon assisted selffocusing demonstration are the large propagation losses
associated with plasmons, the request for a strong Kerr

he eﬃciency of nonlinear optical processes is well-known
to beneﬁt from intense light. One way to achieve such
high electromagnetic ﬁelds at a low excitation level is to exploit
light interactions with metal nanostructures. In that sense, the
surface plasmon polariton (SPP)1 at a metal−dielectric
interface, associated with both a collective oscillation of free
charges in the metal and an extremely conﬁned light wave, has
been a key discovery. Since then, plasmonics has evolved into a
ﬂourishing research ﬁeld2 thanks notably to the numerous
developments on metamaterials.3,4 It was then natural to
combine plasmonics and nonlinear optics to envision a variety
of fascinating and original physical phenomena with great
potential applications. Nonlinear plasmonics5 has thus grown
signiﬁcantly in recent years. Among other nonlinear phenomena, self-trapped beams, that can lead to spatial solitons,6 have
already been observed at very low optical power in nonstandard nonlinear media such as photorefractive7,8 or liquid
crystal9 but their slow formation times are not suitable for
ultrafast signal processing. To the contrary Kerr spatial
solitons10,11 have a fast response but necessitates high optical
power. Self-trapped plasmonic waves formed in Kerr-like
nanostructures should authorize the use of lower power by
exploiting enhanced nonlinear eﬀects while allowing nonlinear
optical components to be scaled down in size. The main
possible uses of these nonlinear plasmonic waves would be in
integrated optics devices where high speed, small footprint,
and reduced power consumption are key factors.12,13
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Figure 1. Description of the samples. (a) Artistic 3-D view of a sample. (b) Description of the cross section of the plasmonic structure. (c) SEM
image of the Au/SiO2/ chalcogenide interfaces. (d) Schematic overall top view of the samples showing the three studied conﬁgurations denoted by
I, II, and III. (e) Detailed schematic top view of a staircase metallic pattern.

coeﬃcient, and the limitations due to the damage threshold
intensity of the plasmonic structure.
In the present work, a four-layer slab component is designed
and fabricated to support a SPP with moderate losses along
with a strong Kerr nonlinear eﬀect. This structure allows the
ﬁrst experimental observation of a self-conﬁned nonlinear wave
that combines a self-trapped wave and a SPP in a single wave.
This nonlinear wave reveals a strongly enhanced self-focusing
occurring over distances as short as 100 μm due to the
plasmonic eﬀect. The content of this Article is as follows: ﬁrst,
the structure design and fabrication steps are described.
Second, nonlinear optical characterizations are presented.
Third, the dedicated nonlinear propagation model is described.
Finally, simulations are confronted to the experiments, and
results are discussed.

and from Finite Element Method (FEM) simulations (see
section 3 of the Supporting Information). To be more speciﬁc,
the Kerr layer is a 3.6 μm thick Ge28.1 Sb6.3 Se65.6 amorphous
chalcogenide ﬁlm32 (Figure 1a,b and Supporting Information).
This glass with a 2.16 eV bandgap and with a refractive index
of 2.54 at 1.55 μm was chosen due to its large Kerr
nonlinearity (n2 = 5.5 × 10−18 m2/W), moderate two-photon
absorption coeﬃcient (α2 = 0.43 cm/GW), a high damage
threshold intensity evaluated to approximately 2.5 GW/
cm2,31,33 and a low photosensitivity.33 Note that the twophoton absorption at 1.55 μm is attributed to an Urbach’s
absorption tail related to both thermal eﬀects and static
disorder.33 A silica buﬀer layer followed by a gold layer are
then deposited on top of the chalcogenide material.
FEM simulations34,35 have been performed to compute the
nonlinear modes propagating in the structure in order to
determine the optimum thicknesses for these top layers. It is
important to note that the modes are calculated in nonlinear
regime, that is, their amplitude is dependent on the magnitude
of the self-focusing eﬀect. These simulations showed that the
silica buﬀer layer thickness d is the most critical parameter for
the design, as expected from a previous work dealing with
linear conﬁgurations36 and conﬁrmed later for nonlinear
waveguides.37 As shown in Figure 2a, for d = 30 nm, the
fundamental optical modes propagating in the full structure are
similar for TM and TE polarizations and resemble the guided
mode proﬁles present without metal. To the contrary, for d =
10 nm, the TM mode clearly beneﬁts from a strong localization
at the chalcogenide/silica interface due to the plasmonic eﬀect
while the TE mode is nearly unaﬀected (Figure 2b and section
4 of the Supporting Information). A 3-D distribution of the
TM modes is depicted in Figures S1 and S2 of the Supporting
Information. Simulations also show that a 10 nm buﬀer layer
allows a decrease by a factor three of the propagation losses for
the TM mode compared to a basic structure without silica
buﬀer (see sections 3 and 4 of the Supporting Information).

■

DESIGN AND FABRICATION OF THE STRUCTURES
A chalcogenide glass is chosen as the nonlinear medium since
it exhibits a Kerr eﬀect about 2 orders of magnitude stronger
than silica thanks to the strong polarizability of the chalcogen
elements while oﬀering a fast temporal response with a
femtosecond time scale due to its underlying mechanism based
on electronic polarization.29 The origin of our nonlinear
plasmonic component is a planar chalcogenide waveguide that
possesses the suitable linear and nonlinear properties to form
Kerr spatial solitons at near-infrared wavelengths.30,31 A metal
ﬁlm is added for the propagating wave to trigger a plasmonic
eﬀect. However, a compromise has to be found between a tight
light conﬁnement provided by the plasmonic eﬀect, which we
want to exploit to eﬃciently exalt the Kerr eﬀect, and the high
propagation losses induced by the metal that would prevent
the observation of the Kerr self-focusing.
The chosen solution is to insert a thin silica buﬀer layer
between the metal and the nonlinear dielectric layer. The
designed waveguide including its plasmonic structure (PS)
derives from our previously published theoretical studies21,22
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chosen since it is thick enough to provide the plasmonic eﬀect,
while it can be deposited to form a uniform good quality layer
(see section 1 of the Supporting Information for fabrication
details). A cross section of the fabricated structure was
analyzed by SEM (Figure 1c), conﬁrming that the targeted and
fabricated nanolayer thicknesses are consistent. As depicted in
Figure 1d, the gold layer was then patterned to obtain either a
rectangular or a staircase (Figure 1e) PS area. This
arrangement provides the versatility to analyze several
conﬁgurations by choosing the position of the launched
beam along the Y-axis. Speciﬁcally, three diﬀerent PS locations
were considered as described in Figure 1d. The ﬁrst one is a
rectangular plasmonic pattern, h = 660 μm long, located at the
exit face of a 5.1 mm long sample (conﬁguration I). The two
other conﬁgurations correspond to a 5.5 mm long sample with
a staircase PS with three diﬀerent h values equal to 100, 200,
and 500 μm, present either 1 mm before the exit face or 1 mm
after the entrance face to form conﬁgurations II and III,
respectively. The input and output faces of the samples are
formed by cleaving the samples.

■

OPTICAL CHARACTERIZATIONS
Characterizations are performed with an optical parametric
oscillator (Chameleon OPO from Coherent) set to 1550 nm
and emitting 200 fs pulses at a repetition rate of 80 MHz
(Figure 3a and Supporting Information). The beam is
elliptically shaped and focused with a cylindrical lens and a
microscope objective to give a 4 μm (fwhm) focal spot along
the X-axis at the entrance of the waveguide, while a 31 μm
focal spot along the Y-axis is located 2 mm inside the sample in
the linear regime (low intensity). Figure 3a shows the
corresponding input beam proﬁle at the entrance face of the
waveguide. In the linear regime, the propagation beam is
weakly diﬀracting along the Y-axis; as a consequence, the focal
point position (along Y), relative to the PS location, has only a
negligible inﬂuence in the studied behavior for the three
conﬁgurations. Such a beam arrangement helps to prevent
input facet damage in the high intensity regime. The beam
proﬁle at the output of the sample is imaged on a Vidicon
camera with a ×10 microscope objective. In the linear regime,
the output beam reaches a fwhm of 41 μm along the Y-axis
(Figure 3a). Note that the imaging system was chosen to
analyze the beam size variation along the Y-axis due to the selffocusing eﬀect, but it was not adequate to resolve the much
smaller beam X-dimension. Note also that a careful beam

Figure 2. Calculated intensity proﬁles along the X-axis of the
fundamental modes of same power Ptot = 513 W for TM (green
curves) and TE (magenta curves) polarizations and zoom-in near the
silica/gold interface (insets). SiO2 buﬀer thickness d is equal to 30 nm
(a) and 10 nm (b).

The heterostructure fabrication was conducted in several
steps. First, the 3.6 μm thick Ge28.1Sb6.3Se65.6 chalcogenide
layer is deposited by RF magnetron sputtering method on an
oxidized silicon wafer. Then a 10 nm silica buﬀer layer,
followed by a 32 nm gold layer, is formed on top to give the
structure depicted in Figure 1b. While challenging, the
deposition of the very thin SiO2 layer is operated by a
sputtering deposition technique. A 32 nm gold nanolayer is

Figure 3. (a) Experimental setup for the observation of the self-conﬁned nonlinear waves and intensity distribution of the input and output beams
in the linear regime. HWP, half wave plate; PBS, polarizing beam splitter; Ch, chopper; CL, cylindrical lens; Obj, microscope objective; NDF,
neutral density ﬁlters. (b−g) Intensity distribution of self-focused output beams for two input intensities without PS (b, c), with PS corresponding
to conﬁguration I for TM polarization (d, e), and for TE polarization (f, g).
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Figure 4. (a) Measured output beam fwhm as a function of input intensity for both TM and TE polarizations without PS and with a PS
corresponding to conﬁguration I. (b) Evolution of output beam fwhm as a function of input intensity for conﬁgurations I, II, and III for TM
polarization. (c) Evolution of output beam fwhm for conﬁguration III for PS lengths h of 500, 200, and 100 μm for TM polarization and for h of
500 μm for TE polarization.

plasmonic enhanced nonlinear eﬀect induced by the 660 μm
long PS focuses the beam from about 23 to 12 μm fwhm. It is
important to note that the exalted focusing is not observed for
the TE polarization. Indeed, as shown in Figure 3f,g, the TE
wave shows no improved self-focusing compared to the
conﬁguration without the PS (Figure 3b,c). This polarization-dependent behavior is a characteristic feature of the
plasmonic eﬀect. To exclude the possible inﬂuence of
thermally induced self-focusing in the nonlinear regime,
experiments are repeated with a mechanical chopper
positioned after the light source to diminish the average
power to 40% while keeping the same peak power (see section
11 in the Supporting Information). No measurable change is
observed compared to the behavior described in Figure 3,
which excludes any signiﬁcant role of a thermally induced
nonlinearity.
The experimentally demonstrated striking self-focusing
enhancement due to the plasmonic eﬀect is also evident in
Figure 4a, where the measured output fwhm beam is plotted as
a function of the input beam intensity for TE and TM
polarizations with and without the PS. For the three
arrangements for which the plasmonic eﬀect is not present,
that is, without or with PS for TE polarization and without PS
for TM polarization, similar behaviors are observed. They are
characterized by a gradual focusing with a nearly linear
decrease of the beam width versus intensity. Remarkable
features are observed for a TM polarized beam in the presence
of a PS: (1) This plasmon-enhanced conﬁguration always gives
rise to an output fwhm beam smaller than for the other three
conﬁgurations; (2) The focusing eﬀect takes place at a faster
pace for low intensity; (3) Three times less intensity is
required compared to the cases without enhancement to
obtain an output size of 31 μm; (4) The fwhm evolves with a
nonlinear trend and tends to saturate to a strongly focused
beam of 11 μm fwhm at 1.4 GW/cm2.
To gain a better understanding of the disclosed self-trapped
plasmonic wave and its strong focusing, additional conﬁgurations are tested. We ﬁrst study the inﬂuence of the position
of the PS. Figure 4b compares the fwhm as a function of
intensity for a 500 μm long PS positioned either 1 mm before
the exit face (Figure 1d, conﬁguration II) or 1 mm after the
input face (Figure 1d, conﬁguration III) and the previously
described case (conﬁguration I) for a 660 μm long PS. At very
low intensity, the beam undergoes a similar free diﬀraction in
the diﬀerent samples, regardless of the PS location, precluding
any linear beam distortion from the PS. As soon as the
intensity is raised, the output beam focuses sharply in
accordance with the Kerr lens eﬀect present in the PS.

alignment is performed to maximize the beam overlap with the
fundamental mode of the planar waveguide and thus avoid
excitation of higher-order modes. Input and output powers are
monitored by power meters to deduce the coupling eﬃciency,
the peak power, and the waveguide transmission. In the linear
regime a 21% waveguide transmission is measured for both
TM and TE polarizations when light propagates away from the
metallized area. This transmitted power is consistent with a
coupling eﬃciency of 28% and propagation losses of about
0.19 cm−1.
To unambiguously reveal the inﬂuence of the plasmonic
eﬀect on the beam self-focusing, we ﬁrst characterize the selftrapping behavior in the absence of metallic layer, referred as
without PS, along the beam path. These preliminary
experiments can thus be considered as a reference. As shown
in refs 30 and 31, similar chalcogenide slab waveguides can
support spatial solitons at near-infrared wavelengths. In the
tested sample we observe that, for an input intensity of 0.62
GW/cm2, a 30 μm fwhm beam is obtained at the output face
(Figure 3b). This size is close to the injected beam size of 31
μm, which indicates that diﬀraction is compensated by the
nonlinear Kerr self-focusing eﬀect to form a spatial soliton.6 A
stronger focusing eﬀect occurs if the input intensity is further
raised. For an intensity of 1.17 GW/cm2, a 23 μm fwhm is
obtained at the output (Figure 3c). Note that the very same
behavior is observed independently of the polarization for a
conﬁguration without PS (see Figure S9 in the Supporting
Information).
We then shift laterally the sample so that a PS is present on
the trajectory of the launched beam. Conﬁguration I described
in Figure 1d is ﬁrst considered with a PS length h of 660 μm.
In the linear regime, the presence of this metallic structure
located at the end of the waveguide does not modify the
observed output beam distribution. The linear transmission is
however reduced due to additional propagation losses
compared to the situation without the PS. We deduce that
under the PS the attenuation is 0.57 and 28 cm−1 for TE and
TM polarized light, respectively. The larger attenuation
coeﬃcient for the TM case is a ﬁrst indication of the
plasmonic eﬀect. Subsequently, as the intensity is raised, a
strong enhancement of the self-focusing behavior is observed
at the output of the waveguide for TM waves. For instance, at
an input intensity of 0.62 GW/cm2 (Figure 3d), the output
beam is already much narrower (19 μm fwhm) than the
injected one (31 μm fwhm), while a higher intensity of 1.17
GW/cm2 leads to a very eﬃcient trapping of the beam, as
witnessed by an output beam of 12 μm fwhm (Figure 3e). By
comparing this result with the one obtained at the same
intensity without PS (Figure 3c), we can deduce that the
2565
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However, when the intensity is increased above an intensity
threshold a spreading of the beam is observed for PS located
before the output face. The threshold is about 0.35 and 0.9
GW/cm2 for PS positioned 1 mm after the entrance face
(conﬁguration III) or 1 mm before the exit face (conﬁguration
II), respectively. This behavior can once again be attributed to
the strong localized self-focusing induced by the PS. Indeed,
since the nonlinear focusing leads to an extremely narrow spot,
the beam diﬀraction cannot be compensated anymore by the
weaker nonlinearity present after the PS and beam diﬀraction
dominates. The diﬀracted beam is narrower in conﬁguration II
since the PS is only 1 mm from the output face and diﬀraction
then occurs on a shorter distance compared to conﬁguration
III. The numerical model presented later in the manuscript
conﬁrms this assumption and gives a clearer picture of the
phenomena. The observed higher input intensity threshold
when the PS is further to the input face (Figure 4b,
conﬁguration II) is also expected. Indeed, diﬀraction overtakes
self-focusing when the beam reaching the PS exceeds a
threshold intensity. To attain this threshold, a higher input
intensity is necessary when the PS is further to the input face
to compensate for propagation losses occurring along the
input-PS distance.
To analyze the impact of the length h of the PS, experiments
are also conducted for PS lengths of 100 and 200 μm for
conﬁguration III (Figure 1d,e). The results are presented in
Figure 4c, along with measurements made for h = 500 μm and
for the enhancement-free TE polarization. As the intensity
increases, the PS self-focusing enhancement gives a minimum
fwhm value before the spatial spreading occurs. The shorter
the PS, the weaker the nonlinear focusing eﬀect. The minimum
beam size is reached at an intensity of about 0.24 GW/cm2,
giving an output fwhm of 31.6, 30.7, and 29 μm for 100, 200,
and 500 μm PS length, respectively. As the intensity is
increased further, beam spreading becomes dominant. This
assumption of a beam widening dictated by diﬀraction
authorizes an indirect evaluation of the spot size reached at
the exit of the PS. Indeed, from the Gaussian beam theory, a 13
μm fwhm spot is expected to give a 70 μm fwhm over 4 mm
distance, as observed in Figure 4c for TM-polarized beams for
conﬁguration III for an input intensity of 1.1 GW/cm2. This
predicted spot size is consistent with the 12 μm fwhm direct
measurement shown in Figure 3e for conﬁguration I for an
input intensity of 1.17 GW/cm2. From the beam widening
obtained in the high intensity regime in Figure 4c, we can also
conclude that self-focusing is more eﬃcient in long PS
structures. For instance, a 70 μm output fwhm resulting
from an assumed 13 μm fwhm self-focused spot is induced by
an input intensity of 0.7 GW/cm2 for a 500 μm long PS, while
a 1.1 GW/cm2 is requested for a 100 μm long PS (Figure 4c).
It is remarkable that even a PS as short as 100 μm can induce a
strong focusing.
The analysis of the output beam proﬁle provides crucial
additional information that was not revealed by the fwhm
measurements. In Figure 5, the output beam proﬁle is plotted
for six intensity values for a 500 μm long PS corresponding to
conﬁguration II. The eﬃcient focusing eﬀect previously
described forms at ﬁrst a smooth proﬁle beam with a weak
pedestal (Figure 5b). This beam-cleaning feature is a
characteristic of a spatial soliton regime. It thus may indicate
that an intensity of 0.5 GW/cm2 triggers this regime for
conﬁguration II. As the intensity is further raised, the beam
then enlarges and develops symmetric side lobes on both sides

Article

Figure 5. Measured output beam proﬁle evolution as a function of
incident intensity for conﬁguration II, TM polarization, h = 500 μm.

of the main peak (Figure 5c−f). To gain more insight into the
observed enhanced self-focusing phenomena, a numerical
model presented in the following section has been developed.

■

SIMULATIONS
The numerical scalar model is based on a modiﬁed spatial
nonlinear Schrödinger equation (SNLSE). This scalar model
describes the transverse ﬁeld proﬁle along the Y-axis and its
evolution versus propagation along the Z-axis.6,38 It is adapted
to take into account the mode ﬁeld proﬁle along the X-axis that
is dependent on polarization, power or location along
propagation in the full structure. An example of this xdependence is illustrated in Figure 2 for TE and TM modes.
The ﬁeld x-dependency does not explicitly appear in the
SNLSE but is considered indirectly through the z-dependent
modal properties (eﬀective nonlinearity and propagation
constants) that appear in the SNLSE. These modal parameters
are obtained from the FEM-based simulations of the
fundamental TE and TM modes associated with the diﬀerent
sections of the full structure34,35 (see sections 3−5 of the
Supporting Information).
We consider that the structure is stepwise constant along the
Z-axis. In each discretized segment of the propagation, the
fundamental mode is ﬁrst determined using our FEM mode
solver mentioned above. The mode XY-distribution is thus
determined together with its propagation constant in each
segment.
It is worth to remind that only the transverse dimension
along y is usually considered for Kerr spatial solitons in slab
waveguides studies.38,39 To also take into account the inﬂuence
of the spatial ﬁeld x-proﬁle, we start from the nonlinear
evolution equation where both x and y variables are
considered. To obtain the ﬁnal SNLSE involving only the
transverse coordinate y and the propagation direction
coordinate z, we proceed by analogy with ref 40, where the
NLSE is derived in the temporal domain using a spatial
integration in the cross section of the waveguide. In our study
we limit the spatial integration on the nonlinear region of the
X-axis only (denoted NL layer below) and we keep the
dependency along the Y-axis. E(r, t) being the electric ﬁeld of
the propagating wave, we also renormalize the investigated
amplitude denoted by Ã (y, z) in order to get directly the
optical intensity I when one takes its modulus squared:
2566
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1
û (F(x)A(y , z)exp( − i(ω0t − β0z)) + cc)
2

eﬀective nonlinearity improvement of 8 has to be set in order
to quantitatively predict the above-described experimental
results. We mainly attribute this discrepancy to our modeling
approach and also to the potential nonlinear contribution of
gold, as discussed later. Note also that this enhancement factor
is low compared to plasmonic studies involving standing waves
or localized resonances based on metallic nanostructures
coupled to an electromagnetic ﬁeld that can provide an
enhancement factor above 100.2,5 It is important to point out
that our experiment instead involves propagating plasmonic
waves. In ref 42, dealing with a quite similar conﬁguration, but
for a structure based on CS2 and silver nanoparticles, the
authors computed an enhancement factor of 2, which is in the
same range as ours. We would like to emphasize that, apart
from this enhancement factor, other simulation parameters,
notably linear and nonlinear absorption coeﬃcients, are the
ones determined experimentally in the previous sections. It is
worth pointing out that the developed model also gives results
in accordance with our experimental results for Gaussian
beams propagating both in linear and nonlinear regimes in the
slab nonlinear waveguide. The observed spatial soliton
propagation is notably predicted. The numerical implementation of the resolution of the nonlinear propagation equation is
detailed in section 9 of the Supporting Information.
Quantitative comparisons between the numerical predictions
and the experimental observations for the plasmon-enhanced
self-trapping are presented in the following section.

(1)

|Ã (y , z)|2 = |A(y , z)|2

2
ε0nc

(2)

where cc means the complex conjugate and û is a unitary
vector in the waveguide cross section giving the studied
polarization. Ã (y, z) obeys the following SNLSE:
2
∂Ã (y , z)
α
P ∂ Ã (y , z)
α
=
− Ã (y , z) − 2 Ã (y , z)|2 Ã (y , z)
∂z
2β
2
2
∂y 2
Pω0n2 1D
2 ̃
̃
+
η A (y , z)| A (y , z)
c x

(3)

with
ηx1D ≡

∫NL_layer F(x)4 dx ∫NL_layer F(x)2 dx
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(4)

The 1D normalized proﬁle F(x) is obtained from the 2D
nonlinear proﬁles of the electromagnetic ﬁeld of the
fundamental mode in the considered segment computed
with the FEM modal method. F(x) is the x proﬁle obtained at
2
y = 0 and normalized according to the formula ∫ +∞
−∞F(x) dx =
1D
1. The one-dimensional integrals deﬁning ηx are computed
only over the nonlinear region. These integrals along with the
propagation constant β and the full ﬁeld proﬁles are computed
using our FEM mode solver. η1D
x is called the opto-geometrical
nonlinear factor. Before pursuing the description of the η1D
x
quantity, it is needed to explain how the experimental value of
the material nonlinear coeﬃcient n2 has been obtained. In
several cases, its value is derived from nonlinear propagation
simulations using the 2D SNLSE where the transverse fwhm is
computed and then compared to the measured ones as we
have done in ref 31. However, the SNLSE in the latter
reference did not take into account the ﬁeld x-proﬁle and
1D
consequently the factor η1D
x was missing. This factor ηx that
only appears in the last term of (3) is similar to the η
parameter described in the derivation of the nonlinear
Schrödinger equation in the temporal domain for optical
ﬁbers by formula (5.26) in Okamoto’s book.41 The main
diﬀerence is that we integrate only along the x-dimension
corresponding to the thickness of the nonlinear layer while the
spatial integration is realized on the full 2D cross section of the
HE11 mode of a circular step-index ﬁber in.41 The values of η1D
x
are computed using the nonlinear ﬁxed power algorithm
described in ref 35 for the studied structures. They are given in
Table 1 in the Supporting Information, for the fundamental TE
and TM modes with and without the PS. The TE mode
without PS and TM mode without PS correspond to the cases
used to evaluate the nonlinear coeﬃcient n2 in ref 31. As a
result, the previously provided n2 takes into account the mode
related quantity η1D
x for the TE and TM cases without PS, its
value is numerically evaluated to approximately 0.4. For the
TM mode with PS, η1D
x is between 3.15 and 3.51 times higher
1D
than for the other cases. This ratio η1D
x (TM with PS)/ηx
(TM without PS) is the key parameter of the plasmonic
nonlinear reinforcement and will be called the eﬀective
nonlinearity enhancement factor. It slightly increases with
the mode power, as shown in Table 1 in the Supporting
Information. Consequently, the model gives an eﬀective
nonlinearity enhancement for the TM mode with PS at least
3-fold the ones without PS. We, however, found that an

■

DISCUSSION
Figure 6a presents the calculated proﬁle along the Y-axis of the
beam intensity versus propagation inside the full structure for
the TM polarization for conﬁguration II with h = 500 μm at
1.25 GW/cm2 input intensity. This emblematic case shown in
Figure 6a reveals several remarkable characteristics that give
more insight into the behavior unveiled experimentally. First,
we see that the beam self-focuses along the ﬁrst 2 mm
propagation and then becomes nearly invariant before
converging dramatically to a highly focused central peak as it
travels in the 500 μm long PS region localized between the
dashed lines. Finally, as the beam leaves this highly nonlinear
PS region, diﬀraction overtakes the self-focusing eﬀect (see
Figure S6 in the Supporting Information for the results for the
same conﬁguration at 15 MW/cm2 input intensity). It is
important to note that the numerical model not only predicts
the spreading once the beam exits the PS, but it also depicts
the symmetric lateral peaks observed experimentally (Figure
5). These peaks are generated in the last part of the PS for
intensities above 0.6 GW/cm2, a value in fair agreement with
the experiments. These speciﬁc proﬁles also play a role in the
beam spreading observed at high intensity for conﬁgurations II
and III (see sections 6 and 7 of the Supporting Information for
details). Although spatial modulation instability is known to
induce beam breakup of an initial noisy broad beam
propagating in Kerr nonlinear media, it does not ﬁt to the
present phenomenom. Indeed, the measured intensity dependence of the generated spatial frequency does not follow the
scaling law of modulation instability43,44 (see section 13 in the
Supporting Information). Moreover, large amplitude spatial
noise added in the present simulations does not give rise to the
observed multipeaks unless the plasmon-enhanced nonlinearity
is present. We think the phenomenon revealed here is a
combination of the beam breakup described in refs 45−47,
induced at the interface between two dielectric regions of high
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and the appearance of beam widening at high power is notably
clearly depicted (see section 6 in the Supporting Information).
Quantitative discrepancies between theory and experiments,
however, remain. The main one is the eﬀective nonlinearity
enhancement factor computed from FEM that is 2.5 times
weaker than the one used in the SNLSE simulations to obtain
the best ﬁt with experimental results. First, some limitations of
the model can be invoked: it is based on a scalar SNLSE, while
the true problem is a vector one; paraxial approximations and
the calculation of the eﬀective nonlinearity are not fully valid
when the beam proﬁle rapidly transforms in the PS. Second,
the considered instantaneous response of the Kerr eﬀect could
be questioned in the femtosecond regime.48 Third, there are
some uncertainties on the values of the nonlinear coeﬃcients
n2 and α2 of this uncommon chalcogenide composition.49
Finally, the gold nanolayer permittivity, thickness uniformity,
and its potential nonlinearity50−52 can also be a reason for
discrepancies between simulation results and measurements.

■

CONCLUSION
In summary, a compelling spatial conﬁnement of a guided
beam observed only for TM polarization, in a Kerr plasmonic
structure, has been demonstrated experimentally. The designed
structure consists of a slab waveguide made of a highly
nonlinear chalcogenide layer covered with nanolayers of silica
and gold. The thickness of the silica layer has been tailored
using FEM modal simulations to beneﬁt from an enhanced
self-focusing due to the plasmonic part of the wave while
limiting the detrimental eﬀect of propagation losses induced by
the metal. Experimental observations are conﬁrmed by
numerical predictions obtained using a tailored model of
nonlinear propagation combining FEM modal results and
SNLSE. This experimental proof validates the concept of
nonlinear spatial optical self-trapping in guided optics
enhanced by a plasmonic eﬀect and paves the way to the
formation of shape preserving plasmon-soliton waves. The
dramatic nonlinear beam reshaping induced over a distance of
a few hundred microns at moderate light power opens up new
perspectives for nonlinear integrated plasmonic devices.
Further investigations such as pump−probe experiments are
foreseen to complete the quantitative description of the
observed phenomena and to assess the potential for all-optical
signal processing of these nonlinear structures.

Figure 6. Numerical results. (a) Color map in log scale of the beam
intensity evolution along the Y-axis vs propagation inside the full
structure for TM polarization for conﬁguration II, with h = 500 μm in
the nonlinear regime (input intensity of 1.25 GW/cm2). The dashed
lines represent the limits of the PS. (b) Comparison of the computed
and measured fwhm for conﬁguration I as a function of the input
beam intensity. Note that, at this scale, there is no visible diﬀerence
between the simulation results for TE polarization with or without PS
(ﬁlled orange squares).

and low Kerr-type nonlinearities and of the symmetric lateral
peaks generated for intensities above the soliton regime.
The comparison between the measured and the computed
fwhm as a function of the incident intensity, obtained for
conﬁguration I for TE and TM polarizations, is provided in
Figure 6b. The nonlinear behavior is in agreement with the
observations. Numerical results obtained for TE polarization
with and without PS are represented by the same calculated
points (ﬁlled orange squares) since eﬀective nonlinearity
enhancement and losses are fully similar for both cases. The
model applied to a TM wave in the absence of PS (open
orange circles) predicts an equivalent behavior. These three
cases mimics fairly well the corresponding experimental data.
More importantly, the simulations for TM polarization with PS
(ﬁlled orange circles) nicely follow the experimental measurements. Note that the saturation of the self-focusing eﬀect
appearing experimentally at high power is also reproduced by
the simulations. This proves that the plasmonic eﬀect due to
the PS is able to quantitatively explain the observed large
focusing enhancement. The validity of our numerical model is
further conﬁrmed by comparison with experimental results
from conﬁgurations II and III. The inﬂuence of the PS length
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