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We report on results of transmission measurements of metallic nanowire arrays deposited on top of different
dielectric substrates. The appearance of grating anomalies, which critically depend on the substrate thickness,
provides evidence that the optical response of these planar metallic photonic crystal structures can be strongly
modified. While only Rayleigh-type anomalies are observed for thin dielectric substrates, thicker waveguiding
substrates can induce strong coupling phenomena. This strong coupling results in the formation of waveguide-
plasmon polaritons with a large Rabi splitting up to 250 meV. We show that the coupling phenomena vary with
the nanowire grating period, the angle of incidence, and also the waveguide layer thickness. A scattering-
matrix-based numerical method is used to calculate the transmission properties and the near-field spatial
distributions of such metallic photonic crystal structures. All experimental results are well confirmed by our
theoretical calculations.
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I. INTRODUCTION

The exceptional optical properties of nanostructured ma-
terials have been the subject of extensive research activities
in recent years. It has been shown that spatial structuring on
a sub-micrometer scale can strongly change the light-matter
interaction if compared with the properties of a macroscopi-
cally homogeneous material. Especially the well-known pho-
tonic crystal structures1–3 exhibit a rich variety of important
optical phenomena which already have inspired the develop-
ment of various nanooptical devices for future technical ap-
plications. Initially, such photonic crystal structures were
mainly built of transparent dielectric materials with a distinct
difference of their refractive indices. However, nowadays
considerable effort is devoted to the investigation ofpolari-
tonic photonic crystal structures with complex unit cells,
containing nanostructured semiconducting or metallic
materials.4–8 Such polaritonic crystals are particularly attrac-
tive because of their ability to control electronic and photo-
nic resonances simultaneously. Therefore, such structures
may open up further impressive possibilities for tailoring the
light-matter interaction.

Various photonic crystal structures with nanostructured
metals have been realized so far. In addition to periodically
modulated metal surfaces, including surface corrugation9,10

and hole arrays,11 especially regular arrangements of indi-
vidual metal nanoparticles on dielectric substrates12 are
prominent examples of such polaritonic crystal structures.
Large photonic band gaps,13 extraordinary light transmission
properties,11 negative refraction,14 and strong coupling ef-
fects between electronic and photonic resonances15 have
been demonstrated. The particular optical properties of these
metallic nanostructures can be attributed to the excitation of
so-called particle or surface plasmons.16 These electronic ex-
citations are a consequence of the collective oscillation of the

conduction band electrons in the metal. They manifest them-
selves in strong field enhancement near the metal surface.

Like more complex two- or three-dimensionally periodic
structures,17 also planar metal gratings which are based on a
periodic one-dimensional(1D) arrangement of individual
metallic nanowires can be interpreted as 1D metallic photo-
nic crystal slabs(PCS). It is obvious that different interaction
phenomena have to be taken into account for a detailed
analysis of such PCS. The investigation of these interaction
phenomena seems to be quite important, especially with re-
gard to the nature of inter-particle-plasmon interaction in fu-
ture plasmonic nanodevices(e.g., three-dimensional metallic
photonic crystals or surface plasmon polariton grating cou-
plers). In contrast to isolated metal nanoparticles18–20 or
nanowires, the optical response of a periodic arrangement of
individual metal nanostructures(dots or wires) will be influ-
enced by near- and far-field coupling effects. While shifts of
the particle plasmon resonance21 and extended plasmon
modes have been found for contiguous particles22 with d
,a (whered is the distance between the nanostructures and
a is their characteristic size, e.g., the nanowire width), far-
field coupling effects will dominate the optical properties of
planar photonic crystals with a periodicity on a length scale
d.a and comparable to the wavelength of light.23 In addi-
tion to works on randomly distributed metallic
nanoparticles,24 it has been recently shown that the interac-
tion between photonic and electronic resonances of ordered
structures can lead to very pronounced modifications of their
optical response.12,15Another similar example of such inter-
action phenomena is the interplay between localized and ex-
tended surface plasmon resonances of periodic hole arrays in
metallic films.

In this paper, we give an extended analysis of the far-field
effects observed in periodic gold nanowire arrays with peri-
odsd.a, exceeding the near-field coupling regime. We ex-
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perimentally and theoretically demonstrate that the collective
interaction of the nanowires with the light field leads to in-
teresting diffraction phenomena which strongly modify the
optical properties of the nanowires with respect to the single-
nanowire case. The described phenomena can be related to
the appearance of so-called Wood anomalies25 which are in-
trinsic properties of photonic crystal slabs. The signatures of
two types of Wood anomalies can be found in the transmis-
sion spectra of PCS, both types associated with waves exited
by the incoming light and propagating along the periodic
structure. Metal nanowire gratings on dielectric substrates
show diffractive Wood anomalies(also called Rayleigh
anomalies) which are associated with the opening of new
diffraction orders either into air or into the substrate with the
increase of the incoming photon energy.26 If a waveguiding
layer is added below the grating structure, additional reso-
nance effects(waveguiding anomalies; see, e.g., Ref. 28 and
references therein) will appear. By changing the geometrical
properties of the metallic photonic crystal and therefore in-
fluencing for instance the spectral overlap of the particle
plasmon resonance and the grating anomaly, we show that
both effects can lead to dramatic changes of the individual
particle plasmon resonances.27 It is worth mentioning that, in
principle, all phenomena reported in this work also occur for
two-dimensional gold nanocluster arrays deposited on top of
dielectric substrates. However, the nanowire structure is ad-
vantageous for highlighting the observed phenomena. Be-
sides a larger oscillator strength of the nanowire plasmons,
the possibility to turn off the nanowire plasmon resonance is
quite instructive. For light polarization parallel to the nanow-
ires, no particle plasmons can be excited, and we can clearly
identify the pure uncoupled grating anomalies.

The structure of the paper is as follows. In Sec. II, we
describe our metal nanowire structures and the experimental
setup. In Sec. III, we give a short overview of the scattering-
matrix-based numerical method which is used for modelling
of our experimental results. In Sec. IV, the optical properties
of metal nanowire gratings deposited on top of a non-
waveguiding substrate are discussed. The results show clear
evidence of Rayleigh-type anomalies in accordance with the
theoretical predictions. In contrast, in Sec. V we concentrate
on nanowire structures deposited on top of thicker dielectric
waveguiding layers. Strong coupling between optical modes
and plasmon resonances is observed for these structures, and
the experimental data are well reproduced by the theory. The
calculated near-field spatial distributions will be discussed in
this section. Finally, a summary of all findings is given in
Sec. VI.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

Figure 1 displays a schematic view of our sample struc-
ture. One-dimensional gold nanowire gratings were prepared
by electron beam lithography on top of indium tin oxide
(ITO) layers deposited on a quartz substrate. For all experi-
mental investigations, the nanowire width of 100 nm and the
nanowire height of 20 nm were kept fixed, while the nanow-
ire periods were varied betweendx=350 nm and 600 nm.
The possible grating extensions were restricted to 100

3100 mm2 due to limitations of the electron beam writing
system. Two slightly modified sample geometries have to be
taken into account for the comprehensive analysis of the fun-
damental optical properties of these metallic photonic crystal
structures. While samples with an ITO layer thickness of
Lz=15 nm were used for experiments concerning Rayleigh-
type phenomena, resonant coupling effects were only ob-
served for thicker ITO films, supporting guided modes.
Therefore samples with a 140-nm-thick ITO waveguiding
layer were produced.

A conventional white light(halogen lamp) transmission
setup was used for recording all extinction spectra. The
samples were mounted on a rotation stage so that angle de-
pendent measurements were possible. Besides the angle of
incidence, also a distinct light polarization could be selected.
Experiments with polarization parallel or perpendicular to
the nanowires have been performed. It is important to remark
that precise measurements of these fine spectral features re-
quire a careful adjustment of the setup. Special care has to be
taken on the light aperture angle which has turned out to be
a sensitive parameter. It has been shown that an aperture
below 0.2° is necessary for reasonably exact measurements.
In our experiments this requirement was achieved by placing
a 100mm pinhole into the transmitted and recollimated
white light beam.

III. SCATTERING-MATRIX BASED THEORETICAL
DESCRIPTION

We employed the scattering matrix method28–30 for the
theoretical description of the optical properties of the photo-
nic crystal slab. We focus on the main points as the method
itself has been extensively described in Ref. 28. The incom-
ing light with frequencyv and wavevector,

k = skx,ky,kzd = k0ssinq cosw,sinq sinw,cosqd, s1d

(where k0=v /c, and q and w are the polar and azimuthal
angles of incidence, respectively; see Fig. 1) is treated as a

FIG. 1. Schematic view of the gold nanowire array on top of an
ITO layer. Samples with different ITO thicknesses are investigated
(Lz=15 nm or Lz=140 nm). Angle- and polarization-dependent
transmission measurements are possible.
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planar incoming wave with electric and magnetic fields
sE ,Hd~expsikr − ivtd far away from the structure on the
vacuum side,z,0.

The 1D periodic structure couples this incoming wave,
the main harmonic, with all Bragg harmonics outgoing into
vacuum and substrate. The reflected main harmonicsg=0d
and the diffracted and evanescent harmonicssg
= ±1, ±2, . . . , ±Gd into the vacuum are

kg
out,vac= skg,x,ky,− kg,z

vacd = Skx +
2pg

dx
,ky,

−Îk0
2 − Skx +

2pg

dx
D2

− ky
2D . s2d

The transmitted main harmonic and the diffracted and eva-
nescent harmonics into the substrate are

kg
out,sub= skg,x,ky,kg,z

subd = Skx +
2pg

dx
,

ky,Îk0
2«sub− Skx +

2pg

dx
D2

− ky
2D ,

s3d

where«sub is the substrate dielectric constant.
The method allows us to calculate, via the full scattering

matrix of the systemS, all 4NG (whereNG=2G+1) ampli-
tudes of the full set of outgoing harmonics[Eqs.(2) and(3)],
if the amplitudes of all 4NG incoming Bragg harmonics
kg

in,vac=skg,x,ky,kg,z
vacd andkg

in,sub=skg,x,ky,−kg,z
subd are known.

In the limit G→`, theS-matrix represents the asymptoti-
cally exact solution of Maxwell’s equations for the PCS. In
the numerical calculations, however, we truncateS at some
finite 4NG34NG matrix. The scattering matrix is used in-
stead of the more familiar transfer matrix formalism, in order
to avoid the otherwise inevitable numerical instabilities due
to evanescent waves for higher reciprocal lattice vectors.

The method allows to calculate the frequency dependen-
cies of the reflectivity, transmissivity, diffraction and absorp-
tion coefficients, and also the spatial distribution of the elec-
tromagnetic fields inside the structure.

The input parameters of the method are the geometrical
sizes of the structure and the dielectric susceptibilities of the
constituent materials. The latter are treated as spatially local
and frequency dependent, which is especially important in
case of metals. The dielectric function of gold was taken
from Ref. 31. The ITO dielectric susceptibility dispersion
was taken into account as well; see Ref. 15.

The convergence of the truncated scattering matrix with
NG is an important problem in case of metals and depends, as
is well known, on the polarization of the incoming light. If
the light is polarized along the wires(TE polarization), cal-
culations of the transmission spectra withNG=49 provide an
estimated relative error smaller than 0.01%. The convergence
in TM polarization(electric field components perpendicular
to the wires) is much slower, although we have employed the
idea of Ref. 32, thus significantly improving the conver-
gence. The TM spectra were usually calculated withNG
=301, and several checks withNG up to 1000 allow us to

estimate the relative error as<1%. The real problem here is
that the computing time of this method is proportional toNG

3 ,
which means that, with the increase of the number of har-
monics used, it quickly becomes impractical even on a su-
percomputer.

The physical reason for the slow convergence of the
Fourier-series-based methods in the case of PCS with nano-
structured metals is the very strong change of the electric
field near the metal surface, especially if the latter has sharp
features. However, a comparison of our calculations with
experimental results shows that this method produces a very
good qualitative agreement with the measured results in all
cases, without using additional fitting parameters. In Sec. IV,
a slightly smaller gold nanowire thickness was used in the
calculations if compared with the experimental value in or-
der to obtain a better agreement with the measured nanowire
plasmon energy. We especially emphasize all cases of such
differences which are most likely due to uncertainties in the
experimentally measured dimensions or the dielectric sus-
ceptibilities.

IV. RAYLEIGH ANOMALIES IN METALLO-DIELECTRIC
NANOSTRUCTURES

We start from the investigation of systems with a thinner
ITO layer, not supporting any guided modes in the spectral
range of the nanowire plasmon resonances. As already men-
tioned, the optical response of a periodic arrangement of me-
tallic scatterers can differ substantially from that of noninter-
acting individual metallic particles. It turns out that the
period of the grating structure is the crucial parameter for the
modification of the isolated nanowire plasmon response. This
can be interpreted as a manifestation of the nanowire-
nanowire interaction in the far-field regime.

In Fig. 2, a collection of measured[(a),(c)] and calculated
[(b),(d)] extinction[−lnsTd, T: transmission] spectra for gold
nanowire arrays on top of a 15-nm-thick ITO layer are de-
picted. Panels(a) and (b) contain period-dependent spectra
recorded at normal incidencesw=q=0°d. From top to bot-
tom, the grating period dx is increased from
350 nm to 500 nm in steps of 50 nm. In panels(c) and(d),
an overview of the angular dependence for a fixed nanowire
period of dx=450 nm is given. The azimuthal anglew=0°
remains unchanged, and the polar angleq is varied between
0° and 18° in steps of 6°. Beside the more relevant case of
TM-polarization (the magnetic field parallel to the nanow-
ires), also the corresponding spectra for TE-polarization
(electric field parallel to the nanowires) are displayed. All
extinction spectra exhibit pronounced spectral features with
distinct dependencies on the grating period as well as on the
angle of incidence.

Note that, instead of the assumed 20 nm(experiment), all
calculations of Sec. IV were performed for gold nanowires
with a height of 15 nm, while the wire width of 100 nm has
been retained unchanged. This minor modification, causing a
red shift of the calculated nanowire plasmon peak, leads to a
better quantitative agreement between experiment and
theory. Otherwise, assuming the height of 20 nm, the calcu-
lated nanowire plasmon peak energy is about 100 meV
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higher than that seen experimentally. This deviation can be
due to uncertainties in the exact experimental determination
of the nanowire geometry or the ITO dielectric function.

A detailed analysis of the displayed period-dependent re-
sults [Figs. 2(a) and 2(b)] shows that the undisturbed plas-
mon resonance of the quasi noninteracting nanowires can
only be seen for a period ofdx=350 nm and TM-polarization
(oscillation of the conduction band electrons of the metal
nanowires perpendicular to the nanowire axis). Neither near-
nor far-field effects influence the isolated broad resonance,
centered at approximately 1.9 eV, which can be attributed to
the excitation of the particle plasmons of the individual gold
nanowires. The spectral shape of this strong plasmon reso-
nance is clearly modified by increasing the nanowire period.
As indicated by the arrows, an additional cusp-like anomaly
occurs for nanowire periods exceedingdx=350 nm. With in-
creasingdx this anomaly shifts to lower energies.

The variation of the angle of incidence for a fixed nanow-
ire period shows strong spectral modifications, too. In Figs.
2(c) and 2(d), the anomaly splits for oblique incidence, and
two dips or kinks, shifting in opposite directions with in-
creasingq, become visible. It is important to notice that all
anomalies show up at an identical spectral position for TE-
and TM-polarizations, although they are less pronounced for
TE-polarization(see the dotted lines).

Rayleigh-type anomalies have to be considered as the
physical origin of the spectral features reported here. The
Rayleigh anomalies are due to the opening of new diffraction
orders. Or, more precisely, they appear when the light field of
some Bragg harmonics[see Eqs.(2) and (3)] changes from
evanescent to radiative in ambient air or substrate layers at a
given frequency. This happens when the term under the
square root in Eqs.(2) and (3) changes the sign from nega-
tive to positive,

vRayleigh=
c
Î«

Îkg,x
2 + ky

2, s4d

where«=«sub=2.14 for the quartz substrate or«=«vac=1 for
air ambience. Since these anomalies are connected with the
asymptotic far-field behavior(radiating conditions), they de-
pend only on the dielectric constants of the substrate and the
ambient layer. In agreement with the experiment, there is no
dependence on the near-field and, thus, on the polarization
state of the incoming light or the dielectric susceptibilities of
the PCS itself. We have to mention that several recent pub-
lications which refer to dipolar particle interaction have al-
ready addressed similar optical phenomena of periodic gold
nanostructures.23,33,34 Although no sharp spectral features
were found in these measurements(presumably due to poor

FIG. 2. A collection of measured(a) and calculated(b) extinction spectra for nanowire gratings on top of 15-nm-thick ITO layers at
normal incidence. From top to bottom, the nanowire perioddx is changed from 350 nm to 500 nm in steps of 50 nm. In addition, measured
(c) and calculated(d) extinction spectra for different angles of incidence and a fixed nanowire period of 450 nm are depicted. Spectra are
shown for TE-(dotted lines) and TM-polarization(solid lines) (electric and magnetic field parallel to the nanowires, respectively). TE-
polarized spectra in(b) and(d) are drawn to a larger scale(x10). The individual spectra are shifted upwards for clarity in each panel. Vertical
arrows mark the positions of the diffractive anomalies.
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angular resolution in the measurement setup), it has already
been shown that scattering effects can lead to strong modifi-
cations of the particle plasmon resonance.

For an exact interpretation of the spectra displayed in Fig.
2, the peak positions of all spectral features have been deter-
mined for the whole sample series. Figure 3 shows the
period- and angle-dependent dispersions of the measured
anomalies, in comparison with the light cones of the air en-
vironment and the quartz substrate. At normal incidence
where q=w=0° with kx=0, following Eq. (4), the depen-
dence of the anomalies onkg,x=2p /dx can be probed by
changing the nanowire grating period, as displayed in panel
(a). The dependence onkx=k0 sinq is depicted in panel(b),
extracted from angle of incidence dependent measurements
at a fixed period ofdx=450 nm. The light cones of air and
quartz, folded into the 1st Brillouin zone(BZ) in (b), are
shown as lines in both panels. As anticipated, all the mea-
sured(and calculated) anomalies lie exactly on these light
cones. Based on these excellent polarization-independent
fits, the interpretation as Rayleigh anomalies is appropriate.
Note that the Rayleigh anomalies are weak when detuned far
from the particle plasmon resonance. They become reso-
nantly increased when approaching the nanowire plasmon
extinction peak. Note also an inversion of the cusp-like Ray-
leigh anomaly while crossing the isolated nanowire plasmon
band(see Fig. 2).

Another important experimental confirmation is the direct
observation of the Bragg-diffracted light field components in
x-direction. Dependent on the grating period, they appear as
visible bright spots at the edges of the quartz substrate during
our measurements(not shown here).

To support our conclusion further, we have performed ad-
ditional calculations for a free-standing structure without any
quartz substrate below the ITO layers. Such structures have
not been realized experimentally, but they present an instruc-
tive model. The ITO layer thickness is taken as 15 nm, and
the gold nanowire cross sections100315 nm2d has been re-
tained unchanged. The calculated extinction spectra are
shown in Fig. 4(a). For a direct comparison, the same calcu-

lations for an identical structure with a quartz substrate be-
low the 15-nm-thick ITO are additionally depicted in panel
(b) (the same calculations as in Fig. 2). From top to bottom,
the nanowire period is increased from 150 nm to 800 nm in
steps of 50 nm in both panels. In comparison with the free-
standing structures, all spectra of panel(b) are slightly
shifted to lower energies due to the changed dielectric sur-
roundings of the gold nanowires. Although identical periods
have been assumed for the calculation of both structures, the
sharp spectral features visible in panel(b) for nanowire pe-
riods ranging from 350 nm to 500 nm disappear for the
spectra in panel(a). Due to the missing quartz substrate, the
substrate-induced Rayleigh anomalies are absent. Only for
dx<650 nm, the far-field interaction phenomena can be seen
for both structures, connected with the vacuum-induced Ray-
leigh anomaly(cusp-like structure). In contrast to the pure
Rayleigh-type anomalies in panel(b), the narrow structures
in Fig. 4(a) for periods of dx=550, 600, and 700 nm are
actually resonance anomalies. The inset of Fig. 4(a) clearly
demonstrates the Fano-type nature of these sharp resonances.
They appear due to the excitation of quasiguided modes in
this free-standing structure(see the discussion in Section V
for more details).

To conclude, the presented results show clearly that the
observed interaction phenomena rely on a collective scatter-
ing effect of the whole nanowire ensemble. In contrast to
near-field phenomenasdx,300 nmd, which are based on the
nanowire-nanowire interaction via evanescent fields, such
grating effects only appear for nanowire samples with larger
periods sdx.350 nmd. For this special regime, the optical
near-fields(acting on the individual metal nanowires) are
strongly modified due to the opening of new diffraction or-
ders. As a result, the characteristic nanowire far-field distri-
bution and therefore the shape of the nanowire plasmon reso-
nances are changed, as has been shown in Fig. 2.

Although the discussion of near-field coupling phenom-
ena at smaller periods exceeds the scope of the current work,
we have to mention that the calculated spectra in Figs. 4(a)
and 4(b) give clear evidence for them. The enhanced near-

FIG. 3. Measured and calculated spectral po-
sitions of the observed grating anomalies. The de-
pendency on the grating period(normal inci-
dence: kg,x=2p /dx) is shown in panel(a). A
period of dx=450 nm was chosen for the angle
resolved experiments(variation of kx) in panel
(b). Light cones for air, quartz, and ITO are de-
picted as dotted lines. Additionally, the dispersion
of the light cones folded into the first BZ are
displayed in panel(b).
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field coupling for a decreased nanowire perioddx,300 nmd
induces a red shift and broadening of the nanowire plasmon
resonances. Similar effects have already been demonstrated
for two-dimensional gold nanoparticle arrays.21 These near-
field coupling phenomena can be explained by the dipole-
dipole interaction between the individual gold nanowires and
have to show asa/dxd−2 dependence(a is the nanowire
width).

V. POLARITONIC PHOTONIC CRYSTAL SLAB

In Sec. IV, we have shown that the observed far-field in-
teraction phenomena for gold nanowire gratings deposited on
top of 15-nm-thick ITO layers are based on a collective
substrate-induced scattering effect at the Rayleigh wave-
length. In addition to these results, we will now discuss an-
other interaction effect due to waveguiding anomalies(reso-
nant anomalies) of thicker ITO layers. We will show that the
optical properties of similar gold grating structures on top of
140-nm-thick ITO layers are primarily dominated by an ad-
ditional strong coupling phenomenon. In particular, we will
give evidence that the interaction of electronic and photonic
resonances of metallic photonic crystal slabs can lead to the
formation of a waveguide-plasmon polariton.15

A. Empty-lattice approximation

In contrast to a 15-nm-thick ITO layer, a 140-nm-thick
ITO slab deposited on a quartz substrate supports guided
modes in the spectral range of the considered nanowire plas-
mon resonances. Therefore the metallic photonic crystal slab
provides electronic and optical resonances simultaneously.
The resulting spectral modifications can be clearly observed.
For example, Fig. 5 shows the measured spectra of gold
nanowire arrays with an identical period ofdx=450 nm with
15 (a) and 140-nm-thick(b) ITO layers. The shape of the
nanowire plasmon resonance for samples with a thicker
guiding ITO layer differs substantially from that discussed
previously. The spectra for TE- and TM-polarization in panel
(b) are now characterized by an additional extinction maxi-

mum. We will show that this maximum arises due to the
interaction with the lowest TE or TM guided modes. Here,
the strongly asymmetric shape of the resonances can be at-
tributed to the Fano-type nature of the excited waveguide
resonance. Although diffractive Rayleigh anomalies can still
be seen for such structures, waveguiding anomalies dominate
the spectral response of the interacting waveguide-nanowire-
system.

To understand the energy dispersions of the different reso-
nances in the modified structure, we start from a simple
empty-lattice approximation. As a first step of this approxi-
mation for a metallic grating-waveguide structure, we re-
place it by a homogeneous ITO layer. The energy dispersions
of the lowest transverse electricsTE0d and transverse mag-

FIG. 4. Calculated spectra(TM-polarization,
normal incidence) for gold nanowire gratings on
top of a free-standing 15-nm-thick ITO film are
shown in panel(a). Panel(b) displays the calcu-
lated spectra for an identical structure, but with-
out removing the quartz substrate below the ITO
layer (the same structure as assumed for the cal-
culations in Fig. 2). From top to bottom, the
nanowire period dx is changed from
150 nm to 800 nm in steps of 50 nm. The indi-
vidual spectra are shifted upwards for clarity. In-
set: Fano-type resonance for a nanowire period of
600 nm.

FIG. 5. Measured extinction spectra of gold nanowire arrays
(Perioddx=450 nm) for normal light incidence. Spectra of samples
with 15-nm-thick (a) and 140-nm-thick(b) ITO layers are shown
for a comparison in TE(dotted lines) and TM (solid lines)
polarization.

CHRIST et al. PHYSICAL REVIEW B 70, 125113(2004)

125113-6



netic sTM0d guided modes can then be found from the solu-
tion of the transcendent equations for the waveguide slab
(see, e.g., in Ref. 35).

When assuming a surface corrugation with periodicitydx
in a second step, we have to fold back the guided modes into
the first Brillouin zone of the 1D photonic crystal slab. These
folded (due to the periodic surface corrugation) modes are
now located above the air light cone and can couple to the
photon continua of the air environment and the quartz sub-
strate. Therefore, the formerly guided modes of the uncorru-
gated structure become leaky(quasiguided). Such modes are
characterized by relatively long lifetimes and large quality
factors and may lead to resonantly enhanced fields inside the
planar photonic crystal structures. As a result, the dispersion
of these quasiguided modes can be probed by period- and
angular-dependent transmission measurements, where they
will show up as sharp spectral resonances in the transmission
or extinction(see, e.g., in Ref. 28 and references therein).

The results of this empty-lattice approximation are shown
in Fig. 6 for a sample structure with an ITO layer thickness
of Lz=140 nm. Panel(a) displays the lowest TE0 and TM0
guided modes of the homogeneous ITO waveguide on top of
a quartz substrate. For simplicity, we neglect the frequency
dispersion of the ITO dielectric susceptibility in this qualita-
tive discussion and assume«ITO=3.61. It is important that in
the asymmetric guiding structure on the quartz substrate, TE0
and TM0 modes do not exist for energies below their cut-off
frequencies. For example, structures with a 15-nm-thick ITO
layer on top of a quartz substrate do not support quasiguided
modes in the visible part of the spectrum, because their cut-
off is shifted to much higher energies. The folded guided
modes, as explained above, are displayed in panel(b) for an
assumed grating period ofdx=450 nm. Note that for the de-
generate Bragg resonances in the center and borders of the
first BZ, the degeneracy is lifted if the neglected corrugation
is taken into account.

Up to now we did not consider the metallic properties of
the corrugated structure. If we neglect the electromagnetic
coupling between the individual metal nanowires, the result-
ing flat dispersion of the nanowire particle plasmon can be
depicted as a horizontal line at approximately 1.9 eV(the
dotted line in Fig. 6).

For an assumed period ofdx=450 nm and TM polariza-
tion, especially the band located at 1.9 eV in the center of the
first BZ is quite important[see Fig. 6(b)]. It is a degenerate
triplet in this simple noninteracting picture, originating from
the Bragg resonance of the lowest TM0 guided modes with
kg,x= ±2p /dx and the uncoupled nanowire plasmon reso-
nance.

According to the observations in Fig. 5(b), where two
resonances have been detected for TM polarization at normal
incidence, this degenerated triplet is actually split off. The
reason for that is the periodic corrugation and the strong
coupling between the electronic and optical modes. Similar
interaction phenomena have already been discussed for exci-
tonic systems.8,36We will consider this behavior in Sec. V B.

B. Waveguide-plasmon polaritons

The experimental and theoretical verification of strong
coupling in metallic photonic crystals is depicted in Fig. 7. In
this figure, the measured and calculated extinction spectra of
gold nanowire arrays deposited on top of 140-nm-thick ITO
layers are shown for normal light incidence and different
grating periodsdx. Here, we have assumed a nanowire width

FIG. 6. Empty-lattice approximation: The lowest TE and TM
polarized guided modes of a homogeneous and 140-nm-thick ITO
waveguide. Their dependencies onkg,x are shown in panel(a). Panel
(b) displays these guided modes folded into the first BZ for an
assumed grating period ofdx=450 nm. The particle plasmon dis-
persion of noninteracting gold nanowires(dotted horizontal line) is
shown too.

FIG. 7. Measured(a) and calculated(b) extinction spectra of
gold nanowire arrays deposited on top of 140-nm-thick ITO layers
for normal light incidence and nanowire periods ranging from
375 nm to 575 nm in steps of 25 nm. Spectra for TE(dotted line)
and TM (solid line) polarization are shown. The individual spectra
are shifted upwards for clarity in each panel.
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of 100 nm and a nanowire height of 20 nm for the scattering-
matrix based calculations. For TE polarization, only one
sharp spectral feature appears in each spectrum, because no
nanowire plasmons can be excited for this special polariza-
tion. The existing narrow peaks can be related to the excita-
tion of TE quasiguided modes, which are characteristic fea-
tures of waveguiding photonic crystal structures. Thus, these
spectrally asymmetrically shaped Fano-type resonances are
not found in spectra for thinner ITO layers which do not
support quasiguided modes for this spectral range. In our
measurement geometry, these spectral features arise due to
the grating-induced Bragg resonance of the TE0 waveguide
modes withkx,g= ±2p /dx. The figure clearly demonstrates
that a change of the Bragg condition, caused by increasing
the grating perioddx shifts the TE0 quasiguided mode to
lower energies. In principle, as already discussed earlier in
this chapter, two quasiguided modes should exist at normal
incidence, leading to a small stopband at the center of the
first BZ. However, due to the mirror symmetry of the struc-
ture, only the upper symmetric quasiguided mode can be
excited at normal incidence.37 As is common for such struc-
tures, the lower antisymmetric mode is optically inactive and
can only be observed for transmission measurements under
inclined incidence.

Again, our attention has to be focused on the more sig-
nificant case of TM polarization. In contrast to TE polariza-
tion, all TM polarized spectra of Fig. 7 exhibit two extinction
maxima. For example, the extinction spectra for a period of
dx=575 nm are characterized by a narrow peak at 1.5 eV and
an additional broader peak centered at 2 eV. The broader
peak can be attributed to the particle plasmon of the indi-
vidual gold nanowires. Like in TE polarization, the narrower
extinction resonance is due to the excitation of the TM0
quasiguided mode. Reducing the nanowire period shifts the
TM0 quasiguided mode spectrally closer to the nanowire
plasmon resonance. Due to strong coupling between the
waveguide and nanowire plasmon resonances, we observe a
strong anticrossing of the modes instead of their spectral
overlap. This situation is comparable to the normal mode
coupling in semiconductor microcavities,38 where the split-
ting can be interpreted as the formation of a new polaritonic
state. The dispersions of the polariton branches are depicted
in Fig. 8, nicely demonstrating the strong coupling phenom-
ena. In this figure, the maxima extracted from all measured
and calculated extinction spectra are plotted for comparison.
Besides the excellent agreement between the experimental
and calculated values, especially the large Rabi splitting of
250 meV between the upper and lower polariton branches is
very conspicuous.

The strong coupling effects lead to a more dramatic modi-
fication of the interacting systems compared to the diffractive
interaction phenomena of gold nanowire structures on thin
ITO layers. The key for understanding this spectacular be-
havior is to realize that we no longer investigate the proper-
ties of an individual metal nanowire, but rather the extinction
of a new compound system, namely a strongly coupled
waveguide-plasmon polaritonsystem. As already discussed
in our previous publication,15 the anticrossing behavior and
thus the formation of a new polariton can be easily modeled
in a simple resonance approximation, accounting for cou-

pling between the isolated wire plasmon and a pair of
counter-propagating guided TM0 modes with momenta
kx±2p /dx.

Returning to the model calculations for the free-standing
nanowire structure on top of a 15-nm-thick ITO layer with
removed quartz substrate[see Fig. 4(a)], we now can further
improve the analysis of the sharp spectral features for
nanowire periods ofdx=550 nm, 600 nm, and 700 nm. Al-
though we assume a very thin(only 15-nm-thick) ITO sub-
strate in these calculations, this symmetric structure supports
quasiguided modes. The frequency cut-offs for TE0 and TM0
modes are zero for any guiding layer thickness in case of
symmetric waveguide structures(the same materials below
and above the waveguide). Thus, when removing the sub-
strate, the TM0 mode exists in our symmetric 15-nm-thick
ITO structure as well. These spectrally narrow resonances
cannot be found for identical structures with an additional
quartz substrate, as can be seen in the calculations for the
asymmetric structures[see Fig. 4(b)]. Here, instead of sharp
resonances, only the cusp-like Rayleigh anomalies are vis-
ible. It is important to remark that the small thickness of the
ITO waveguide has a large influence on the observed cou-
pling phenomena in the case of symmetric structures. As a
consequence of the ITO thickness, the energy distance be-
tween the TM0 mode and the vacuum light cone is very
small, ,3 meV only. Additionally, the integrated polariza-
tion of the TM0 guided mode is reduced, and, as a result, its
coupling with the plasmon resonance is relatively weak. The
first point explains the existence of the waveguiding anoma-
lies in TM polarization in Fig. 4 notwithstanding the small
ITO thickness. The second point explains why the Rayleigh
anomalies are not seen: they are very close to the waveguid-
ing anomalies. And the third point explains the apparent ab-
sence of the waveguide-plasmon anticrossing effect: actually,
we deal with the weak coupling regime here. Only atdx
=650 nm the cusp-like anomaly(exactly on the vacuum light
cone) dominates the spectra in the vicinity of the nanowire
plasmon, and the waveguide anomaly does not show up at
all. This is explained by a plasmon resonant enhancement of

FIG. 8. Measured(hollow circles) and calculated(solid circles)
energies of the extinction spectra maxima for gold nanowire arrays
deposited on top of 140-nm-thick ITO layers. The dependence ondx

for normal light incidence and TM polarization is shown.
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the Rayleigh anomaly. We plan to discuss this behavior in
more detail elsewhere.

C. Dispersion properties

The dispersion properties of the different resonances have
been measured via transmission experiments by changing the
angles of incidenceq and w. Only two cases of azimuthal
angle,w=0° and 90°, will be discussed. In these cases the
plane of incidence is orientated either perpendicular or along
the nanowires, respectively. The results of the first set of
measurements on a gold nanowire sample with fixed period
dx=450 nm are displayed in Fig. 9 for TE(a) and TM (b)
polarization. For these transmission measurements, the angle
q was increased from 0° to 20° in steps of 2° whilew=0°
remained unchanged. Additionally, the theoretically obtained
spectra are shown in Fig. 9 for TE(c) and TM (d) polariza-
tion. We have again assumed gold nanowires with a width of
100 nm and a height of 20 nm on top of a 140-nm-thick ITO
layer for these calculations. It is clearly visible that the single
resonance at normal incidence splits up for inclined inci-
dence in TE polarization(a),(c). The narrow peaks are due to
the excitation of quasiguided TE modes of the PCS with
momentakg,x=kx±2p /dx. Now the formerly not visible an-
tisymmetric TE mode can be excited in transmission mea-
surements for angles of incidenceqÞ0°. Also in TM polar-
ization (b),(d) an additional peak appears between the two
polariton branches for inclined incidence withqÞ0°. With
the change ofq, the plasmon resonance exhibits an anti-
crossing behavior with the narrower symmetric and antisym-
metric TM polarized waveguide modes. All experimental re-

sults are reproduced by our calculations with excellent
qualitative correspondence.

The energy positions of the measured and calculated ex-
tinction maxima are shown in Fig. 10 as solid and open
symbols. We will show in the next section that the near-field
is enhanced at the energies of such extinction maxima. In
other words, the extinction maxima correspond to the energy
positions of the resonant in-plane excitations of the PCS. It is
interesting that in the resonant structure withdx=450 nm, the
stopbands of these excitations in TE and TM polarization

FIG. 9. Measured(a),(b) and calculated(c),(d) extinction spectra of gold nanowire arrays deposited on top of 140-nm-thick ITO layers
for a fixed nanowire period ofdx=450 nm. From top to bottom, the angleq is increased from 0° to 20° in steps of 2° whilew=0° remains
unchanged. Spectra for TE(a),(c) and TM(b),(d) polarization are depicted. The different spectra are shifted upwards for clarity in each panel.

FIG. 10. Measured(solid circles) and calculated(open circles)
positions of the extinction spectra maxima in TE and TM polariza-
tion for nanowire arrays on top of 140-nm-thick ITO layers. The
angleq is increased from 0° to 20° whilew=0° anddx=450 nm
remain unchanged. The arrows show the 1D stopbands in TE and
TM polarizations.
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overlap. Therefore, the structure reveals a full(i.e., for all
polarizations) 1D stopband for transmission in the
x-direction.

In addition, we have performed similar measurements and
calculations for another fixed azimuthal angle,w=90°. The
polar angleq was again increased from 0° to 20° in steps of
2°. Thus, the plane of light incidence is perpendicular to the
slab plane, as before, but now parallel to the wires. In this
geometry, the electric field is oriented perpendicular to the
wires in case ofs-polarization. Thus,s-polarization becomes
TM-like, and a coupling with the wire plasmon is antici-
pated. Forp-polarization, the electric field has components
along the nanowires, and perpendicular to the nanowires
along thez-direction. This means that no particle plasmon
resonances of the gold nanowires exist in the range of light
frequencies investigated in the latter case.

In Fig. 11, the measured and calculated spectra for
p-polarized(a),(c) and s-polarized(b),(d) light are depicted
for different angles of incidence. From top to bottom, the
angleq is increased from 0° to 20° in steps of 2° whilew
=90° remains unchanged. Again, the theory reproduces the
measured behavior quite well. We have to mention that the
theoretically assumed nanowire dimensions have been modi-
fied slightly. The observed phenomena depend critically on
the nanowire plasmon position. Therefore, we employed a
wire cross-section of 85330 nm2 in our calculations to get a
better qualitative agreement with the experimentally mea-
sured spectra. As anticipated, the strong extinction peaks
seen at normal incidence remain the dominant features atq
Þ0°, too. However, a new narrow mode becomes visible for

each polarization with the increase ofq at fixed w=90°.
Note that, according to Eq.(1), this geometry corresponds to
the incoming light momentumk =s0,k0 sinq ,k0 cosqd.
Thus, increasing the angle of incidence in this geometry, we
actually measure the dispersion of the resonant modes along
the nanowires.

In order to identify the additional modes, it is instructive
to compare the calculated spectra(at q=20°) between a
symmetric situation(plane of incidence along the wires,w
=90°) and a slightly distorted case withw=88°. The results
of such a calculation are shown in Fig. 12 for TE-like and
TM-like polarization simultaneously. Important information
can be deduced by comparing the spectra of panel(a) and
panel (b). Additional modes become visible atw=88°, be-
cause this situation corresponds to a smallkx
=k0 sinq sin 2°<0.035ky. The strongest extinction peak in
p-polarization near theG-point is the symmetric TEs mode,
following the analysis above. The extra mode appearing at
kxÞ0 in p-polarization at lower energies is the antisymmet-
ric (in G) counterpart TEa, as we already know. Because this
mode coincides exactly with the extra mode seen in the
s-polarization atw=88° (see the arrows in Fig. 12), we can
attribute this extra mode to the TEa one. Thus, the incoming
s-polarized light(predominantly TM-like) can excite the TEa
mode in this geometry. The physical reason for coupling of
TM- and TE-like modes is the following. Although forq
Þ0° andwÞ0° the main harmonics is propagating along the
wires (kx=0, kyÞ0), the higher Bragg harmonics are in-
clined, kg,xÞ0, kyÞ0, and therefore provide the observed
polarization coupling.

FIG. 11. Measured(a),(b) and calculated(c),(d) extinction spectra of gold nanowire arrays deposited on top of 140-nm-thick ITO layers
for a fixed nanowire period ofdx=450 nm. From top to bottom the angleq is increased from 0 to 20° in steps of 2° whilew=90° remains
unchanged. Spectra for TE-like(a),(c) and TM-like (b),(d) polarization are depicted. For the calculations a wire cross-section of 85
330 nm2 has been assumed to bring the calculated wire plasmon resonance to better agreement with the measured one. The individual
spectra are shifted upwards for clarity in each panel.
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Repeating the same procedure with the extra mode ap-
pearing in p-polarization (predominantly TE-like), we see
that the extra mode is of the TMa type, i.e., becomes anti-
symmetric at theG-point.

It is interesting that this coupling with modes in another
polarization is resonantly increased near the wire plasmon
resonance. Therefore the additional modes are very weak for
larger or smaller periods ofdx, although the extra modes are
nominally present in the measured and calculated spectra.

The blue shift of all the modes with the increase ofq (that
is, of ky) is apparently quadratic inky due to the free light
propagation in they direction (with no modulation), as an-
ticipated.

D. Electromagnetic near-field distribution

In order to extend the spectral analysis of Sec. V B and to
investigate the underlying strong coupling phenomena in
greater detail, it is very instructive to take a closer look at the
near-field distribution of the coupled nanowire-waveguide
system. The knowledge of such near-field distributions is not
only important for understanding the physical mechanisms of
the observed coupling phenomena, but can also help to con-
trol the nonlinear optical response in possible future applica-
tions. In this section, we restrict ourselves to the discussion
of the calculated near-field distribution, although experimen-
tal measurements with a scanning near-field microscope
should be possible at least near the sample surface.39 All
calculations which we are going to present are done within
the scattering-matrix formalism. Because of very good quali-
tative agreement down to minor details between all calcu-
lated and measured extinction spectra, we assume that the
calculations of the electromagnetic field distributions give a
qualitatively correct picture. All deduced informations sup-
port our previous conclusions exactly.

To understand the main features of the complex near-field
distributions, we will limit our discussion to structures with a
period ofdx=450 nm, TM-polarization, and normal light in-
cidencesq=w=0°d. Additionally, the field distributions are

only shown for two characteristic photon energies at the
waveguide-plasmon resonance. Figures 13 and 14 display
the field distributions at the position of the lower polariton
branch and at the extinction minimum between the two po-
lariton branches. Due to a small spectral shift between theo-
retical and experimental results, the corresponding energies
have to be assumed as 1.74 eV for the extinction maximum
of the lower polariton branch(see Fig. 13) and 1.9 eV for the
extinction minimum between the two polariton branches(see
Fig. 14) in our theoretical considerations. The electric(a),(b)
and magnetic(c),(d) field vectors are shown as a two-
dimensional array of colored cones(online) in the figures.
The length of the cones is proportional to the field strength at
the central point of each cone, and they specify the respec-
tive field direction by their orientation. However, such vector
distributions are oscillating with time and cannot be dis-
played in a static picture. Thus, we are showing the near-field
distributions at the most characteristic moments of time,
when the integrated intensity of the corresponding fields
reaches its maximum value(see below).

Like in the beginning of this section, we again assume
100-nm-wide and 20-nm-thick gold nanowires on top of a
140-nm-thick ITO waveguide. The schematic cross-section
of the PCS is displayed by solid lines(magenta online) in
each figure. In panels(a) and (c), the positions of the gold
nanowires are indicated by rectangular regions above the
140-nm-thick ITO layer. In addition, the field distributions
near the gold nanowires are drawn to a larger scale in panels
(b) and (d). Note that the incoming light field propagates
from the topsz,0d to the bottomsz.0d of the figure in all
calculations.

To understand the basis of the coupling phenomena, all
fields are depicted in Figs. 13 and 14 at the moments of time
when the intensity of the corresponding field averaged over
the displayed cross-section reaches a maximum. Additional
important information is provided by the calculated quanti-
ties t /T, h, and Emax (Hmax for magnetic fields), shown on
top of each panel, allowing an improved interpretation of the
static illustration of the oscillating fields.

FIG. 12. Calculated extinction spectra for a
fixed nanowire period ofdx=450 nm and a fixed
angle ofq=20°. Calculations forw=90° [panel
(a)] andw=88° [panel(b)] are compared. Spectra
for TE-like (dotted lines,p-polarization) and TM-
like polarization (solid lines, s-polarization) are
depicted. Again, a wire cross-section of 85
330 nm2 has been assumed. The arrows in(b)
correspond to the spectral positions of the extra
modes.
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The first parametert /T enables a direct derivation of tem-
poral information. For example, the electric field isEsr ,td
=RefEWsr dexps−ivtdg, where EWsr d=RW sr d+ iIWsr d. Then the
electric field intensity integrated over the display areaA is

WEstd =E
A

E2sr ,tddA= RE
2 cos2svtd + IE

2 sin2svtd

+ 2REIE sinsvtdcossvtd, s5d

where

RE
2 =E

A

RW 2sr ddA, s6d

IE
2 =E

A

IW2sr ddA,

REIE =E
A

RW sr dIWsr ddA.

Thus,WEstd oscillates with frequency 2v as

WEstd =
1

2
sRE

2 + IE
2d +

1

2
fsRE

2 − IE
2d2 + 4REIE

2g1/2coss2vt − bEd,

s7d

bE = arctan
2REIE

RE
2 − IE

2 , s8d

reaching its maximum value atvt=bE/2 or t /T=bE/4p,
whereT=2p /v is the light period. For the magnetic field,
the maximum ofWHstd is reached att /T=bH /4p, with re-
spective changes in Eqs.(5)–(8). Note that the minima ofWE
andWH are reached a time spanT/4 later. The corresponding
calculated values oft /T are shown for each panel.

By comparing the values oft /T for electric and magnetic
fields, the character of the light propagation(standing or
propagating) at a particular frequency can be estimated. In
the case of purely running character, and without averaging
over spatial area, both maxima are reached simultaneously.
In the case of a purely standing wave, there should be aT/4
delay between both, because the light energy oscillates be-
tween the electric and magnetic fields.

An additional important characteristic of the EM-field dis-
tribution given in Figs. 13 and 14[panels(a) and (c)] is the
field modulation coefficient,

hE =
WE,max

WE,min
=

RE
2 + IE

2 + fsRE
2 − IE

2d2 + 4REIE
2g1/2

RE
2 + IE

2 − fsRE
2 − IE

2d2 + 4REIE
2g1/2

s9d

(and the corresponding quantityhH for the magnetic field).
For example, the modulation coefficienth is on the order of
one for purely running waves and diverges for purely stand-

FIG. 13. (Color online) The calculated spatial
distributions of the electric[blue and red cones in
panels(a) and (b)] and magnetic[green cones in
panels(c) and(d)] fields in a waveguiding struc-
ture with period dx=450 nm, for normal inci-
dencesq=w=0°d and TM-polarized(across the
wires) light. The fields are shown for an incoming
photon energy of"v=1.74 eV, corresponding to
the 1st (lower energy) peak in extinction. The
electric and magnetic fields are depicted at the
moments of timet (measured in units of light
period T=2p /v and shown in the title of each
panel) when the field intensities that are inte-
grated over the displayed cross sectionseAE2dA
and eAH2dA reach maxima(see the explanation
in the text). Solid magenta lines denote the cross-
section of the structure. The incoming wave ar-
rives from vacuum(at z,0). Panels(b),(d) show
the fields in a magnified region around the gold
nanowire. Red cones in panels(a),(c) are scaled
by a multiplier of 0.5 in order to exclude the
cones overlap in the regions of high electric fields
near the sharp edges of the gold nanowire.
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ing waves, provided that the displayed cross-sectionA ex-
tends over several wavelengths along the wavevector direc-
tion.

Note that the fields of Fig. 13 and Fig. 14 are scaled by
different coefficients. In order to compare the absolute mag-
nitudes of the fields, we show in each panel the maximum
absolute value of each field,Emax and Hmax, measured in
units of the incoming field amplitudes. Additionally, the larg-
est cones in panels(a),(b) of Fig. 13 (for the strongest elec-
tric fields near the gold nanowire edges) are shown in red
and scaled by 0.5, to emphasize the regions of the largest
field enhancement.

We would like to add here that the averaged characteris-
tics of the near-field distributionst /T, h, Emax, and Hmax
fluctuate with the mesh and cross-sectionA which is chosen
to display the near-fields. However they provide an instruc-
tive qualitative information on the near-field distributions.

The case of the extinction maximum, which is depicted in
Fig. 13, corresponds to a strongly standing character of the
near-field. This follows from the high values of the field
modulation ratios in panels(a),(c) of Fig. 13, hE,50 and
hH,40. Compare these with the much smaller values in the
case of extinction minimum,hE,hH,3 in panels(a),(c) of
Fig. 14.

The electric field is large and nearly homogeneous inside
the wires and has a clearly dipolar character around the
wires; see panel(b) in Fig. 13. These two features are char-

acteristic for the dipolar plasmon resonance in
subwavelength-size structures.

Another interesting feature can be noticed from a com-
parison between the electric and the magnetic field distribu-
tions inside the nanowires in panels(b),(d) of Fig. 13. Actu-
ally, it illustrates how the Maxwell equations work inside the
metallic parts of the structure. First, the magnetic field is
displayed approximately 1/4 of the period earlier than the
electric field. Second, panel(d) shows that the magnetic field
changes its direction inside the wire, from negative to posi-
tive (i.e., alongOY), approximately linearly withz. Thus,

H ~ s0,z− z0,0de−ivT/4 = „0,− isz− z0d,0…,

where 0,z0,Lz is inside the nanowire. From the Maxwell
equation, rotH =s1/cds]D /]td, and for a harmonic wave
~e−ivt, this means that induction in panel(b), i.e., 1 /4 of the
period later than in panel(d), has to be

D ~ s− 1,0,0d.

ThereforeD has a direction opposite toOX and homoge-
neous alongOZ. BecauseD=«goldE, and «gold,0, this
means that the electric fieldE has to be homogeneous across
the wire and directed alongOX. It is exactly what we see in
panel(b).

FIG. 14. (Color online) The calculated spatial
distributions of the electric[blue and red cones in
panels(a) and (b)] and magnetic[green cones in
panels(c) and(d)] fields in a waveguiding struc-
ture with period dx=450 nm, for normal inci-
dence sq=w=0d and TM-polarized(across the
wires) light. The fields are shown for photon en-
ergy "v=1.9 eV, corresponding to the extinction
minimum. All other rules for drawing this figure
are the same as in Fig. 13.
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Another exciting feature of the near-field distribution at
the extinction maximum is a clearly visible horizontal stand-
ing wave inside the ITO layer. The important point is that
this standing wave is pinned to the wires at the position of
the anti-nodes(the field is maximum near the wire). The
formation of this localized wave is due to the Bragg reso-
nance of the two counter-propagating TM0 guided modes
with kg,x= ±2p /dx as discussed above. This manifests itself
by the predominant polarizations of the electric(perpendicu-
lar to the wire) and magnetic(along the wire) fields inside
the ITO layer.

We can also see in Fig. 13 that the light does not propa-
gate far into the substrate, which reveals the high extinction
(simultaneous maxima of reflection and absorption).

In contrast to this situation for the extinction maximum,
the electric field avoids the wire nearly completely in the
case of high transmissivity(extinction minimum). As visible
in Fig. 14, the distribution of the field inside the wire is still
the same as in case of an extinction maximum, typical for a
dipolar resonance. However, the amplitude of this dipolar
field is one order of magnitude smaller. This follows from
the fact that now the standing quasiguided wave in the ITO
layer is pinned to the wires in another possible way, namely
by its nodes. This explains actually the high transmissivity of
the structure.

The fact that the wave is well transmitted through the
structure is also clearly seen in Figs. 14(a) and 14(c). The
strong modulation of the fields below the ITO layer occurs
because the energy of the incoming light is above the Ray-
leigh anomaly, and two diffraction channels into the sub-
strate are already opened. The interference between the
transmitted and diffracted beams produces this clearly visible
modulation.

The maximum values of the electric and magnetic fields,
given in each panel in Figs. 13 and 14, allow us to estimate
the degree of field enhancement in case of the resonance, and
to compare it with the resonanceQ-factor(Q=V /DV, where
V andDV are the resonance energy and linewidth). For ex-
ample, the quality factor of the lower energy resonance in
Fig. 5(b) is Q,2.0 eV/0.1 eV,20, which gives the field
enhancement factorÎQ,5. The latter is in agreement with
the values ofEmax and Hmax specified in Figs. 13(a) and
13(c).

In order to conclude our discussion of the near-field dis-
tributions, we would like to emphasize that the near-field
distribution analysis shows unambiguously that the electro-
magnetic field is resonantly increased at frequencies near the
extinction maxima. It brings a clear additional evidence for
the formation of a new quasiparticle, a waveguide-plasmon

polariton, with energy dispersion manifesting itself via the
extinction maxima(or, equivalently, transmission dips).

VI. CONCLUSIONS

In conclusion, we have shown experimentally and theo-
retically that far-field coupling effects can strongly influence
the optical properties of gold nanowire gratings deposited on
top of dielectric ITO layers. Our work clearly demonstrates
that the transmission spectra of such photonic crystal struc-
tures can change substantially with the substrate thickness.
While gold nanowire gratings on top of thinner ITO sub-
strates, not supporting optical waveguide modes, only induce
diffractive anomalies, structures on top of thicker waveguid-
ing ITO layers can exhibit a much richer behavior. The trans-
mission spectra of such structures are characterized by an
additional sharp spectral feature due to the excitation of
quasiguided modes of the corrugated waveguide. Strong cou-
pling between these optical modes and the particle plasmon
resonances of the nanowires results in the formation of a
waveguide-plasmon polariton with a large Rabi splitting of
nearly 250 meV. Scattering matrix theory gives an excellent
agreement between all experimentally measured and theo-
retically modelled extinction spectra. Furthermore, we have
shown that the scattering matrix formalism can be used to
model the spatial distribution of the electromagnetic near-
fields of the photonic crystal structure. The calculations re-
veal the existence of a standing wave inside the ITO layer
below the gold nanowire gratings. In the case of strong cou-
pling, this standing wave has field maxima at the position of
the gold nanowires, leading to a large field enhancement near
the wires and therefore high extinction values. The extinction
minimum between the two polariton branches in contrast is
due to a standing wave with anti-nodes between the nanow-
ires and therefore only weak fields at the position of the gold
nanowires.
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