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Abstract We present an overview of the optical properties of
nonlinear surface plasmon polaritonic crystals and their appli-
cations to control light with light. Surface plasmon polaritonic
crystals are periodically nanostructured metal surfaces or thin
metal films that act as two-dimensional photonic crystals for
surface polaritons. Hybritization of such nanostructures with
dielectrics exhibiting an optical nonlinear response allows uti-
lization of the electromagnetic field enhancement effects to
observe nonlinear effects and bistable behaviour at low light
intensities. By changing the geometry of the nanostructured
film, the dispersion of the crystal is modified and, thus, electro-
magnetic mode structure and associated density of states can
be controllably tuned in the desired spectral range. This pro-
vides enhanced flexibility in engineering the nonlinear optical
response of plasmonic crystals in a chosen spectral range for
both control and signal wavelengths.

Schematics of the interaction of a control beam (green) and
a signal beam (red) via surface plasmons on a gold film with
nonlinear plasmonic crystal.
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1. Introduction

All-optical signal processing in integrated photonic circuits
and its applications in optical communications and com-
puting require the ability to control light with light [1,2].
Nonlinear optical effects needed for this purpose can be
achieved with slow molecular motion nonlinearities (ms
timescales), such as in liquid crystals [3,4], or ultra-fast
electronic nonlinearities (up to fs timescales) [5]. All-
optical devices based on various types of optical nonlinear-
ities have been considered in the past. The main drawbacks
of the majority of such devices are twofold. First, the limita-
tion on their minimum size required to provide a sufficient
light passlength to achieve a sizeable nonlinear response
and, second, the relatively high operational light intensities.
To remediate to these limitations, very recently, nonlinear
optical devices based on photonic crystal defects have been
proposed that utilize the electromagnetic field confinement
and enhancement at the photonic defect location to enhance
nonlinear effects [2,6-8].

However, stronger field enhancements can be achieved
using plasmonic nanostructures to tailor electromagnetic
modes with effective size well below the diffraction limit
of the light. A significant field enhancement is routinely
obtained in plasmonic devices in various arrangements for
surface enhanced Raman scattering, stimulated emission,
second-harmonic generation and photon tunnelling [9, 10].
This enhancement is the result of the increased density
of electromagnetic states near a metal surface correspond-
ing to the spectrum of plasmonic excitations. Coupling
a control light to such surface electromagnetic modes is,
therefore, a possible way to enhance the effective nonlinear-
ity of the hybrid nanostructures formed when a nonlinear
material is placed near the metal surface [11].

One of the examples of such nonlinear optical meta-
materials are bulk nonlinear materials doped with metallic
nanoparticles [12—14]. In such metamaterials, the excitation
of the hybrid structure at the wavelengths of the localised
surface plasmon resonances of the nanoparticles leads to
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an increase in the effective nonlinear susceptibility of the
composite material compared to either materials taken sep-
arately. Similarly, the coverage of metallic nanoparticle
arrays, e.g., nanospheres or nanorod assemblies, with non-
linear material results in the enhancement of the nonlinear
response of the dielectric while also lowering the light inten-
sities required for nonlinear action [15, 16]. The utilisation
of the field enhancement effects associated with localised
surface plasmons modes has also been shown to enable
controlled photon tunneling through nanoscale pinholes in
a metal film covered with nonlinear polymer [17, 18]. In
particular, measurements of photon tunneling through indi-
vidual, naturally occurring, nanometer scale pinholes have
provided indication of “photon blockade” effects, similar to
Coulomb blockade phenomena observed in single-electron
tunneling experiments [17]. The observations of photon tun-
neling being gated by light at a different wavelength have
also been reported with similar but somewhat larger pin-
holes [18].

Concurrently, if surface plasmons in the form of surface
plasmon polaritons (propagating surface waves) are chosen
to be a signal carrier, the strong sensitivity of their reso-
nances to the structured surface where they propagate [9,19]
could bring a viable solution to the problem of their all-
optical control. In this scheme, minute changes induced
in the refractive index of a nonlinear material placed on
the metal surface would significantly influence the surface
plasmon resonant conditions and surface polariton propa-
gation along the surface. This was first shown with smooth
metal films in the Kretschmann geometry using liquid crys-
tal phase transformations under the influence of thermal
effects of light. Both switching of the reflected light and
bistability with the variation of the intensity of the inci-
dent light was observed [3]. The latter was explained by a
positive feedback due to the intensity dependent refractive
index of the liquid crystal placed on the metal film and
illuminated by the evanescent field of the surface plasmon
polariton (SPP) wave. Nanostructured metal surfaces such
as surface plasmon polaritonic crystals (SPPCs) [9,20-23]
provide much more flexibility for tailoring the wavelength-
dependent resonant conditions and the electromagnetic field
enhancement conditions in a few-wavelength-size devices.
Thus, integratable all-optical devices can be developed us-
ing nonlinear surface plasmon polaritonic crystals.

SPP crystals have optical properties similar to two-
dimensional photonic crystals but act on surface polaritons
rather than “bulk” photons. SPPCs are most often consid-
ered with either a periodic arrangement of groves or stripes
(1D SPPC) or as a two-dimensional periodic arrangement of
holes or bumps of various shapes (2D SPPC). A fundamen-
tal difference between conventional photonic and surface
polaritonic crystals comes from a different electromagnetic
field distribution close to the surface. Surface polaritons
are intrinsically two-dimensional excitations whose electro-
magnetic field is concentrated at a metal-dielectric interface.
Thus, in contrast to photonic crystals, strong electromag-
netic field enhancement takes place at a SPP crystal’s inter-
face related to the surface polariton’s field confinement [24].

This enhancement results in a much stronger effective non-
linear optical response achievable with surface polaritonic
crystals as it is related to the local field strength [25, 26].
This can significantly assist nonlinear optical mixing in
such structures. The advantage of a surface polaritonic crys-
tal for the development of all-optical active elements is
two-fold: a high sensitivity of SPP resonances to minor
modifications of optical properties of surroundings, and
the electromagnetic field enhancement related to surface
plasmon modes that can allow achieving these modifica-
tions via the optical Kerr effect at low illuminating light
intensities. As a consequence of dielectric constant change,
the SPP modes will experience a frequency shift, thus mod-
ifying the resonant conditions of the SPP mode excitation
and related optical transmission or reflection.

Although optical nonlinearities from the metal itself
were considered in SPPC [27,28], the stronger nonlinear re-
sponse can be observed if an SPP crystal is hybridized with
anonlinear material. Nonlinear SPP crystals simultaneously
take advantage of both the field enhancement at the control
light frequency and the sensitivity of SPPs at the signal
light frequency to the permittivity changes induced by the
control light. These properties have been utilised to demon-
strate light control with light and its bistable behaviour
in nonlinear SPPCs [25,26]. Theories of nonlinear effects
were developed considering bare as well as hybridized SPP
crystals [27,29,30]. In both configurations, bistability in
the optical transmission of the SPP crystals was predicted.

In the following, we overview the results on nonlinear
transmission of light through surface polaritonic crystals,
transmission bistability effects and related modulation of
light by light that becomes possible due to coupling to
the Bloch modes of SPPCs. Finally, optical self-limiting
effects in the transmission through defects in SPPCs will
be considered.

2. Nonlinear transmission of
surface polaritonic crystals

Nonlinear optical transmission through hybridised plas-
monic structures can be observed in a variety of geometries.
Two main configurations can be considered where self-
induced effects of the light interacting with plasmonic exci-
tations in a nonlinear environment occur or external-light-
controlled nonlinear effects trigger the nonlinear behaviour
of the crystal. In general, nonlinear effects are observed
in all transmission resonances related to SPP Bloch wave
excitations [26], cylindrical surface plasmons [25], as well
as localised surface plasmons at individual defects in the
metal films [17, 18]. However, since the field enhancement
effect depends on the SPP crystal parameters as well as
on the localised surface plasmon modes supported by the
nanostructure, the range of the control light intensities de-
pends on the geometrical and material properties of the
nanostructures and is, therefore, a complex function of the
crystal under consideration.
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To identify the general mechanisms of the nonlin-
ear transmission, let us consider the optical transmission
through periodic arrays of holes in a metal film. These
structures support plasmonic excitations consisting of the
SPP Bloch modes related to the periodic modulation of the
metal-dielectric interface convoluted with localised plas-
monic and/or waveguided modes of the holes. The latter
contribution reflects the geometry of the holes, i.e. the hole
size, shape, and film thickness, and can be either strongly
or weakly coupled to the SPP Bloch modes. Satisfying the
symmetry conditions, some of these Bloch states are opti-
cally active and can be coupled to photons. This is achieved
when light of suitable polarization is incident upon the
crystal under certain combinations of incidence angles and
wavelengths, exchanging energy with plasmonic modes
when diffraction from the periodic structure provides the
wavevector conservation [9]:

w . 2w 2w
kep = . sin fugyds—p £ pﬁuz + qﬁ

u,, (D
where 65, = 1 for p-polarized incident light (defined
with respect to the film interface) and O for s-polarized
light, kgp is the wave vector of the Bloch modes, ug, is the
unit vector in the direction of the in-plane component of the
incident light wave vector, u, and u, are the unit reciprocal
lattice vectors of a periodic structure, D is its periodicity
(assumed to be the same in both z- and y-directions), and
p and q are integer numbers corresponding to the different
directions in the Brillouin zone. Since an SPP is in general
a longitudinal excitation, the excitation light should have
an electric field component perpendicular to the surface
or parallel to the SPP propagation direction in order to be
coupled to SPP waves.

An example of the zero-order normal incidence trans-
mission spectra of two SPP crystals is shown in Fig. 1. The
transmission spectrum of the bare (not coated with nonlin-
ear polymer) crystal consists of a set of peaks correspond-
ing to resonances in its spectrum of the electromagnetic
modes that are coupled to photons. As a consequence of
the polymer coating, both SPP Bloch modes and localized
plasmon modes of the holes are significantly modified due
to the changed dielectric constant of the hole filling and
interface-adjacent medium from n = 1 (air) ton ~ 1.7
(nonlinear polymer). The observed changes in the transmis-
sion spectrum resulting from the polymer coating reflect
the modification of the dispersion of the crystal and can be
modelled using Eq. (1). The analysis of the band-gap struc-
ture and SPP Bloch modes of the coated SPP crystal shows
that the peaks at around 750 nm and 620 nm correspond to
the excitation of SPP Bloch modes (I" — M and I' — X di-
rections, respectively) on the polymer/metal interface. The
origin of the peak at around 700 nm is related to the cou-
pling of localized surface plasmon resonances of the holes
with SPP Bloch modes at the metal-polymer interface.

Taking advantage of the nonlinear response of the poly-
mer, a control illumination can be used to modify its re-
fractive index and, thus, the SPP modes and the associated
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Figure 1 (online color at: www.lpr-journal.org) (a) SEM image
of the nanostructured metal film used as a SPP crystal: Au film
thickness-220 nm, hole diameter-200 nm, period-600 nm. (b) Nor-
mal incidence transmission spectra of the SPP crystal (dashed
line) before and (solid line) after deposition of nonlinear polymer
of about 200 nm thickness.

density of states of the nonlinear SPP crystal. These modifi-
cations then induce illumination-dependent changes in the
optical transmission of the crystal. They can be monitored
in the zero-order transmitted light spectrum as a function of
the wavelength of a probe beam whose low intensity does
not affect the polymer’s permittivity (Fig.2). The observed
transmission changes are up to 60% of the initial transmit-
tance of the SPP crystal in some transmission resonances
(Fig.2c). Nonlinear transmittance is observed at various
wavelengths of the control light and demonstrate a similar
behaviour in different spectral peaks exhibiting suppres-
sion (negative differential transmittance) or enhancement
(positive differential transmittance) of the transmission. In
addition to the changes in the transmission magnitude, the
position of maxima and minima in the transmission spectra
are also affected by the variation of the control intensity.
This is an indication of the modification of the surface
plasmon mode spectrum by the control light via induced
changes in the polymer’s dielectric constant.

Using the observed SPP band-gap shift, the changes
in the effective refractive index of the polymer induced by
the control light can be estimated to be An ~ 1073-10~%.
This estimation is based on a simple model considering
an almost empty lattice and assuming uniform change of
the polymer refractive index at the metal/polymer interface.
In reality, however, the spatial variation of the induced
refractive index changes follow the spatial variation of the
field of the SPP modes excited by the control light and
are significantly non-uniform. Therefore, larger local An
values (greater than 10~%) may be expected in the maxima
of the field distributions at the control light wavelength.
This is several orders of magnitude larger than the An
changes detectable in sensing experiments with surface
plasmons [31], thus, further reduction of the control light
intensity may be possible.
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Figure 2 (online color at: www.lpr-journal.org) (a) Normal inci-
dence transmission spectra of the hybridised SPP crystal illumi-
nated with the 488 nm control light for the increasing illumination
intensity. (b) Normal incidence transmission spectra of the non-
linear SPP crystal measured with the control light (A = 488 nm,
P = 60mW) “on” and “oft”. (c) The induced differential trans-
mittance spectra for the same intensity of the 488 nm and 514 nm
control light as in (a).

3. Bistability of optical transmission through
SPP crystals

For low intensity signal light, and neglecting the nonlinear
response of the metal, the variations of the dielectric con-
stant of the nonlinear material € can be considered as solely
induced by the control light of frequency w,:

e(r,w) = £ (w) + 47TX(3)|EL(E(I', We), We, r)|2 , (@

where £(© and x® are the linear dielectric constant and
third-order nonlinear susceptibility of the polymer, respec-
tively, and Er (e(r),w,, r) is the local, position dependent
(r = (z,y, 2)) electric field of the control light, which is
determined by the SPP crystal parameters. Thus, the field
distribution described by Fr(¢(r),w.,r) depends on the
induced permittivity changes in the nonlinear SPP crystal
and, in turn, the permittivity variations depend on the lo-
cal SPP field. As a consequence, the crystal’s eigenmodes
and associated field distribution for a given control inten-
sity and wavelength self-consistently depend on the spatial
variations of £(r). The permittivity variations modify the
interaction of the signal light with the SPP crystal, thus,
changing the transmission spectrum which is determined
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Figure 3 (online color at: www.lpr-journal.org) Dependence
of the optical transmission of the nonlinear SPP crystal at
(a,d) 620 nm, (b,e) 690 nm, and (c,f) 750 nm wavelengths for the
increasing (squares) and decreasing (circles) control light intensity
at (a—c) 488 nm and (d—f) 514 nm wavelengths.

by the distribution of the dielectric constant around the
nanostructured metal film [32,33]. This leads to a multival-
ued dependence of the transmittance of SPP crystal on the
control light intensity in the case of the dielectric constant
dependence described by Eq.(2). The changes in the spa-
tial distribution of the polymer’s permittivity €(r) and the
magnitude of these changes, both being responsible for the
SPP crystal eigenmodes, provide a mechanism for bistable
behaviour of the crystal’s optical transmission with the in-
tensity of the control light. As in a typical configuration
for optical bistability, the above described process requires
a nonlinear transmission dependence on the control light
to achieve a transistor-type effect [1,2] as well as a “built-
in” feedback mechanism (described by Eq. (2)) to enable
bistability [34,35].

In the case of the SPP crystal considered in the previous
section, for the control wavelength of 488 nm, and in the
range of control intensities where only reversible changes
of the transmission occur (below 5kW/cm?), bistability
in the SPP crystal’s transmission has been observed for
all main resonances of the transmission spectrum (Fig. 3).
However, the behaviour of the hysteresis loops with control
intensity is different at different probe wavelengths: the
transmission increases at some resonances and decreases
at the others for the same variations of the control light
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intensity. The complete switching occurs at similar control
intensities for the transmission resonances considered, and
the transmission returns to its original values when the
control light is turned off.

The analysis shows that the different behaviour of the
bistability loops observed at different probe wavelengths
is related to the origin of the transmission resonances at
these wavelengths. The peaks at around 750 nm and 620 nm
exhibit a similar type of bistable behaviour and correspond
to the excitation of SPP Bloch modes (in I'— M and I'— X
directions, respectively) on the polymer/metal interface. For
these wavelengths the influence of the nonlinearity is chiefly
a modification of the absolute value of the transmittance at
the resonance (Fig. 2. The behaviour of the peak at around
700 nm is more complicated: with an increased control
intensity, not only does the transmittance change, but the
peak shape changes. This highlights the complex origin of
this peak corresponding to the coupling of localized surface
plasmon resonances from the holes with SPP Bloch modes
at the metal-polymer interface.

At the control wavelength of 514 nm (Fig. 3d—f), the
nonlinear transmission is observed for all resonances as
well. Compared to the experiments with the 488 nm con-
trol wavelength, the observed relative transmission changes
in this case are up to 50% stronger at some signal wave-
lengths. However, the bistable effect is strongly present
in the 690 nm resonance (the bistability is in this case ob-
served at higher control intensities with an unusual “mini-
loop” that may give some indication of two resonances
involved [1, 3]), in other resonances the bistability is weak
if any. The observed control wavelength dependence un-
derlines the importance of both nonlinearity and feedback
mechanism for the bistability to occur. At the 488 nm con-
trol wavelength, the nonlinear changes are smaller than at
514 nm but the feedback is stronger leading to bistability
in the nonlinear transmission at all resonances of the SPP
crystal. At the same time, in spite of the stronger nonlinear
dependence of the transmission, bistability is not always
present under the 514nm control illumination due to a
weaker feedback.

The dependence of the bistability type on the control
light wavelength can be understood taking into account
that the SPP field distribution at this wavelength plays a
crucial role in triggering bistability. In particular, under the
488 nm and 514 nm illumination, different surface plasmon
resonances of the metal-dielectric SPP crystal are excited
(Fig. 1). Unfortunately, the near-field response correspond-
ing to the different control light wavelengths cannot be
experimentally estimated directly from the far-field trans-
mission spectra. However, the analysis suggests that both
the near-field intensity and its spatial distribution close to
the metal-polymer interface, where nonlinear processes
are most important, are responsible for the differences in
nonlinear properties at the control wavelengths used.

This is illustrated by the numerical calculations of the
electromagnetic field distributions in the SPP crystal hy-
bridised with nonlinear polymer. The results are shown in
Fig. 4. The field distributions above the metal/polymer in-
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Figure 4 (online color at: www.lpr-journal.org) The control-light
intensity distributions over a unit cell of the nonlinear SPP crystal
as in Fig. 1 calculated using finite-element modelling at 10 nm
distance above the metal surface on the nonlinear polymer side
for (a,c) A = 488 nm and (b,d) A = 514 nm and the angle of
incidence of (a,b) 0° and (c,d) 45°. k| indicates the projection of
the wave vector of the incident TM-polarized light.

terface are plotted for both 488 nm and 514 nm illumination
wavelengths and show that a higher electric field intensity
is generated between the holes in the case of the 488 nm
control light wavelength (Fig. 4). Since the field around
the hole is nearly identical, the SPP Bloch modes can be
considered as the dominant origin of bistabilty. Despite
the spectral position of the 488 nm control light above the
surface plasmon resonance of the polymer-covered Au sur-
face, it can excite the SPP modes if the polymer layer is
thin enough [36]. In the case of 488 nm illumination, al-
though the far-field transmission is smaller than at 514 nm
wavelength, more energy is coupled to the SPP modes at
the metal-dielectric interface. The changes in this coupling
with the incident light intensity at the two wavelengths may
explain the feedback difference in the two cases. There-
fore, the different nonlinear behaviour triggered at 488 nm
and 514 nm originates from the different spatial distribu-
tions and magnitude of the electromagnetic field at the
metal-polymer interface. The modifications of the spatial
variations of ¢(r) and Ff,(w,, r) are determined by the ex-
isting spatial distributions and values of these parameters in
the moment of the intensity change occurs and, therefore,
are different for the increasing and decreasing intensities
of the control light.

Full numerical simulations of the nonlinear SPP crys-
tals in various geometries have recently been performed
using finite-different time domain modelling [29,30]. Non-
linear SPP crystals have been modelled in the case of 1D
structures (slit arrays) in a relatively thin metal films with
nonlinear Kerr-materials in the slits as well as the overlayer
of the metallic structure. In both cases the nonlinear trans-
mission and its bistability was predicted due to the SPP
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Bloch mode excitation in full agreement with the experi-
ments in Ref. [26]. The earlier modelling of the gratings
in a thick, perfect metal (Ree = oo) with the slits filled
with Kerr-type nonlinear dielectric also predicted bistability
due to the waveguiding modes in the slits [37]. Bistability
in transmission through the multilayered metal/dielectric
structures due to the localized modes has also recently
been shown [38]. Thus, various plasmonic and pure electro-
magnetic modes of metallic nanostructures hybritised with
nonlinear materials can be used for triggering nonlinear
response. Not only bistability effects but also beam shaping
and manipulation [39,40] as well as single photon optical
nonlinearities can be achievable [17,41,42].

4. All-optical modulation of SPP crystal
transmission

Building upon the nonlinear transmission of the hybridized
SPP crystals and its dependence on the external light il-
lumination, the all-optical modulation and gating of light
with light can be realised. In order to achieve this effect at
a very low control light intensity, one of the possibilities
is to use smaller diameter of holes in the array similar to
discussed above to increase the field confinement and, thus,
enhancement. However, the drawback of this approach is
a low intensity of the transmitted signal light through the
SPP crystal.

The all-optical gating was demonstrated in an SPP crys-
tal made of small (20 nm diameter) holes in thick (200 nm)
Au film [25]. In this case, surface plasmon localization
within the cylindrical channels leads to very strong field
enhancements. As one can see from Fig. 5, the SPP crystal
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Figure S5 (online color at: www.lpr-journal.org) Modulation of
the SPP crystal transmission at the 633 nm signal wavelength
induced by the 488 nm control light. The control light was closed
and opened three times during the experiment. The SPP crystal
consists of 20 nm diameter holes in 400 nm free standing Au film
arranged in 600 nm period square lattice. The intensity scales are
internal for blue and red curves, not be compared.

transmission at the signal light wavelength (A = 633 nm) is
strongly affected by simultaneous illumination with control
light (A = 488 nm). In order to observe all-optical gating
directly, the control light was modulated leading to the mod-
ulation of the transmission of SPP crystal. At the same time,
for the SPP crystals in the similar configuration but with
larger holes (~ 100 nm diameter), no significant variations
of the transmission was observed for the same wavelengths
and intensities of the signal and control light.

The time-response of the pure optical effects in such
gating experiments is determined by the relaxation time
of the excitons responsible for the Kerr nonlinearity in a
polymer and the surface plasmon lifetime. The latter is on
the scale of a few tens of femtoseconds and is much shorter
than the response time of the nonlinear polymer which is in
this case of about 10 ps [5]. Thus, very fast modulation and
switching can be achieved in nonlinear SPP crystals with
the speed limited by the nonlinear characteristics of nonlin-
ear materials suitable for hybridization. It should be noted
that in Fig.5 the temporal behaviour of the modulation
is determined by the time constant of the measurements
(~ 3 ) needed for the optical transmission measurements
through the hole array.

The investigation of the switching behaviour on the po-
larisation of the signal and control light provides an insight
on nonlinear optical mixing processes in the nanoholes
filled with nonlinear material. In the absence of the control
light, transmission of p-polarized signal light is higher than
the transmission of s-polarized light by approximately a fac-
tor of 3. This observation is consistent with the theoretical
model of the enhanced transmission of SPP crystals relying
on the excitation of surface polaritons on both film inter-
faces since at the oblique incidence the light of different
polarizations interacts with different SPP resonances. This
ratio of p- to s-polarized signal light transmission has been
observed to be rather insensitive to the hole diameter in the
studied range of the hole sizes. This should be expected
since the spectrum of the SPP Bloch waves depends mainly
on the periodicity of the structure. However, under the mod-
ulation with p-polarized control light, the p-to-s ratio in the
signal light transmission is higher by approximately a fac-
tor of 20. Polarization measurements offer the best way to
distinguish between nonlinear optical effects and possible
thermal effects such as thermal expansion of the cylindrical
channels, heating of the nonlinear material efc. that could
interfere with the nonlinearity. Indeed, thermal modulation
of the SPP crystal transmission can be observed at much
larger (approximately by the factor of 1000) control light
intensities. However, the polarization dependence of the
signal light obtained under such conditions is very weak
(Fig. 6¢): the p-to-s ratio is only about 1.5.

The observed strong polarization dependence of the
signal light modulation can be explained taking into ac-
count the properties of surface polariton Bloch waves on
the periodically structured interfaces, the properties of sur-
face plasmons in cylindrical channels, and the properties
of the nonlinear susceptibility tensor () of the nonlin-
ear material. In the optical gating experiments, the SPP
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Figure 6 (online color at: www.lpr-journal.org) (a) Polariza-
tion dependence of the signal light modulation induced by the
p-polarized control light. (b) Polarization dependence of the SPP
crystal transmission at the signal wavelength in the absence of the
control light. (c) Polarization dependence of the thermal modula-
tion of the signal light which was observed at high control light
intensity.

crystal was illuminated at an angle of incidence of approx-
imately 45° so that the projection of the light wavevector
onto the surface is in the direction corresponding to the
direction along the hole rows (I" — X direction of the Bril-
louin zone). Therefore, according to Eq. (1), SPPs excited
with s-polarised light correspond to the Bloch waves at the
centre of the Brillouin zone (standing modes), while for
p-polarized light they are propagating SPP Bloch waves far
from the centre of the Brillouin zone.

The metal film under consideration is sufficiently thick
to neglect the interaction between surface polaritons excited
on different interfaces, therefore two independent sets of
resonances can be considered [9]. The estimation of the po-
sitions of the band gaps in the SPP crystal can be performed
using the approximation of an almost empty lattice which is
appropriate for small diameter holes forming the SPP crys-
tal (Fig. 7). Considering I" — X direction of the Brillouin
zone, for p-polarised incident light and the angle of inci-
dence of 45° used in the experiment, the SPP Bloch waves
corresponding to 3rd and 4th Brillouin zone are excited at
the wavelengths close to A = 633 nm on the polymer-metal
interface. At the same time for s-polarised light, the reso-
nant SPP frequencies on the metal-polymer interface are
far away from the signal light frequency. To complete the
picture, the resonances associated with cylindrical channels
in a metal film should be considered [43]. For thick films
with well defined cylindricity of the channels (d < h), the
spectrum of surface electromagnetic excitations in channels
has a rather complicated structure with both radiative and
nonradiative modes present. Individual cylindrical channels
will have a discrete spectrum of resonances asymptotically
approaching surface plasmon frequency (e, = —¢) from
the high frequency side. For polymer-filled channels these
modes overlap the frequency of the control blue light for

CSP spectrum

control light

|signal light pts

|

0.00 27/D 0.0247/D 0.04 0.06
Kl
kgp(Nm™)

Figure 7 (online color at: www.Ipr-journal.org) The SPP mode
spectra of the SPPC embedded in the polymer. Schematic of the
cylindrical surface plasmon (CSP) states in the polymer-filled
channels at large wave vectors. (squares) SPP resonances excited
with p-polarized light and (circles) SPP resonances excited with
s-polarized light at the angle of incidence of 45°, light is incident
along the hole rows. Positions of the signal and control light
frequencies are shown by the arrows.

large quantum numbers s > 1. The interaction between
channels in an array can additionally broaden these reso-
nances leading to minibands [44]. Thus, quasi-continuous
spectrum of the states related to the cylindrical surface plas-
mons can be expected in the spectral range of the control
light. For infinitely long cylindrical channels, the spectrum
of wave vectors along the cylinder axis h, is continuous,
but is quantized due to Fabry-Perot-type resonances in the
case of finite thickness film. From the physical point of
view, one can imagine these excitations as surface modes
of a spiral trajectory on a cylinder channel surface. Real
(nonradiative) surface modes can not be excited directly
by light, but at the frequency corresponding to the control
light, the long-wavevector SPP can be excited on periodi-
cally perforated polymer-metal interface, which then can
be coupled to cylindrical surface plasmons.

In the absence of control light, the signal light is trans-
mitted via resonant tunneling through the states of SPP
Bloch waves on the polymer-metal interface. Being con-
fined to the polymer-coated interface, the SPP modes re-
sponsible for this transmission are very sensitive to the
dielectric constant of the polymer, since changes of the
dielectric constant modify the SPP resonant conditions
and the transmission coefficient. Control light coupled into
cylindrical surface plasmons results in the local changes
of the dielectric constant of the polymer due to third-order
Kerr nonlinearity. Local electromagnetic field is strongly
enhanced in and around the channel due to cylindrical sur-
face plasmon excitation because of the small volume of
these surface modes (E, ~ 1/d).

The polarization properties of the polymer molecules
themselves play a significant role in the observed increase
of the p-to-s ratio of the modulated signal light. The third-
order nonlinearity of the polymer (3BCMU polydiacety-
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lene) is contributed mainly by the 7-electrons in the back-
bone of the polymer [45]. Each straight segment of polymer
backbone could be treated as identical one-dimensional rod-
like chromophore. At the microscopic level the (%) tensor

of the polymer is dominated by only one component: XS;LS,
where s is the direction of the polymer chain. The preferen-
tial direction for the long polymer backbones inside narrow
cylindrical channels forming the SPP crystal ought to be the
direction along the channel. The nonlinear optical mixing is
then determined by the components D;(wy) of the optical
field inside the channels at the signal wavelength:

Dy(wo) = X\h Bi(we) Bj(we) Ex(wo), (3

where w,. and wy are the frequencies of the control and
signal light, respectively. If the zzzz-components (along
the channel direction) of Xl@,)d dominate the third-order
susceptibility, the modulated signal light must be strongly
p-polarized. At the same time, at the frequency of the con-
trol light w,, the electromagnetic field in the cylindrical
channels is dominated by the plasmonic modes with large
wave vectors along the channel, for which optical field os-
cillations have significant longitudinal component along the
channel direction. Thus, one should expect the enhanced
nonlinear optical mixing to occur while the electromagnetic
field is propagating through small cylindrical holes.

5. Controlling optical transmission through
individual apertures in SPP crystals

Having previously discussed the mechanisms of the optical
transmission enhancement through SPP crystals, we can
understand the optical properties of a single aperture sur-
rounded by a periodic surface structure, which is important
for applications in microscopy, optical and magneto-optical
data storage, and photolithography. The aperture acts as a
defect in a SPP crystal through which the energy of surface
polaritons excited by the aperture surroundings is chan-
nelled, leading to significant enhancement of the field and
enhancing the transmission through a metal film at its loca-
tion. It would be advantageous to control the transmission
of such an aperture all-optically using nonlinear effects.

One of the realisations of the high-throughput optical
apertures is possible in multilayered metal films [46]. The
optical transmission of an individual subwavelength aper-
ture in an appropriately designed multilayered structure
was shown to be enhanced compared to a homogeneous
metal film. The enhancement effect is due to the light cou-
pling to surface plasmon excitation which is facilitated by
a film periodicity. The transmission enhancement in such
a system also depends on the dielectric filling of the aper-
ture. The latter effect can be used to switch and control the
transmittance.

We will consider an example of a periodic multilay-
ered structure (Fig. 8a) consisting of alternating layers of
Au (thickness dy) and Ag (thickness ds) on a thick, free

@) E

=1

(b) -

Figure 8 (online color at: www.lpr-journal.org) (a) Geometry of
the mutilayered SPP crystal (not to scale with (b,c)): Au mem-
brane thickness L, Au and Ag layers thickness d; and da, respec-
tively, D = d; + d2, cone opening angle 6, the aperture size is a.
(b,c) The H. component of the electromagnetic field distributions
for light transmission through the aperture in the layered structure
(b) in air (parameters of the structure D = 46 nm, L = 200 nm,
6 = 86°, a = A/50) and (c) in the case when the aperture and
the cone are filled with the dielectric n = 1.5 (parameters of the
structure D = 37nm, L = 160nm, 6 = 85°, a = \/60). H-field
of the illuminating light (A = 633 nm) is perpendicular to the
image plane. The colour scales are internal for each image.

standing Au membrane (thickness L). The aperture of size
a is made in the membrane while a conical depression cen-
tred at the aperture is made in the multilayered film. The
periodicity of the multilayers and the opening angle of the
aperture should be optimised to provide the resonant cou-
pling conditions of light to SPPs at the given frequency of
the incident light:

ksp = %55/2 cosf + mcosf, )

2w
(d1 +da2)
where kgp is the wavevector of surface polaritons on the
periodic structure (SPP Bloch waves), w/c is the incident

light wavevector, ¢y is the dielectric constant of the filling
of the conical depression, 6 is the opening angle of the cone,
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Figure 9 (a,b) The dependence of the transmitted intensity
through the aperture in the layered structures presented in Figs. 8b
and c, respectively, on the reduced wavelength. (c) The depen-
dence of the transmitted intensity through the aperture on the
refractive index changes of the dielectric filling in the aperture.

and m is the diffraction order. The light beam is assumed
to be incident at the normal to the membrane (Fig. 8a).
The field distributions of light transmitted through the
SPP crystal are shown in Fig. 8. The parameters of the
Au/Ag nanostructure were designed to achieve the resonant
transmission at the 633 nm wavelength (Reeca, = —10,
Reeag = —17). In the case of the device operated in air
(Fig. 8b), the cone opening was # = 86° and periodicity
D = 45 nm. The free standing Au membrane thickness was
L = 200nm, and the aperture size corresponds to A/50.
The periodic structure exhibits significantly enhanced trans-
mission (by about 100 times in intensity) compared to the
unstructured device or the device with geometrical param-
eters that do not correspond to the resonant conditions
(Fig. 9a). These resonant conditions are highly sensitive and
provide good wavelength discrimination in the transmitted
light. The regions where SPP waves exist can be clearly
distinguished due to shorter SPP wavelength (compared
to the incident light) and respective interference patterns.
The transmitted light intensity is strongest at the exit of the
aperture and falls down with the distance from the surface
due to spreading of the beam. The SPP excitation on the

output facet of the device results in the delocalisation of
the transmitted energy: the SPP waves are clearly observed
on the Au surface (Fig. 8b,c).

If the cone is filled with nonlinear dielectric material the
resonant conditions given by Eq. (4) are modified due to the
different ksp wavevector on the metal/dielectric interface
but the transmission enhancement through the aperture can
still be achieved at appropriate parameters of the structure
(Figs. 8c and 9b). If variations in the refractive index of the
nonlinear material are induced with an additional control
beam illumination, the SPP coupling is modified leading
to the changes of the transmitted intensity (Fig. 9c). This
switching can be observed for both the modifications in
the refractive index of the cone filling as well as only the
aperture filling. In the latter case, this is due to the changes
of Fabry-Perot SPP resonances in the aperture and/or modi-
fication of the SPP mode coupling into the aperture. Such
a strong sensitivity to the filling can be used for control-
ling the transmission of the nanoscale holes as well as for
sensing of molecules located in nanosized apertures.

6. Conclusion

We have presented a short overview of the physical prin-
ciples and optical properties of nonlinear surface plasmon
polaritonic crystals consisting of periodic plasmonic nanos-
tructures hybridised with nonlinear dielectric. Owing to the
field enhancement effects and high sensitivity of SPP Bloch
modes to the permittivity of the adjacent dielectric, SPPCs
provide a straightforward route to realising nonlinear pho-
tonic devices operating at very low control light intensities.
The size of these plasmonic components is small enough to
be easily integrated into photonic and optoelectronic chips.

We have shown that the nonlinear optical transmission
through hybridised surface plasmon polaritonic crystals
exhibits optical bistability with varying control light inten-
sity. The effect is relying on the modification of the SPP
Bloch mode spectrum of the SPPC due to the nonlinearity
of the adjacent polymer. The nonlinear transmission of SPP
crystals can be also observed by addressing the resonances
of cylindrical surface plasmons for the control light en-
hancement. Cylindrical surface plasmons provide stronger
field enhancement and, therefore, lower control light in-
tensities. The approach based on the SPP Bloch modes
allows generally lower field enhancement than cylindrical
surface plasmons but provides more flexibility for optimis-
ing the spectral response of the structure and higher signal
throughput. It should be noted that the bistability observed
in transmission through SPP crystals is a consequence of
the bistability of SPP Bloch modes and, thus, SPP waves
propagating on the metal interface. Therefore, nonlinear (in-
cluding bistable) behaviour of SPP waves guided through
the SPP crystal is also expected.

The functionalities available with nonlinear SPP crys-
tals include all-optical modulation and switching as well
as optical transistor effects relying on coupling of the pho-
tons to plasmonic excitations followed by the increased
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nonlinear interaction between plasmonic states as well as
on in-plane guided SPP waves. The high sensitivity to the
dielectric surroundings, including the aperture filling in
the case of ideal SPPCs [47] as well as SPPC defects can
be used in chemo- and bio-sensing of entities present in
the apertures. Tuneable spectral filters for harsh environ-
ments and in space-based applications is another possible
application.
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