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Surface polaritons on metallic wire gratings studied via power losses
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Surface polaritons on metallic wire gratings have been investigated by studying power losses at the grating
surface. The dispersion, exhibiting gaps of energy and momentum, respectively, has been obtained from
calculated power losses for various grating materials and periods. The propagation mechanism of surface
polaritons along this nonadjacent periodic interface and the energy gaps in the dispersion are explained by
means of the Kronig-Penney model. The power losses at gold-wire gratings with different profiles have been
measured by means of photoacoustic spectroscopy. The experimental results agree with the theoretical predic-
tions. The position of the maximum surface polariton excitation yields interesting information for the charac-
terization of the grating profile.

[. INTRODUCTION tigated by locating the resonant singularities in ttEsmit-
tance of the zeroth order. Measurements as a function of
Nonradiative surface waves which propagate along an inwavelengthh and angle of incidenc®, have been per-
terface between a metal and a dielectric with phase velocitielormed by means of a spectrophotometer-1(+1)
less than that of light are usually labeled as surface polariton@inigaps? in dispersion caused by the interference of con-
(SP'9.! Gratings are especially suitable for studying SP'strapropagating first order SP’s have been analyzed for grat-
excited byp-polarized light, since they can provide recipro- ings with different wire profiles.
cal lattice vectors as additional momentum for the matching In this paper, the power losses on metallic wire gratings
of momenta in the excitation mechanism. SP’s decay nonraare employed for localizing SP excitations in the,®)
diatively into excited single-electron states which relax undeilane. Next, the dispersion is evaluated by numerical data
production of heat. Additionally, they can recombine into €xhibiting minigaps in the first and also in higher orders of
radiation by the interaction of surface roughness. Due to thiSP modes. Furthermore, a simple model analogous to the
“missing” energy, the occurrence of SP’s yields singularities Kronig-Penney model is developed for physical interpreta-
in the propagating diffraction orders. Conventionally, SP exion of the behavior of SP’s, i.e., propagation mechanism and
citation has been studied by the observation of these singu@ispersion, on wire gratings. In the experiment section, the
larities (or so-called resonance anomaliés the diffracted  €xcitation of SP’s is studied for gold gratings with different
orders. For instance, if no higher diffraction orders areprofiles by means of the PA method using a Nd:yttrium alu-
present at a reflection grating, the resonant minima in th&ninum garnetNd:YAG) laser. For this wavelength, SP ex-
specular reflectance correspond inevitably to the enhanceitation is also investigated in conicedff-plane mountings
power losses from SP excitation. However, if more than ong/arying the polar and the azimuthal angle of incident
order is propagating, the minima in the specular reflectanc@-polarized photons.
do not always coincide with the resonant maxima of power
losses. The absorption of SP’s can be determined quantita- II. NUMERICAL STUDY
tively from the measured intensities of all propagating
orders? This procedure, however, may be quite difficult, ~Figure 1 shows a sketch of a wire grating which is peri-
since all diffracted orders change their position by a variatiorPdic in thex direction and whose wires are parallel to the
of angle or by the wavelength of the incident photons. z axis surrounded by a vacuum. The geometric parameters
Alternatively, the power losses can be measured directljor this grating, which has a rectangular profile, are given by
by means of the photoacousﬂaA) method:f‘ This technique the period:i, the wire widthb, and the wire helan For the
has been successfully applied by Inagaki and co-wotk&rs optical excitation of SP’s, @-polarized plane Wavelf( vec-
to study SP excitation on silver films and sinusoidal reflector parallel to the plane of incidencaith wave numbelk,
tion gratings. In this paper, the PA method is used for theémpinges at a polar angl®, and an azimuthal anglé,.
experimental investigation of SP’s anire gratings SP's may be excited if the wave vectios differs from the
lt. has been sh_own_m a recent pa’-’p’é’r_that SP's may be momentum component of the incident photd?ﬂ,swhich is
excited on metallic wire gratings. This is not obvious from . .
previous investigations of SP’s on reflection gratings, since gar_allel to th? grating plane by a multiple numberof
reciprocal-lattice vectors5=27/d. For an off-plane(or

wire grating is represented byrenadjacentperiodic inter- ; )
face. Thus, the propagation mechanism of SP’s along thi onica) mounting, thex andz components of momenta have
§ 0 be matched such that

structure is different from that of shallow corrugated reflec-
tion gratings for which the corrugation is often considered as
a small perturbation of a flat metallic surfade3In Ref. 9, R
the dispersion of SP’s on gold-wire gratings has been inves- ThsPRo
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losses normalized to the incident powey,, can be derived
from the second Green’s identity. Imposing the SIBC, we
obtain

P =E§ |H,|%ds (4)
abs dCO@O Sitiz

for p-polarized light in classical mounting, whereas the inte-

2 gral has to be determined along the wire surface. For conical
K, I mountings Py,#0°), it gives
I
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L ,é\de‘@e/ ko where T=nXz is the unit vector parallel to the metallic

et surface andk,=kgsin®qsin®, is thez component of the in-
cident wave vector.

Because of the large of number of parameters which can
be varied for investigating SP’s, we limited this numerical
study to gratings with rectangular profiles in classical mount-
ing. In the next section, however, gratings in conical mount-
. R _ ings and gratings with trapezoidal profiles are also discussed.
the x components oksp andk, differ by a multiple numben of  Figyre 2 shows the power losses as a function of wavelength
reciprocal-lattice vector&=2/d. A= 2m/k, and angle of incidenc®, for three different me-

tallic wire gratings with a periodl=1 um and a wire rect-
For an in-plangor classical mounting, thez components of angular wire profile §=0.4 um, h=0.4 um). The grating
the wave vectorﬂZSp and IZ'J) vanish and Eq(1) reduces to material is in(a) gold, (b) silver, and(c) aluminum. For the
numerical calculation, the optical constants(gélvanically

o depositeglgold have been taken from Ref. 14; those of silver

ksp=kosSinBo+nG, @ ang alumigum are published in Ref. 17. The positions of SP

excitation have been obtained from the maxima of power
losses varying the wavelength by fixed angleg. The dia-

ratinas has been modeled by means of formalisms deg_rams above the plots of power losses show these disper-
9 9 y sions of SP’s in theX,0,) plane by solid lines. The Ray-

scribed in Ref. 14 for rectangular profiles and Ref. 15 forIeigh thresholds on which a new diffraction order is

arbitrary cross sections. These methods utilize the surface . I
) " S appearing(or becomes vanishingare marked by dashed
|mpeda}nce asa poundary condition on the metallic WIré SUlines. This also yields to a singularity in the power losses
ifﬁgi%ewtlmo\lfjvtirzqujr?etguﬁg ggl?r;epégznﬂgcg;oumgg?;grjlcjei:?osﬁince the electromagnetic field is enhanced at the grating
(SIBC) represents the following relation between the tangen-Surface due to the grazing diffraction angle of the appearing

tial components of the electric and magnetic fields at th (or vanishing order. Note that these positions are equivalent

boundary of a metal-vacuum interface: o the dispersion-free propagation.
y ' One interesting feature is the splitting at the intersections

of SP dispersion branches. Two kinds of splittings have been
I§||=Zﬁ>< |:|” , (3) observed for SP’s on gratings: energy gaps which are caused

by the interference of contrapropagating SP’s resulting in
whereZ is the surface impedance aiddenotes a normal Standing waves and momentum gapsdaps which have
unit vector on the boundary pointing into the free-space side2€€n attributed to finite lifetime effects and to loss of cou-
The approximation of a constant impedaite 1/\/e (e de-  PliNg strengthi:>™>**"*!Both types of gaps can be observed
notes the permittivity of the metahlready yields good re- N Fig. 2 for the (=1,+1) m|n|(gialp+sl.)The relation between
sults for metallic wire gratings in the near infrared the quantity of the energy gep; ™ and the wire profile
(NIK).X*5|t has been showrthat the SIBC method appears has already been demonstrated in Ref. 9. Here, it is shown
superior to an exact formalisfifor studying gold-wire grat- that E{™"*") depends also on the grating material, i.e., the
ings with rectangular profile in the NIR: it does not exhibit optical constants. For the gratings discussed in Fig. 2,
numerical difficulties, its numerical calculation time is sig- Eé’l*“) is 40 meV for gold, 39 meV for silver, and 33 meV
nificantly shorter, and it practically yields the same results agor aluminum.
the exact method. Furthermore, a simple relation between the Momentum gaps, however, are often hard to distinguish
power losses and the electromagnetic fields on the metalliftom energy gapé’ This might be the reason for the contin-
surface can be obtained by means of the SIBC. SP's areed controversy. Heitmanat al.'* Nashet al,?° and Fis-
related to abnormally high radiation losses and they result icher, Fischer and Kndfl investigated the SP excitation on
strong field enhancement on the grating surf&cEhe power  sinusoidal reflection gratings. These authors, however, found

-

Qe®

FIG. 1. The wire gratingperiodd, wire width b, width of free
space c=d—b, and wire height h) is illuminated with
p-polarized light at a polar angl®, and an azimuthal angl®,.
Surface polaritongSP’s with wave-vectorlzSP may be excited if

by matching thex components of the momenta.
The diffraction of plane waves on highly conducting wire
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FIG. 2. Calculated power losses at wire gratings with rectangular profitel(um, b=0.4 um, h=0.4 um) as a function of wavelength
and angle of incidenc®, for various grating materialga) gold, (b) silver, and(c) aluminum. The plot above shows the disperison of SP’s
corresponding to the maxima of power los¢ealid lineg. The positions of the Rayleigh anomalies are marked by dashed lines. The plot on
the right side illustrates the power losses as a functiof pfor a wavelength\ g on which the resonant maximum of power losses occurs.

different types ok gaps which exhibit splittings either in the tons couple to SP’s by a kind of umklapp process, i.e., by a
higher or lower frequency branch or in both branches. As famomentum transfer of reciprocal-lattice vectors from a dif-
as we know, this behavior of the dispersion curves has ndraction order which propagates in the oppositirection as
yet been satisfactorily explained. the SP’s.

It can be seen from Fig. 2 that SP’s on metallic wire In Fig. 3, the numerically calulated power losses of a
gratings also exhibik gaps in the crossing of{1,+1)  gold-wire grating with a periodi=2 wm are shown in the
order SP coupling branches. The lower frequency branch hasear infrared. The cross section is a rectangle with a width
a maximum of SP coupling near normal incidence at whichhy=0.653 um and a heighh=0.556 um. Due to the larger
the power losses are about 50%. The plots on the right-hangeriod, the ¢-1,%2) minigaps and parts of the—2,+2)
side of the three-dimensionéD) diagrams represent inter- 4 (+1,%3) minigaps can be observed. An energy gap of

sections through these resonance maxima at waveleqgth 35 1ev has been found in the crossing ef1,+ 1) order SP

as a function of angl®,. The position of this maximum =(£172) . - -
depends on the grating material. For gold, the maximum Oct_:)ranches,Eg is 97 meV in the 152) minigaps.

curs at 1.0°, for silver at 0.9°, and for aluminum at 1.4°. InGeneraIIy, the coupling strength decreases for higher cou-

normal incidence, however, the coupling to SP's vanishe®!"d Mmodes. Compared with the gold grating from Fig. 2,
totally. Clearly, no momentum transfer parallel to the gratingh® SP resonance at wavelength=2.115 um is sharper
plane is possible. On the other hand, the higher frequenc§fu® to the higher conductivity. Furthermore, tkegap is
branch does not exhibit this sharp resonance feature. TrHgPParently smaller. In the crossing of-2,+2) order SP
coupling to SP’s is obviously weaker. However, the powerbranches, however, nlo gap occurs in spite of the normal
losses become much lower as soonbath first diffraction  incidence of the photons. The coupling by the umklapp pro-
orders become evanescent. Therefore, the solid lines of thgess to SP’s, i.e., coupling of the first propagating diffraction
dispersion end at the dashed lines, representing the Rayleigiders via reciprocal-lattice vectors, explains this phenom-
thresholds. From this behavior, one can conclude that phanon.
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. . ) ) . FIG. 4. Dispersion of SP’s on grating from Fig. 3 in an extended
FIG. 3. Same as Fig. 2 for a gold-wire grating with a period gjjioin-zone scheme: KP modéolid lines and data are evalu-
d=2 um and rectangular profileb=0.663 um and h=0.556 ;a4 from the numerical calculated maxima of power logdess.
pm). The Rayleigh thresholds are marked by dashed lines.

The results presented above are based on the numerical The free-space regions between the wires represent inhib-
solution of Maxwell's equations plus boundary conditions atjtaq zones for the SP's. Thus, they cross these regions by a
wire gratings. Unfortunately, it is not possible to derive tunneling process having a wave number for which
simple formulas from those formalisms in order to join to a|Imk|>| Img|. Then, by imposing the boundary conditions
detailed physical insight for the behavior of SP’s. Hence, &;; ihe interfaces=0,c and by employing Floquet's theorem,

simplified model is now presented which explains the disperg,q dispersion can be evaluated analyticllyiving
sion and the energy gaps of SP’s on wire gratings.

1ig «\ .
A simple model for dispersion of SP’s Sl a) sin(qb)sin(«c) + cog gb)cog «c) = cogksed),

It is well known that the behavior of particles in a peri- 9

odic square-well potential can be described by the Kronigy herekg, is the wave vector of the SP's. After developing
Penney(KP) model” For this one-dimensional model, the e trigonometric functions on the left-hand side of E9),

wave equation can be solved in terms of simple analytiGhe energy gaps at cosfd)=+1 can be easily estimated
functions. SP’s traveling along a wire grating are influencedom the roots of a quadratic equation.

by a periodic potential. We assume that the SP's propagate Thjs simplified model for the dispersion of SP’s on wire
along the grating seeing a periodic piecewise constant poteRyatings, however, suffers the drawback that the wave num-
tial which is different for tr_le regions of the m_etalhc WIres her , cannot be derived by simple terms. Nevertheless, this
and for the free-space regions between the wires. _value can be found by fitting E¢9) to measured dispersions
The (compley wave numberqg of the electromagnetic o nymerically calculated dispersions obtained from Max-
waves within the region of the metallic wires can be approxi-yg|s equations. A comparison of both dispersions is illus-
mated by trated in Fig. 4 for a gold-wire grating with the same param-
eters as used in Fig. 3. In this extended Brillouin-zone
€xo+ X ————=0, (6)  scheme, the dispersion evaluated from the maxima of power
1xexpxh losses(see solid lines in the upper plot of Fig) & marked
by dots. Again, the dispersion-free propagation coincident
with the Rayleigh thresholds is shown by dashed lines. From
2_12_ 2 2 12 2 Eq. (9), the dispersion of SP’s has been obtained using
0=ko— 0" and x"=eko— Q" Dk + 10Req—ky) +i220Imy (solid lines. It must be
This relation corresponds to the dispersion of SP’s on a meaoted that this value fok is not generally valid for gratings
tallic film* with thicknessh. The sign for the rootg, and ~ with rather different wire profiles and grating materials,
X is chosen so that Bg+Imy,>0 and Rg+Imy>0. The since, in this one-dimensional model, the parameter wire
SP’s on the upper and the lower surface are no longehfeightis not involved. In addition, the propagation of SP’s in
coupled if Imy>1/h. Thus, Eq(6) simplifies for highly con-  the free-space regions between the wires is actually more
ducting films with thicknesses larger than a fraction of onecomplicated, as can be seen from the energy flow diagrams

1¥expxh B

with

vacuum wavelength to in Ref. 10. This is also the reason for the remaining discrep-
ancies between both dispersion obtained from numerically
€ calculated power losses and the results of @y. However,
a=ko\ 1 (8)  the proportionality of to the normalized width of the free-

space regiorc/d shown in Ref. 14, and also the fact that
which is equivalent to the dispersion of SP’s on a flat metal£, increases for higher coupling orders, can be explained by
lic surface. means of this model.



53 SURFACE POLARITONS ON METALLIC WIRE GRATINGS ... 10293

Stepper Controller

Encoder

Rotator

Pol.

Nd:YAG-Laser > +4 | — — = —
Chopper

B Iﬁ—

PA-Detector

Pre-Ampl.

PTower Losses

Reference Signal

Lock-In Amplifier

FIG. 5. Sketch of the experimental setup for the PA measure- ) ] )
ments. A cross-sectional view of the PA cell is illustrated in the ~FIG. 6. Calculated power losses at a gold-wire grating with
inset. 1: grating, 2: glass windows, and 3: microphone. rectangular profile ¢=0.991 um, h=0.46 um) as a function of

angle of incidence®, and wire width b for a wavelength

Finally, it should be noted that the lower frequency ™ :084#M. The azimuthal angle i=0°.

branches in the vicinity of theX3,+1) minigaps and the standing and have no backing material.

gne?ﬁZl? s??ﬁr?%je(:gﬁen;tri[ﬁz"}; Sslmgigirgzlngile\;eisgfgﬁen The linearity of.the PA _de;ector has been experimentally
ings ' ponﬁrme_d by varying the |r_10|(jent laser power for one grat-
' ing at different angles of incidence. For the PA measure-
ments, the chopper frequency was sef 680 Hz. Finally,
Ill. EXPERIMENT the measured data have been corrected for the power losses

. , at the glass windows and the support structure of the grating.
The wire gratings have been manufactured from gold by

means of a photochemical procé8ghe gratings discussed
in this section have a period df=0.991 xm and their wire
profile is approximately rectangular. For better mechanical The power losses have been measured by means of the
stability, this wire structure is overlayed by a rough supportabove-described setup for a large number of gold-wire grat-
grid and fixed in a metallic frame. ings with different wire profiles. For brevity, we only present

The photoacoustic method has been utilized for studyinglata for gratings with an approximately rectangular profile
the absorption ofp-polarized light on these gratings. The and constant wire height. Figure 6 shows the numerical re-
experimental setup for the PA measurements is sketched Bults of the power losses at gold-wire gratings with rectan-
Fig. 5. The grating is mounted in an air-filled PA cell with a gular profiles and a heiglt=0.46 »m as a function of angle
total gas volume of 2.4 ch(see inset of Fig. 6 The cavity  of incidence®, and wire heighth for in-plane mounting
is sealed air tightly with rubbers and is in contact with an(®,=0°). At wavelengthh =1.064um, the power losses on
electret microphongSennheiser KE 13-227whose sensi- a gold surface are typically a few percent. Similar to Figs. 2
tivity is 35.5 mV/Pa. Photoacoustic signals can be generatednd 3, a sharp absorption peak appears near normal incidence
if the sample is illuminated by a chopped laser beam throughklue to SP excitation. The maximum of power losses of about
the highly transparent glass window. The transmitted radia50% occurs for a wire widthb=0.426 um at angle
tion leaves the PA cell through the exit window. For this ®,=1.26°.
study, thep-polarized beam of a diode-pumped Nd:YAG la- The PA signals, as a function of angle of inciderteg,
ser (\ =1.064um) with 20-mW power was directed onto the have been measured at four gratings whose profiles distinctly
PA cell. PA measurements as a function of angle of incidencdiffer in wire width. The geometry parameters of the wire
were performed by tilting the PA detector with a stepperprofile have been reconstructed by fitting an electromagnetic
rotator. A personal computer controls the stepper motor anthodel to transmittance measuremefitk.has been assumed
reads out the data coincidently from the lock-in amplifier andthat the geometry of the profile is trapezoidal, characterized
the angle encoder. by the medium widthb, heighth, and slope of the sides

The relation between heat generation due to light absorpdfor a rectangles=90°). The wire width ido=0.435um for
tion and the production of the photoacoustic signal can bgrating 1055p=0.448 um for grating 1089b=0.509 xm
described by a one-dimensional model developed byor grating 898, and=0.549m for grating 918. For all of
Rosencwaig and GersHdn the present experiment, the ther- these gratings the wire height lis=0.46+0.01 xm and the
mal diffusion length of gold is much larger than the thicknessslope iss=85°. Figure 7 shows a comparison between the
of the gratings. Therefore, the PA signal is expected to beneasured PA signals and calculated power losses for these
proportional to absorbed power and has a dependence on  gratings, whereas the scalings have been chosen such that the
the chopper frequencf. Furthermore, it has to be pointed numerical results can be directly compared with the experi-
out that the absorbed power is very effectively converted intonental data. The SP resonance becomes obviously weaker
PA signals for these grating samples since they are freor gratings, with increasing wire width. This confirms the

Results
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FIG. 7. Comparison between measured photoacoustic signals
and calculated power losses for four different gold-wire gratings
with a period d=0.991 pum. Grating 1055:b=0.435 um,
h=0.468 um, s=85°. Grating 1089:b=0.448 um, h=0.455 ”
um, s=87°. Grating 89810=0.509 um, h=0.453 um, s=86°. 2 ,’”’,’:;\;\\
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strength of the SP resonance shown in Fig. 6. However, there
are two kinds of discrepancies between theory and measure-
ments. First, at angl®,~ *+10°, the PA signal is slightly
higher than predicted by the numerical calculations for all
gratings since a part of the first propagating diffraction or-
ders is absorbed at the walls of the PA cell and, therefore,
contributes to the PA signal. Second, the measured power FIG. 8. Power losses at the grating 1056<0.991 um) as a
losses in the maximum of SP resonance differ distinctly fromfunction of polar angle®, and azimuthal anglé, for the wave-
the numerical results for gratings 1055 and 1089. Inagakilength A\=1.064 um. (a) Measured photoacoustic signal aff)
Kagami, and Arakawhsobserved a disprepancy between thenumerical calculation assuming a rectangular wire profile with pa-
absorbance (3#R—T) and the nonradiative decay of SP’s rametersh=0.434um andh=0.462um.
on silver films. They attributed the missing part of absor-
bance to theadiative decay of SP’s due to interaction with
surface roughness. However, in this experiment, no signifi- ) o . . )
cant scattering arising from surface roughness was observel€ight compared with variations of wire width. For instance,
Moreover, for grating 1089 too much power loss in the maxi-th€ FWHM of the SP resonance for a gold grating with a
mum of SP resonance has been measured, as predicted by g€ widthb=0.43 um is 40 nm at®,=1.35°. _
numerical calculations. Furthermore, the coincidence of the Finally, the power losses have been studied for gold-wire
theoretical with the measured peak position indicates that th@'atings inconical mountings. In this experiment, the PA
wire profile is correctly fitted. Attempts to fit more compli- Signal has been measured as a function of polar afgland
cated geometries of wire profiles did not remove this discrep@Zimuthal angleb, of incidentp-polarized photons at wave-
ancy. The origin of this discrepancy might be due to lateraf€ngth A =1.064 um. Measured data, as well as numerical
fluctuations of the wire width. Considering the numerical "esults, are shown in Fig. 8 for the grating 1055. In the nu-
data in Fig. 6, a full width at half maximurFWHM) of ~ Merical calculations, it has been assumed that the wire pro-
10 nm has been found for the power losses as a function dfie is a rectangle with a widtib=0.434 um and height
wire width at angle®,=1.26°. Clearly, if this narrow peak h=0.462 um. The resonant maximum of power losses
is broadened by a variation of wire width, the power losseg'€arly obeys a cd®, law, since only the field component
become lower in the maximum and rise in the sides. Even avhoseE vector vibrates perpendicular to the surface of the
fluctuation in a scale of nanometers can explain that discrepgrating wires can couple to SP’s. For increasing azimuthal
ancy between measurement and the numerical results. angles®, the peak position is shifted towards larger polar
In a similar manner, the influence of the wire height onangles®, in the measurement, as well as in the calculated
the SP resonance maximum has been investigated. The posiata. This shift of the SP resonance angle can also be deter-
tion and the strength of the SP resonance also depends on tiréned from Eq.(1), since thex component of the photon
wire height, but it is less sensitive to variations of wire momentum is constantly varying, for a certain SP mode.
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IV. CONCLUSIONS be excited via the umklapp process from photons in the
I;?ropagating diffraction orders. This explains thgap in the

The power losses, rather than the efficiency of the zerot o
order, have been employed to study photon-induced SP’s Ongher frequency branch of the-1,+1) minigap and the

metallic wire gratings. The power losses as a function oftPSence of & gap in the {-2,+2) minigap. _
wavelength and angle of incidence have been calculated for 1he power losses on gold-wire gratings with a period of
gratings made of different metals with periods ofin and =1 um and different wire profiles have been measured by
2 um, respectively. The dispersion of SP’s has been detefA spectroscopy at=1.064 um. The measurements agree
mined from the maxima of power losses. The dispersioné!VGH with the numerical calculations. Remaining discrepan-
exhibit splittings at the crossings of contrapropagating SEies are due to lateral fluctuations of the wire profile. It has
modes. These minigaps have been examined in detail for tHeeen found that the SP resonance peak can be sensitive for
first and also for the higher SP coupling modes. The SP’s ofl€¢ geometry parameters of the profile within nanometer
metallic wire gratings behave similarly to particles in a peri-Scalings. Thus, the measurement of this SP resonance peak
odic square-well potential which can be described by the Kgan provide interesting information about the wire profile.
model. From this one-dimensional model, the dispersionfurthermore, the power losses have also been investigated
exhibiting energy gaps in the center and the edge of thér conical mountings through experimentation, as well as
reduced Brillouin zone have been derived by simple analyti¢hrough numerical calculations. For increasing azimuthal
terms. This model explains the proportionality of the quan-angles of incidenced,, the coupling to SP's becomes
tity of the energy gafEy to the normalized width of the weaker and vanishes if tHe vector of the incident photons
free-space region/d and to the number of coupling order. vibrates parallel to the grating wires. The shift of the SP peak
The origin of the observekl gaps is attributed to the absence towards larger angle®, for increasing®, results directly

of momentum transfer from photons to SP’s. SP’s might alsdrom the momentum equation.
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