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Optical properties of planar metallic photonic crystal structures: Experiment and theory
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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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[. INTRODUCTION conduction band electrons in the metal. They manifest them-

The exceptional optical properties of nanostructured maS€lVes in strong field enhancement near the metal surface.
terials have been the subject of extensive research activities 1K€ msgrelcomlplex two- cl)r thrge-d|mﬁ_n?]|onallg pegodlc
in recent years. It has been shown that spatial structuring oprUctures;” also planar metal gratings which are based on a

a sub-micrometer scale can strongly change the light-mattdf€riodic one-dimensional1D) arrangement of individual

interaction if compared with the properties of a macroscopi-mgt?rll';gf;g&ﬁégaﬂ it;eog]\}%ﬁéie; g;felrznr?%fglr'gcggﬂto'
cally homogeneous material. Especially the well-known pho- Y :

tonic crystal structurds® exhibit a rich variety of important phenomena have to be taken into account for a detailed

. . L analysis of such PCS. The investigation of these interaction
optical phenomena which already have inspired the develo Shenomena seems to be quite important, especially with re-

ment of various nanooptical devices for future technical apyaq tg the nature of inter-particle-plasmon interaction in fu-
plications. Initially, such photonic crystal structures wereg e plasmonic nanodevices.g., three-dimensional metallic
mainly built of transparent dielectric materials with a distinct yhotonic crystals or surface plasmon polariton grating cou-
difference of their refractive indices. However, nowaday3p|er$. In contrast to isolated metal nanopartiére'go or
considerable effort is devoted to the investigatiorpofari-  nanowires, the optical response of a periodic arrangement of
tonic photonic crystal structures with complex unit cells, individual metal nanostructurgsots or wire will be influ-
containing nanostructured semiconducting or metallicenced by near- and far-field coupling effects. While shifts of
materials*~8 Such polaritonic crystals are particularly attrac- the particle plasmon resonadteand extended plasmon
tive because of their ability to control electronic and photo-modes have been found for contiguous parti@esith d
nic resonances simultaneously. Therefore, such structuresa (whered is the distance between the nanostructures and
may open up further impressive possibilities for tailoring thea is their characteristic size, e.g., the nanowire widfar-
light-matter interaction. field coupling effects will dominate the optical properties of
Various photonic crystal structures with nanostructuredplanar photonic crystals with a periodicity on a length scale
metals have been realized so far. In addition to periodicallyd>a and comparable to the wavelength of lightn addi-
modulated metal surfaces, including surface corrug&fidn tion to works on randomly distributed metallic
and hole array4! especially regular arrangements of indi- nanoparticles? it has been recently shown that the interac-
vidual metal nanoparticles on dielectric substriteare tion between photonic and electronic resonances of ordered
prominent examples of such polaritonic crystal structuresstructures can lead to very pronounced modifications of their
Large photonic band gapdextraordinary light transmission optical respons& % Another similar example of such inter-
propertiest! negative refractiod? and strong coupling ef- action phenomena is the interplay between localized and ex-
fects between electronic and photonic resonaiickave tended surface plasmon resonances of periodic hole arrays in
been demonstrated. The particular optical properties of thesmetallic films.
metallic nanostructures can be attributed to the excitation of In this paper, we give an extended analysis of the far-field
so-called particle or surface plasmdfifhese electronic ex- effects observed in periodic gold nanowire arrays with peri-
citations are a consequence of the collective oscillation of thedsd > 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 anométiagich 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 anomaliesalso called Rayleigh ITO layer T
anomaliey which are associated with the opening of new
diffraction orders either into air or into the substrate with the
increase of the incoming photon enef§yf a waveguiding
layer is added below the grating structure, additional reso-
nance effectgwaveguiding anomalies; see, e.g., Ref. 28 and  F|G. 1. Schematic view of the gold nanowire array on top of an
references therejrwill appear. By changing the geometrical |70 layer. Samples with different ITO thicknesses are investigated
properties of the metallic photonic crystal and therefore in{L,=15 nm or L,=140 nm). Angle- and polarization-dependent
fluencing for instance the spectral overlap of the particleransmission measurements are possible.
plasmon resonance and the grating anomaly, we show that
both effects can lead to dramatic changes of the individual 100 ,;m? due to limitations of the electron beam writing
particle plasmon resonancésit is worth mentioning that, in  system. Two slightly modified sample geometries have to be
principle, all phenomena reported in this work also occur fofigken into account for the comprehensive analysis of the fun-
two-dimensional gold nanocluster arrays deposited on top Qfamental optical properties of these metallic photonic crystal
dielectric substrates. However, the nanowire structure is adsictures. While samples with an ITO layer thickness of
vantageous for highlighting the observed phenomena. Bq:zz 15 nm were used for experiments concerning Rayleigh-
sides a larger oscillator strength of the nanowire plasmonstype phenomena, resonant coupling effects were only ob-
the possibility to turn off the nanowire plasmon resonance i§epved for thicker ITO films, supporting guided modes.
quite instructive. For light polarization parallel to the nanow- tnerefore samples with a 140-nm-thick ITO waveguiding
ires, no particle plasmons can be excited, and we can cleari)gyer were produced.
identify the pure uncoupled grating anomalies. A conventional white light(halogen lamp transmission

The structure of the paper is as follows. In Sec. Il, Wegetyp was used for recording all extinction spectra. The
describe our metal nanowire structures and the experlmentg\hmmeS were mounted on a rotation stage so that angle de-
setup. In Sec. Ill, we give a short overview of the scatteringpendent measurements were possible. Besides the angle of
matrix-based numerical method which is used for modellingncigence, also a distinct light polarization could be selected.
of our experimental results. In Sec. 1V, the optical propertieszyperiments with polarization parallel or perpendicular to
of metal nanowire gratings deposited on top of a NoNyhe nanowires have been performed. It is important to remark
waveguiding substrate are discussed. The results show clegy, precise measurements of these fine spectral features re-
evidence of Rayleigh-type anomalies in accordance with thire a careful adjustment of the setup. Special care has to be
theoretical predictions. In contrast, in Sec. V we concentrat@sen on the light aperture angle which has turned out to be
on nanowire structures deposited on top of thicker dielectri¢; gansitive parameter. It has been shown that an aperture
waveguiding layers. Strong coupling between optical modege|ow 0.2° is necessary for reasonably exact measurements.

and plasmon resonances is observed for these structures, apd, ¢ experiments this requirement was achieved by placing
the experimental data are well reproduced by the theory. Thg 100xm pinhole into the transmitted and recollimated
calculated near-field spatial distributions will be discussed inypite light beam.

this section. Finally, a summary of all findings is given in
Sec. VI.

Quartz substrate

Ill. SCATTERING-MATRIX BASED THEORETICAL
DESCRIPTION

Il. SAMPLES AND EXPERIMENTAL TECHNIQUES We employed the scattering matrix metR®d° for the

Figure 1 displays a schematic view of our sample Struclheoretical description of the optical prope_rties of the photo-
ture. One-dimensional gold nanowire gratings were preparefic crystal slab. We focus on the main points as the method
by electron beam ||thography on top of indium tin oxide itself has been eXtenS|Ve|y described in Ref. 28. The incom-
(ITO) layers deposited on a quartz substrate. For all experilnd light with frequencyw and wavevector,
mental investigations, the nanowire width of 100 nm and the _ _ ; : ;

. i ! : ) k = (ky, ky, ky) = 1
nanowire height of 20 nm were kept fixed, while the nanow- (Koky,ke) = ko(sin & cose,sin 9 sin g,cosd), - (1)
ire periods were varied betweay=350 nm and 600 nm. (whereky=w/c, and ¥ and ¢ are the polar and azimuthal
The possible grating extensions were restricted to 10@ngles of incidence, respectively; see Figidltreated as a
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planar incoming wave with electric and magnetic fieldsestimate the relative error as1%. The real problem here is
(E,H)xexplikr —iwt) far away from the structure on the that the computing time of this method is proportionaN@
vacuum sidez<0. which means that, with the increase of the number of har-

The 1D periodic structure couples this incoming wave,monics used, it quickly becomes impractical even on a su-
the main harmonic, with all Bragg harmonics outgoing intopercomputer.

vacuum and substrate. The reflected main harmégrc0) The physical reason for the slow convergence of the
and the diffracted and evanescent harmoni¢g  Fourier-series-based methods in the case of PCS with nano-
=+1,+2,...,4G) into the vacuum are structured metals is the very strong change of the electric
field near the metal surface, especially if the latter has sharp

Kout.vac— (Kgok —kg‘{“) _ (k + 2mg K featurgs. However, a comparison of our calculations with
9 XY gz *d, Y experimental results shows that this method produces a very

5 good qualitative agreement with the measured results in all

_ \/kcz)_ (kx+ @) _ k§) ) cases, without using additional fitting parameters. In Sec. 1V,

dy a slightly smaller gold nanowire thickness was used in the

agalculations 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

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

out sub " 279 differences which are most likely due to uncertainties in the
kg "= (kg ky kg 7) = kx+d_’ experimentally measured dimensions or the dielectric sus-
X . ceptibilities.
Kys \/k(z)ssub_ (kx + 2779) - kxz/),
dy IV. RAYLEIGH ANOMALIES IN METALLO-DIELECTRIC
©)] NANOSTRUCTURES

whereeg,, is the substrate dielectric constant. We start from the investigation of systems with a thinner
The method allows us to calculate, via the full scatteringlTO layer, not supporting any guided modes in the spectral
matrix of the systens, all 4Ng (WhereNg=2G+1) ampli-  range of the nanowire plasmon resonances. As already men-

tudes of the full set of outgoing harmonifiBgs.(2) and(3)],  tioned, the optical response of a periodic arrangement of me-
if the amplitudes of all M incoming Bragg harmonics tallic scatterers can differ substantially from that of noninter-
Ko%= (Kg s Ky, K2 andkg’SUb:(kg,xakyy_iégtjzb) are known. acting individual metallic particles. It turns out that the

In the limit G— o, the S-matrix represents the asymptoti- period of the grating structure is the crucial parameter for the
cally exact solution of Maxwell's equations for the PCS. In modification of the isolated nanowire plasmon response. This
the numerical calculations, however, we truncatat some can be interpreted as a manifestation of the nanowire-
finite 4Ng X 4N matrix. The scattering matrix is used in- nanowire interaction in the far-field regime.
stead of the more familiar transfer matrix formalism, in order  In Fig. 2, a collection of measurd@),(c)] and calculated
to avoid the otherwise inevitable numerical instabilities duel(b),(d)] extinction[~In(T), T: transmissiohspectra for gold
to evanescent waves for higher reciprocal lattice vectors. nanowire arrays on top of a 15-nm-thick ITO layer are de-

The method allows to calculate the frequency dependerpicted. Panelga) and (b) contain period-dependent spectra
cies of the reflectivity, transmissivity, diffraction and absorp-recorded at normal incidendg=9=0°). From top to bot-
tion coefficients, and also the spatial distribution of the electom, the grating period d, is increased from
tromagnetic fields inside the structure. 350 nm to 500 nm in steps of 50 nm. In pan@sand(d),

The input parameters of the method are the geometrican overview of the angular dependence for a fixed nanowire
sizes of the structure and the dielectric susceptibilities of thgeriod of d,=450 nm is given. The azimuthal angle=0°
constituent materials. The latter are treated as spatially locaiemains unchanged, and the polar angles varied between
and frequency dependent, which is especially important i©° and 18° in steps of 6°. Beside the more relevant case of
case of metals. The dielectric function of gold was takenTM-polarization (the magnetic field parallel to the nanow-
from Ref. 31. The ITO dielectric susceptibility dispersion ires), also the corresponding spectra for TE-polarization
was taken into account as well; see Ref. 15. (electric field parallel to the nanowirgesre displayed. All

The convergence of the truncated scattering matrix withrextinction spectra exhibit pronounced spectral features with
Ng is an important problem in case of metals and depends, afistinct dependencies on the grating period as well as on the
is well known, on the polarization of the incoming light. If angle of incidence.
the light is polarized along the wirgS E polarization, cal- Note that, instead of the assumed 20 ¢@rperiment, all
culations of the transmission spectra wNR=49 provide an  calculations of Sec. IV were performed for gold nanowires
estimated relative error smaller than 0.01%. The convergencogith a height of 15 nm, while the wire width of 100 nm has
in TM polarization(electric field components perpendicular been retained unchanged. This minor modification, causing a
to the wire$ is much slower, although we have employed thered shift of the calculated nanowire plasmon peak, leads to a
idea of Ref. 32, thus significantly improving the conver- better quantitative agreement between experiment and
gence. The TM spectra were usually calculated wity  theory. Otherwise, assuming the height of 20 nm, the calcu-
=301, and several checks with; up to 1000 allow us to lated nanowire plasmon peak energy is about 100 meV
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Experiment Theory Experiment Theory

1 T T T T T T T T T 1 T 1 T 1 T 1 T
12 | (a) L (c) d =450 nm |- (d) d =450 nm

s=0° ||

d =400 nm{ |

Extinction
[«>]
[«>]
Extinction

1 d =500 nm [

M ...

0 Fmemee

1 1 L 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 0

16 18 20 22 2416 18 20 22 24 16 18 20 22 24 16 18 20 22 24
Photon energy (eV) Photon energy (eV) Photon energy (eV)  Photon energy (eV)

FIG. 2. A collection of measureth) and calculatedb) extinction spectra for nanowire gratings on top of 15-nm-thick ITO layers at
normal incidence. From top to bottom, the nanowire pedpis changed from 350 nm to 500 nm in steps of 50 nm. In addition, measured
(c) and calculatedd) extinction spectra for different angles of incidence and a fixed nanowire period of 450 nm are depicted. Spectra are
shown for TE-(dotted line$ and TM-polarization(solid lineg (electric and magnetic field parallel to the nanowires, respecjivély-
polarized spectra itb) and(d) are drawn to a larger scalg10). The individual spectra are shifted upwards for clarity in each panel. Vertical
arrows mark the positions of the diffractive anomalies.

higher than that seen experimentally. This deviation can be Rayleigh-type anomalies have to be considered as the
due to uncertainties in the exact experimental determinatiophysical origin of the spectral features reported here. The
of the nanowire geometry or the ITO dielectric function.  Rayleigh anomalies are due to the opening of new diffraction
A detailed analysis of the displayed period-dependent reerders. Or, more precisely, they appear when the light field of
sults [Figs. 2a) and 2b)] shows that the undisturbed plas- some Bragg harmonidsee Eqgs(2) and (3)] changes from
mon resonance of the quasi noninteracting nanowires cagvanescent to radiative in ambient air or substrate layers at a
only be seen for a period df,=350 nm and TM-polarization given frequency. This happens when the term under the
(oscillation of the conduction band electrons of the metalsquare root in Eqg2) and(3) changes the sign from nega-
nanowires perpendicular to the nanowire gxideither near- tive to positive,
nor far-field effects influence the isolated broad resonance,
centered at approximately 1.9 eV, which can be attributed to P < 2 112 (4)
the excitation of the particle plasmons of the individual gold Rayleigh s’Z\kg'x K
nanowires. The spectral shape of this strong plasmon reso-
nance is clearly modified by increasing the nanowire periodwheree =g4,,=2.14 for the quartz substrate or e, =1 for
As indicated by the arrows, an additional cusp-like anomalyair ambience. Since these anomalies are connected with the
occurs for nanowire periods exceeditg-350 nm. With in-  asymptotic far-field behavigiradiating conditiony they de-
creasingd, this anomaly shifts to lower energies. pend only on the dielectric constants of the substrate and the
The variation of the angle of incidence for a fixed nanow-ambient layer. In agreement with the experiment, there is no
ire period shows strong spectral modifications, too. In Figsdependence on the near-field and, thus, on the polarization
2(c) and 2d), the anomaly splits for oblique incidence, and state of the incoming light or the dielectric susceptibilities of
two dips or kinks, shifting in opposite directions with in- the PCS itself. We have to mention that several recent pub-
creasingd, become visible. It is important to notice that all lications which refer to dipolar particle interaction have al-
anomalies show up at an identical spectral position for TE+eady addressed similar optical phenomena of periodic gold
and TM-polarizations, although they are less pronounced fonanostructure&3334 Although no sharp spectral features
TE-polarization(see the dotted lings were found in these measureme(psesumably due to poor
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angular resolution in the measurement sgtitphas already lations for an identical structure with a quartz substrate be-
been shown that scattering effects can lead to strong modiflow the 15-nm-thick ITO are additionally depicted in panel
cations of the particle plasmon resonance. (b) (the same calculations as in Fig. Erom top to bottom,

For an exact interpretation of the spectra displayed in Figthe nanowire period is increased from 150 nm to 800 nm in
2, the peak positions of all spectral features have been detesteps of 50 nm in both panels. In comparison with the free-
mined for the whole sample series. Figure 3 shows thetanding structures, all spectra of par®) are slightly
period- and angle-dependent dispersions of the measurethifted to lower energies due to the changed dielectric sur-
anomalies, in comparison with the light cones of the air enfoundings of the gold nanowires. Although identical periods
vironment and the quartz substrate. At normal incidencéhave been assumed for the calculation of both structures, the
where 9=¢=0° with k=0, following Eg. (4), the depen- sharp spectral features visible in pale) for nanowire pe-
dence of the anomalies oky,=2m/d, can be probed by riods ranging from 350 nm to 500 nm disappear for the
changing the nanowire grating period, as displayed in panedpectra in pangla). Due to the missing quartz substrate, the
(a). The dependence dg=Kk,sin is depicted in panglb),  substrate-induced Rayleigh anomalies are absent. Only for
extracted from angle of incidence dependent measurement= 650 nm, the far-field interaction phenomena can be seen
at a fixed period ofl,=450 nm. The light cones of air and for both structures, connected with the vacuum-induced Ray-
quartz, folded into the 1st Brillouin zon@Z) in (b), are  leigh anomaly(cusp-like structure In contrast to the pure
shown as lines in both panels. As anticipated, all the meaRayleigh-type anomalies in pang@), the narrow structures
sured(and calculatedanomalies lie exactly on these light in Fig. 4a) for periods ofd,=550, 600, and 700 nm are
cones. Based on these excellent polarization-independenttually resonance anomalies. The inset of Fig) 4learly
fits, the interpretation as Rayleigh anomalies is appropriatedemonstrates the Fano-type nature of these sharp resonances.
Note that the Rayleigh anomalies are weak when detuned farhey appear due to the excitation of quasiguided modes in
from the particle plasmon resonance. They become resdhis free-standing structurgee the discussion in Section V
nantly increased when approaching the nanowire plasmofor more details
extinction peak. Note also an inversion of the cusp-like Ray- To conclude, the presented results show clearly that the
leigh anomaly while crossing the isolated nanowire plasmorobserved interaction phenomena rely on a collective scatter-
band(see Fig. 2 ing effect of the whole nanowire ensemble. In contrast to

Another important experimental confirmation is the directnear-field phenomen@l, <300 nm), which are based on the
observation of the Bragg-diffracted light field components innanowire-nanowire interaction via evanescent fields, such
x-direction. Dependent on the grating period, they appear agrating effects only appear for nanowire samples with larger
visible bright spots at the edges of the quartz substrate duringeriods (d,> 350 nm). For this special regime, the optical
our measuremeni®ot shown herg near-fields(acting on the individual metal nanowineare

To support our conclusion further, we have performed adstrongly modified due to the opening of new diffraction or-
ditional calculations for a free-standing structure without anyders. As a result, the characteristic nanowire far-field distri-
quartz substrate below the ITO layers. Such structures havsution and therefore the shape of the nanowire plasmon reso-
not been realized experimentally, but they present an instrucances are changed, as has been shown in Fig. 2.
tive model. The ITO layer thickness is taken as 15 nm, and Although the discussion of near-field coupling phenom-
the gold nanowire cross sectioh00x 15 nn?) has been re- ena at smaller periods exceeds the scope of the current work,
tained unchanged. The calculated extinction spectra ar&e have to mention that the calculated spectra in Fi¢m. 4
shown in Fig. 48). For a direct comparison, the same calcu-and 4b) give clear evidence for them. The enhanced near-
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FIG. 4. Calculated spectr@ M-polarization,
normal incidencgfor gold nanowire gratings on
top of a free-standing 15-nm-thick ITO film are
shown in panela). Panel(b) displays the calcu-

N
N

Y
N

s 10 5 lated spectra for an identical structure, but with-

5 *§ out removing the quartz substrate below the ITO

% 8 5 layer (the same structure as assumed for the cal-
w culations in Fig. 2 From top to bottom, the

nanowire period d, 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

. _ ] k 600 nm.
OF d,=800 nm T F d,=800 nm 70
16 18 2.0 22 1.6 18 2.0 22
Photon energy (eV) Photon energy (eV)

field coupling for a decreased nanowire pergya 300 nm) mum. We will show that this maximum arises due to the
induces a red shift and broadening of the nanowire plasmomteraction with the lowest TE or TM guided modes. Here,
resonances. Similar effects have already been demonstratdte strongly asymmetric shape of the resonances can be at-
for two-dimensional gold nanoparticle arrafsThese near- tributed to the Fano-type nature of the excited waveguide
field coupling phenomena can be explained by the dipoleresonance. Although diffractive Rayleigh anomalies can still
dipole interaction between the individual gold nanowires andbe seen for such structures, waveguiding anomalies dominate
have to show aa/d,)™? dependenceda is the nanowire the spectral response of the interacting waveguide-nanowire-

width). system.
To understand the energy dispersions of the different reso-
V. POLARITONIC PHOTONIC CRYSTAL SLAB nances in the modified structure, we start from a Simple

empty-lattice approximation. As a first step of this approxi-
In Sec. IV, we have shown that the observed far-field in-mation for a metallic grating-waveguide structure, we re-
teraction phenomena for gold nanowire gratings deposited oplace it by a homogeneous ITO layer. The energy dispersions
top of 15-nm-thick ITO layers are based on a collectiveof the lowest transverse electri€E,) and transverse mag-
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 anoma(ieso- 2 @) 15 nm ITO
nant anomaligsof thicker ITO layers. We will show that the c d =450 nm
optical properties of similar gold grating structures on top of .2 x
140-nm-thick ITO layers are primarily dominated by an ad- & 1

ditional strong coupling phenomenon. In particular, we will E

give evidence that the interaction of electronic and photonic
resonances of metallic photonic crystal slabs can lead to the 0 J——
formation of a waveguide-plasmon polaritth.

2t (b)

A E i o 140 n m ITO
. Empty-lattice approximation —
pty . pp . s d =450 nm
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- 5

mon resonances. Therefore the metallic photonic crystal slab
provides electronic and optical resonances simultaneously.
The resulting spectral modifications can be clearly observed. 16 18 20 22

For example, Fig. 5 shows the measured spectra of gold Energy (eV)

nanowire arrays with an identical period djf=450 nm with

15 (@) and 140-nm-thick(b) ITO layers. The shape of the  FIG. 5. Measured extinction spectra of gold nanowire arrays
nanowire plasmon resonance for samples with a thickefperiodd,=450 nm) for normal light incidence. Spectra of samples
guiding ITO layer differs substantially from that discussedwith 15-nm-thick(a) and 140-nm-thickb) ITO layers are shown
previously. The spectra for TE- and TM-polarization in panelfor a comparison in TE(dotted line3 and TM (solid lineg

(b) are now characterized by an additional extinction maxi-polarization.
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FIG. 6. Empty-lattice approximation: The lowest TE and TM
polarized guided modes of a homogeneous and 140-nm-thick ITO
waveguide. Their dependencieslgyy are shown in pangh). Panel
(b) displays these guided modes folded into the first BZ for an
assumed grating period @, =450 nm. The particle plasmon dis-

persion of noninteracting gold nanowir@otted horizontal lingis
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netic (TMg) guided modes can then be found from the solu- FIG. 7. Measureda) and calculatedb) extinction spectra of
tion of the transcendent equations for the waveguide slagold nanowire arrays deposited on top of 140-nm-thick ITO layers
(see, e.g., in Ref. 35 for normal light incidence and nanowire periods ranging from
When assuming a surface corrugation with periodidity 375 M to0 575 nm in steps of 25 nm. Spectra for (TBtted ling
in a second step, we have to fold back the guided modes intgnd TM (solid line) poIanzatl_on_are shown. The individual spectra
the first Brillouin zone of the 1D photonic crystal slab. These?r€ shifted upwards for clarity in each panel.
folded (due to the periodic surface corrugatjiomodes are
now located above the air light cone and can couple to the Up to now we did not consider the metallic properties of
photon continua of the air environment and the quartz subthe corrugated structure. If we neglect the electromagnetic
strate. Therefore, the formerly guided modes of the uncorrucoupling between the individual metal nanowires, the result-
gated structure become lealguasiguideyl Such modes are ing flat dispersion of the nanowire particle plasmon can be
characterized by relatively long lifetimes and large qualitydepicted as a horizontal line at approximately 1.9 @he
factors and may lead to resonantly enhanced fields inside tr@otted line in Fig. 6.
planar photonic crystal structures. As a result, the dispersion For an assumed period df=450 nm and TM polariza-
of these quasiguided modes can be probed by period- arfibn, especially the band located at 1.9 eV in the center of the
angular-dependent transmission measurements, where thést BZ is quite importan{see Fig. @)]. It is a degenerate
will show up as sharp spectral resonances in the transmissidfiplet in this simple noninteracting picture, originating from
or extinction(see, e.g., in Ref. 28 and references therein the Bragg resonance of the lowest §iduided modes with
The results of this empty-lattice approximation are showrkyx=+27/d, and the uncoupled nanowire plasmon reso-
in Fig. 6 for a sample structure with an ITO layer thicknessnance.
of L,=140 nm. Pane(a) displays the lowest TgEand TM, According to the observations in Fig(®, where two
guided modes of the homogeneous ITO waveguide on top oesonances have been detected for TM polarization at normal
a quartz substrate. For simplicity, we neglect the frequencyncidence, this degenerated triplet is actually split off. The
dispersion of the ITO dielectric susceptibility in this qualita- reason for that is the periodic corrugation and the strong
tive discussion and assumego=3.61. It is important that in  coupling between the electronic and optical modes. Similar
the asymmetric guiding structure on the quartz substratg, TEnteraction phenomena have already been discussed for exci-
and TM, modes do not exist for energies below their cut-off tonic system$:3We will consider this behavior in Sec. V B.
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 The experimental and theoretical verification of strong
modes, as explained above, are displayed in pdmdbr an  coupling in metallic photonic crystals is depicted in Fig. 7. In
assumed grating period of,=450 nm. Note that for the de- this figure, the measured and calculated extinction spectra of
generate Bragg resonances in the center and borders of tgeld nanowire arrays deposited on top of 140-nm-thick ITO
first BZ, the degeneracy is lifted if the neglected corrugationayers are shown for normal light incidence and different
is taken into account. grating periodgl,. Here, we have assumed a nanowire width

B. Waveguide-plasmon polaritons
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of 100 nm and a nanowire height of 20 nm for the scattering- 28 . - - - - -

matrix based calculations. For TE polarization, only one . o TM, experiment

sharp spectral feature appears in each spectrum, because nc 24 o TM. theory T

nanowire plasmons can be excited for this special polariza- %

tion. The existing narrow peaks can be related to the excita- 22 .8 ‘ 1
[ ]

tion of TE quasiguided modes, which are characteristic fea-
tures of waveguiding photonic crystal structures. Thus, these
spectrally asymmetrically shaped Fano-type resonances are

o 3
83080& g ‘O o
18/°° 00 608'3

hoton energy (eV)

not found in spectra for thinner ITO layers which do not o 1
support quasiguided modes for this spectral range. In our 1 he °ne
measurement geometry, these spectral features arise due t&& 16 e ) o 1
the grating-induced Bragg resonance of the, T#Eaveguide Splitting ~ 250 meV ©
modes withk, 4= +27/d,. The figure clearly demonstrates 141 ! ! . : : b
that a change of the Bragg condition, caused by increasing 300 350 400 450 500 550 600
the grating periodd, shifts the Tk quasiguided mode to Grating Period d_(nm)

lower energies. In principle, as already discussed earlier in

this chapter, two quasiguided modes should exist at normal FIG. 8. Measuredhollow circleg and calculatedsolid circleg
incidence, leading to a small stopband at the center of thenergies of the extinction spectra maxima for gold nanowire arrays
first BZ. However, due to the mirror symmetry of the struc- deposited on top of 140-nm-thick ITO layers. The dependena on
ture, only the upper symmetric quasiguided mode can bér normal light incidence and TM polarization is shown.

excited at normal incidencg As is common for such struc-

tures, the lower antisymmetric mode is optically inactive andpling between the isolated wire plasmon and a pair of
can only be observed for transmission measurements undeounter-propagating guided TMmodes with momenta
inclined incidence. K x27/d,.

Again, our attention has to be focused on the more sig- Returning to the model calculations for the free-standing
nificant case of TM polarization. In contrast to TE polariza- nanowire structure on top of a 15-nm-thick ITO layer with
tion, all TM polarized spectra of Fig. 7 exhibit two extinction removed quartz substrafsee Fig. 4a)], we now can further
maxima. For example, the extinction spectra for a period ofmprove the analysis of the sharp spectral features for
d,=575 nm are characterized by a narrow peak at 1.5 eV andanowire periods ofl,=550 nm, 600 nm, and 700 nm. Al-
an additional broader peak centered at 2 eV. The broadehough we assume a very thionly 15-nm-thick ITO sub-
peak can be attributed to the particle plasmon of the indistrate in these calculations, this symmetric structure supports
vidual gold nanowires. Like in TE polarization, the narrower quasiguided modes. The frequency cut-offs fopBEd TM,
extinction resonance is due to the excitation of the ;TM modes are zero for any guiding layer thickness in case of
guasiguided mode. Reducing the nanowire period shifts theymmetric waveguide structurgthe same materials below
TMg quasiguided mode spectrally closer to the nanowireand above the waveguigeThus, when removing the sub-
plasmon resonance. Due to strong coupling between thstrate, the TN mode exists in our symmetric 15-nm-thick
waveguide and nanowire plasmon resonances, we observeBO structure as well. These spectrally narrow resonances
strong anticrossing of the modes instead of their spectratannot be found for identical structures with an additional
overlap. This situation is comparable to the normal modeguartz substrate, as can be seen in the calculations for the
coupling in semiconductor microcaviti&where the split- asymmetric structuresee Fig. 4b)]. Here, instead of sharp
ting can be interpreted as the formation of a new polaritoniacesonances, only the cusp-like Rayleigh anomalies are vis-
state. The dispersions of the polariton branches are depictédle. It is important to remark that the small thickness of the
in Fig. 8, nicely demonstrating the strong coupling phenom4TO waveguide has a large influence on the observed cou-
ena. In this figure, the maxima extracted from all measuregling phenomena in the case of symmetric structures. As a
and calculated extinction spectra are plotted for comparisorconsequence of the ITO thickness, the energy distance be-
Besides the excellent agreement between the experiment@leen the TM mode and the vacuum light cone is very
and calculated values, especially the large Rabi splitting ofmall, ~3 meV only. Additionally, the integrated polariza-
250 meV between the upper and lower polariton branches igon of the TM, guided mode is reduced, and, as a result, its
very conspicuous. coupling with the plasmon resonance is relatively weak. The

The strong coupling effects lead to a more dramatic modifirst point explains the existence of the waveguiding anoma-
fication of the interacting systems compared to the diffractivdies in TM polarization in Fig. 4 notwithstanding the small
interaction phenomena of gold nanowire structures on thinTO thickness. The second point explains why the Rayleigh
ITO layers. The key for understanding this spectacular beanomalies are not seen: they are very close to the waveguid-
havior is to realize that we no longer investigate the propering anomalies. And the third point explains the apparent ab-
ties of an individual metal nanowire, but rather the extinctionsence of the waveguide-plasmon anticrossing effect: actually,
of a new compound system, namely a strongly coupledve deal with the weak coupling regime here. Onlydat
waveguide-plasmon polaritogystem. As already discussed =650 nm the cusp-like anomafgxactly on the vacuum light
in our previous publicatio®? the anticrossing behavior and cone dominates the spectra in the vicinity of the nanowire
thus the formation of a new polariton can be easily modeleghlasmon, and the waveguide anomaly does not show up at
in a simple resonance approximation, accounting for couall. This is explained by a plasmon resonant enhancement of
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FIG. 9. Measureda),(b) and calculatedc),(d) extinction spectra of gold nanowire arrays deposited on top of 140-nm-thick ITO layers
for a fixed nanowire period af,=450 nm. From top to bottom, the angleis increased from 0° to 20° in steps of 2° whife=0° remains
unchanged. Spectra for TB),(c) and TM(b),(d) polarization are depicted. The different spectra are shifted upwards for clarity in each panel.

the Rayleigh anomaly. We plan to discuss this behavior irsults are reproduced by our calculations with excellent
more detail elsewhere. qualitative correspondence.
The energy positions of the measured and calculated ex-
tinction maxima are shown in Fig. 10 as solid and open
C. Dispersion properties symbols. We will show in the next section that the near-field
is enhanced at the energies of such extinction maxima. In
The dispersion properties of the different resonances havether words, the extinction maxima correspond to the energy
been measured via transmission experiments by changing tip@sitions of the resonant in-plane excitations of the PCS. It is
angles of incidenca} and ¢. Only two cases of azimuthal interesting that in the resonant structure i 450 nm, the
angle, ¢=0° and 90°, will be discussed. In these cases thetopbands of these excitations in TE and TM polarization
plane of incidence is orientated either perpendicular or along

the nanowires, respectively. The results of the first set of e TE, experiment (@)| | ® M experiment J ° (b)
measurements on a gold nanowire sample with fixed perioc 2:2p° T theoy g Ththeey o8 1
d,=450 nm are displayed in Fig. 9 for T&) and TM (b) s o
polarization. For these transmission measurements, the angs o ¢ . *

¥ was increased from 0° to 20° in steps of 2° whieQ° o 20} 0 15 stoopand | . 2 o
remained unchanged. Additionally, the theoretically obtained & 0 v ve®

spectra are shown in Fig. 9 for T€) and TM (d) polariza- 2
tion. We have again assumed gold nanowires with a width of"'é
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- 16l W 11 ' LR |
dence ir_1 TE polarizatio_(a),.(c). The narrow peaks are due tp ’ d.2450 nm % . . 4,450 nm ©e .
the excitation of quasiguided TE modes of the PCS with N P . LY
- i ) 0 8 16 0 8 16
momentak, ,=k,+2m/d,. Now the formerly not visible an Angle (deg) Angle (deg)

tisymmetric TE mode can be excited in transmission mea-

surements for angles of incidende# 0°. Also in TM polar- FIG. 10. Measuredsolid circley and calculatedopen circles

ization (b),(d) an additional peak appears between the twoyositions of the extinction spectra maxima in TE and TM polariza-
polariton branches for inclined incidence with# 0°. With  tjon for nanowire arrays on top of 140-nm-thick ITO layers. The

the change ofﬁ_, thg plasmon resonance ex'hibits an 'anti-angleﬂ is increased from 0° to 20° while=0° andd,=450 nm
crossing behavior with the narrower symmetric and antisymremain unchanged. The arrows show the 1D stopbands in TE and
metric TM polarized waveguide modes. All experimental re-TM polarizations.
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FIG. 11. Measureda),(b) and calculatedc),(d) extinction spectra of gold nanowire arrays deposited on top of 140-nm-thick ITO layers
for a fixed nanowire period al,=450 nm. From top to bottom the angieis increased from 0 to 20° in steps of 2° whife=90° remains
unchanged. Spectra for TE-lik@),(c) and TM-like (b),(d) polarization are depicted. For the calculations a wire cross-section of 85
% 30 nn? 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.

overlap. Therefore, the structure reveals a fuk., for all each polarization with the increase of at fixed ¢=90°.
polarizationy 1D stopband for transmission in the Note that, according to E@l), this geometry corresponds to
x-direction. the incoming light momentumk=(0,kg sin9¥,ky cosd).

In addition, we have performed similar measurements and’hus, increasing the angle of incidence in this geometry, we
calculations for another fixed azimuthal angles90°. The  actually measure the dispersion of the resonant modes along
polar angled was again increased from 0° to 20° in steps ofthe nanowires.
2°. Thus, the plane of light incidence is perpendicular to the In order to identify the additional modes, it is instructive
slab plane, as before, but now parallel to the wires. In thidso compare the calculated specifa J=20° between a
geometry, the electric field is oriented perpendicular to thesymmetric situationplane of incidence along the wireg,
wires in case of-polarization. Thuss-polarization becomes =90°) and a slightly distorted case with=88°. The results
TM-like, and a coupling with the wire plasmon is antici- of such a calculation are shown in Fig. 12 for TE-like and
pated. Forp-polarization, the electric field has components TM-like polarization simultaneously. Important information
along the nanowires, and perpendicular to the nanowiresan be deduced by comparing the spectra of pémeand
along thez-direction. This means that no particle plasmonpanel(b). Additional modes become visible gt=88°, be-
resonances of the gold nanowires exist in the range of lightause this situation corresponds to a smal
frequencies investigated in the latter case. =ko sin9 sin 2°~0.03%,. The strongest extinction peak in

In Fig. 11, the measured and calculated spectra fop-polarization near th&'-point is the symmetric TEmode,
p-polarized(a),(c) and s-polarized(b),(d) light are depicted following the analysis above. The extra mode appearing at
for different angles of incidence. From top to bottom, thek,# O in p-polarization at lower energies is the antisymmet-
angle ¢ is increased from 0° to 20° in steps of 2° white  ric (in I') counterpart TE, as we already know. Because this
=90° remains unchanged. Again, the theory reproduces theode coincides exactly with the extra mode seen in the
measured behavior quite well. We have to mention that the-polarization atp=88° (see the arrows in Fig. }2we can
theoretically assumed nanowire dimensions have been modattribute this extra mode to the TBne. Thus, the incoming
fied slightly. The observed phenomena depend critically ors-polarized light(predominantly TM-like can excite the TE
the nanowire plasmon position. Therefore, we employed anode in this geometry. The physical reason for coupling of
wire cross-section of 88 30 nnt in our calculations to geta TM- and TE-like modes is the following. Although fol
better qualitative agreement with the experimentally mea+ 0° ande # 0° the main harmonics is propagating along the
sured spectra. As anticipated, the strong extinction peaksires (k,=0, k,#0), the higher Bragg harmonics are in-
seen at normal incidence remain the dominant features at clined, ky,# 0, k,# 0, and therefore provide the observed
#0°, too. However, a new narrow mode becomes visible fopolarization coupling.
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Ll v T v
3.0 | 9=90°, 9=20° @ | p=88°, 9=20° ®) ]

dx=450 nm dx=450 nm

— TM-like
........... - TE-like

FIG. 12. Calculated extinction spectra for a
. fixed nanowire period ofl,=450 nm and a fixed
angle of 9=20°. Calculations forp=90° [panel
(a)] and¢=88°[panel(b)] are compared. Spectra
for TE-like (dotted linesp-polarizatior) and TM-

like polarization(solid lines, s-polarization are
depicted. Again, a wire cross-section of 85
X 30 nn? has been assumed. The arrows(li
correspond to the spectral positions of the extra
modes.

Extinction

1.9 2.0
Energy (eV) Energy (eV)

Repeating the same procedure with the extra mode apmnly shown for two characteristic photon energies at the
pearing in p-polarization (predominantly TE-likg we see waveguide-plasmon resonance. Figures 13 and 14 display
that the extra mode is of the TMype, i.e., becomes anti- the field distributions at the position of the lower polariton
symmetric at thd -point. branch and at the extinction minimum between the two po-

It is interesting that this coupling with modes in anotherlariton branches. Due to a small spectral shift between theo-
polarization is resonantly increased near the wire plasmoretical and experimental results, the corresponding energies
resonance. Therefore the additional modes are very weak fdrave to be assumed as 1.74 eV for the extinction maximum
larger or smaller periods daf,, although the extra modes are of the lower polariton branctsee Fig. 13and 1.9 eV for the
nominally present in the measured and calculated spectra. extinction minimum between the two polariton branchese

The blue shift of all the modes with the increasedafthat  Fig. 14) in our theoretical considerations. The electiag(b)
is, of k) is apparently quadratic ik, due to the free light and magnetic(c),(d) field vectors are shown as a two-
propagation in they direction (with no modulation, as an-  dimensional array of colored congsnline) in the figures.
ticipated. The length of the cones is proportional to the field strength at

the central point of each cone, and they specify the respec-
, , o tive field direction by their orientation. However, such vector
D. Electromagnetic near-field distribution distributions are oscillating with time and cannot be dis-

In order to extend the spectral analysis of Sec. V B and tglayed in a static picture. Thus, we are showing the near-field
investigate the underlying strong coupling phenomena irdistributions at the most characteristic moments of time,
greater detail, it is very instructive to take a closer look at thewhen the integrated intensity of the corresponding fields
near-field distribution of the coupled nanowire-waveguidereaches its maximum valusee below
system. The knowledge of such near-field distributions is not Like in the beginning of this section, we again assume
only important for understanding the physical mechanisms o£00-nm-wide and 20-nm-thick gold nanowires on top of a
the observed coupling phenomena, but can also help to cod40-nm-thick ITO waveguide. The schematic cross-section
trol the nonlinear optical response in possible future applicaef the PCS is displayed by solid lingsmagenta onlingin
tions. In this section, we restrict ourselves to the discussioeach figure. In panel&) and (c), the positions of the gold
of the calculated near-field distribution, although experimenhanowires are indicated by rectangular regions above the
tal measurements with a scanning near-field microscop&40-nm-thick ITO layer. In addition, the field distributions
should be possible at least near the sample suffadd.  near the gold nanowires are drawn to a larger scale in panels
calculations which we are going to present are done withi(b) and (d). Note that the incoming light field propagates
the scattering-matrix formalism. Because of very good qualifrom the top(z<0) to the bottom(z>0) of the figure in all
tative agreement down to minor details between all calcuealculations.
lated and measured extinction spectra, we assume that the To understand the basis of the coupling phenomena, all
calculations of the electromagnetic field distributions give afields are depicted in Figs. 13 and 14 at the moments of time
qualitatively correct picture. All deduced informations sup-when the intensity of the corresponding field averaged over
port our previous conclusions exactly. the displayed cross-section reaches a maximum. Additional

To understand the main features of the complex near-fielimportant information is provided by the calculated quanti-
distributions, we will limit our discussion to structures with a ties t/T, #, and E,,ax (Hmax fOr magnetic fields shown on
period ofd,=450 nm, TM-polarization, and normal light in- top of each panel, allowing an improved interpretation of the
cidence(9=¢=0°). Additionally, the field distributions are static illustration of the oscillating fields.
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Extinction Maximum (1.74 eV)
t/T=0.2621.=487,E,, =44 _—

04" | 0.4

® i @

L t/T=0256,E,, =12.7

The first parametel/ T enables a direct derivation of tem-

poral information. For example, the electric field Er ,t)

=Re[5(r)exp(—iwt)], where 5(r):7€(r)+if(r). Then the

electric field intensity integrated over the display afess
We(t) = f EZ(r,t)dA= RZ co(wt) + |2 sind(wt)
A

+ 2Rel ¢ sin(wt)cog wt), (5)

where

R= f R2(r)dA, (6)
A

12= f 72(r)dA,
A

Relg = J R(r)Z(r)dA.
A
Thus, W(t) oscillates with frequency @ as
ls = .1 = 12\2 4 AR 27112
WE(t) = E(RE+ Ip) + 5[(R§ — 19"+ 4Rel°]cod 2wt - Bp),

)

t/T=0.010, n, = 37.6, H,,. = 4.8
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FIG. 13. (Color onling The calculated spatial
distributions of the electrigblue and red cones in
panels(a) and(b)] and magnetiggreen cones in
panels(c) and(d)] fields in a waveguiding struc-
ture with period d,=450 nm, for normal inci-
dence(=¢=0°) and TM-polarized(across the
wires) light. The fields are shown for an incoming
photon energy ofiw=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=27/w and shown in the title of each
pane) when the field intensities that are inte-
grated over the displayed cross sectigp&2dA
and [,H?dA reach maximagsee the explanation
in the texy. Solid magenta lines denote the cross-
section of the structure. The incoming wave ar-
rives from vacuuni{at z< 0). Panelgb),(d) show
the fields in a magnified region around the gold
nanowire. Red cones in pandk),(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.

t/T=0.002, H,, = 5.6

2Rl
Be= arctaﬁTEIE2 , (8)
E E

reaching its maximum value abt=pBg/2 or t/T=Bg/4m,
where T=27/w is the light period. For the magnetic field,
the maximum ofWy(t) is reached at/T=p,/4m, with re-
spective changes in Eg®)—(8). Note that the minima ofVg
andW are reached a time spdii4 later. The corresponding
calculated values df/ T are shown for each panel.

By comparing the values df T for electric and magnetic
fields, the character of the light propagati¢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 Héda
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 1fpanels(a) and(c)] is the
field modulation coefficient,

_ Wemax _ EE + E + [(R_é - E)Z + 4Rl E2]1/2

) WE min - ?E"' E— [(R_IZE —WZE)Z + 4Rl E2]1/2

e 9

(and the corresponding quantity, for the magnetic field
For example, the modulation coefficientis on the order of
one for purely running waves and diverges for purely stand-
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Extinction minimum (1.9 eV)
t/T=-0.022,n.=27,E,. =20 t/T=02351,=27, H,,=37

(a)

FIG. 14. (Color online The calculated spatial
distributions of the electrifblue and red cones in
panels(a) and(b)] and magnetig¢green cones in
panels(c) and(d)] fields in a waveguiding struc-
ture with period d,=450 nm, for normal inci-
dence(9=¢=0) and TM-polarized(across the
wires) light. The fields are shown for photon en-
ergyhw=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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ing waves, provided that the displayed cross-secAoex-  acteristic for the dipolar plasmon resonance in
tends over several wavelengths along the wavevector direcubwavelength-size structures.
tion. Another interesting feature can be noticed from a com-
Note that the fields of Fig. 13 and Fig. 14 are scaled byparison between the electric and the magnetic field distribu-
different coefficients. In order to compare the absolute magtions inside the nanowires in panély,(d) of Fig. 13. Actu-
nitudes of the fields, we show in each panel the maximurally, it illustrates how the Maxwell equations work inside the
absolute value of each fiel&,x and H,,., measured in metallic parts of the structure. First, the magnetic field is
units of the incoming field amplitudes. Additionally, the larg- displayed approximately 1/4 of the period earlier than the
est cones in panel®),(b) of Fig. 13 (for the strongest elec- electric field. Second, panél) shows that the magnetic field
tric fields near the gold nanowire edgeme shown in red changes its direction inside the wire, from negative to posi-
and scaled by 0.5, to emphasize the regions of the largeste (i.e., alongOY), approximately linearly witle. Thus,
field enhancement.
~ We would like to add here that the averaged characteris- H o (0,2~ 25,007“T# = (0,~i(z~ 2),0),
tics of the near-field distributions/T, 7, Epnax and Hpyax
fluctuate with the mesh and cross-sectPomhich 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 th
near-field. This follows from the high values of the field
modulation ratios in panelg),(c) of Fig. 13, 7e~50 and D« (-1,0,0.
ny~40. Compare these with the much smaller values in the
case of extinction minimumye~ 74~ 3 in panelg(a),(c) of  ThereforeD has a direction opposite t®@X and homoge-
Fig. 14. neous alongOZ BecauseD=gy,E, and g444<0, this
The electric field is large and nearly homogeneous insideneans that the electric fiel has to be homogeneous across
the wires and has a clearly dipolar character around thée wire and directed alon@X. It is exactly what we see in
wires; see pangb) in Fig. 13. These two features are char- panel(b).

where 0<z,<L, is inside the nanowire. From the Maxwell
‘equation, rotH=(1/c)(éD/at), and for a harmonic wave
g this means that induction in pan@), i.e., 1/4 of the
Beriod later than in pangt), has to be
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Another exciting feature of the near-field distribution at polariton, with energy dispersion manifesting itself via the
the extinction maximum is a clearly visible horizontal stand-extinction maximaor, equivalently, transmission dips
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-nodegqthe field is maximum near the wireThe V1. CONCLUSIONS
formation of this localized wave is due to the Bragg reso- |5 conclusion, we have shown experimentally and theo-

\?v?tuclfg of ihze }‘évoagocﬁg::igg;%pggﬁsggTﬂg“:g;gi fg‘t)gizelfretically that far-field coupling effects can strongly influence
x— Teml Oy . g . - ) .
by the predominant polarizations of the electperpendicu- the optical properties of gold nanowire gratings deposited on

; . NG L top of dielectric ITO layers. Our work clearly demonstrates
ltﬁretlc')rg]?ayérre and magnetidalong the wirg fields inside that the transmission spectra of such photonic crystal struc-

PR . tures can change substantially with the substrate thickness.
We can also see in Fig. 13 that the light does not prOpaNVhiIe gold nanowire gratings on top of thinner ITO sub-

gate far into the substrate, which reveals the high extinctio . ) : .
(simultaneous maxima of reflection and absorption strates, not supporting optical waveguide modes, only induce

In contrast to this situation for the extinction maximum, diffractive anomalies, structures on top of thicker waveguid-
the electric field avoids the wire nearly completely in theind ITO layers can exhibit a much richer behavior. The trans-
case of high transmissivitiextinction minimun). As visible ~ mission spectra of such structures are characterized by an
in Fig. 14, the distribution of the field inside the wire is still additional sharp spectral feature due to the excitation of
the same as in case of an extinction maximum, typical for &luasiguided modes of the corrugated waveguide. Strong cou-
dipolar resonance. However, the amplitude of this dipolailing between these optical modes and the particle plasmon
field is one order of magnitude smaller. This follows from resonances of the nanowires results in the formation of a
the fact that now the standing quasiguided wave in the ITOvaveguide-plasmon polariton with a large Rabi splitting of
layer is pinned to the wires in another possible way, namelyearly 250 meV. Scattering matrix theory gives an excellent

by its nodes. This explains actually the high transmissivity ofagreement between all experimentally measured and theo-
the structure. retically modelled extinction spectra. Furthermore, we have

The fact that the wave is well transmitted through theshown that the scattering matrix formalism can be used to
structure is also clearly seen in Figs.(d4and 14c). The  model the spatial distribution of the electromagnetic near-
strong modulation of the fields below the ITO layer occursfields of the photonic crystal structure. The calculations re-
because the energy of the incoming light is above the Rayveal the existence of a standing wave inside the ITO layer
leigh anomaly, and two diffraction channels into the sub-below the gold nanowire gratings. In the case of strong cou-
strate are already opened. The interference between tH¥ing, this standing wave has field maxima at the position of
transmitted and diffracted beams produces this clearly visibléhe gold nanowires, leading to a large field enhancement near
modulation. the wires and therefore high extinction values. The extinction

The maximum values of the electric and magnetic fieldsminimum between the two polariton branches in contrast is
given in each panel in Figs. 13 and 14, allow us to estimaté&lue to a standing wave with anti-nodes between the nanow-
the degree of field enhancement in case of the resonance, atigis and therefore only weak fields at the position of the gold
to compare it with the resonan€gfactor(Q=Q/AQ, where  nanowires.

Q) andAQ) are the resonance energy and linewjdfor ex-

ample, th'e quality factor of the Iower_energy resonance in ACKNOWLEDGMENTS
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