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Relativistic electron energy loss and induced radiation emission in two-dimensional
metallic photonic crystals. II. Photonic band effects

Tetsuyuki Ochiai and Kazuo Ohtaka
Center for Frontier Science, Chiba University, Chiba 263-8522, Japan

~Received 26 August 2003; published 18 March 2004!

This paper presents a fully relativistic analysis of the electron energy loss and the induced radiation emission
in a metallic photonic crystal. The crystal’s lattice constant is comparable with the plasma wavelength, and the
analysis is presented in terms of the multiple scattering method based on vector cylindrical waves. The electron
energy loss and the Smith-Purcell radiation emission spectra are well correlated with the photonic band
structures, both with and without a structural defect. In particular, surface-localized modes and wave guide
modes localized in a linear defect can be identified in the spectra. In addition, we show that highly directive
radiation emission is possible by using a waveguide mode at theG point.
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I. INTRODUCTION

In the preceding paper1 ~referred to as Paper I! we pre-
sented a fully relativistic description of electron energy lo
~EEL! and induced radiation emission in arbitrary arrays
nonoverlapping metallic cylinders. The description is giv
in terms of the multiple scattering method based on vec
cylindrical waves. As an example, we have explored arr
of aluminum cylinders whose diameters are a few nano
eters, considering carbon nanotube arrays and other me
nanostructures. Using a nanoscale periodic structure, th
duced radiation emission is prohibited kinetically in the fr
quency range of interest which is near the plasma freque
of aluminum. Thus, the EEL consists solely of the absorpt
in the structure. Moreover, an effective medium approxim
tion can be reasonably applied to the structure because
wavelength is much greater than the pitch of the perio
structure.

However, if the diameter of the cylinders and the pitch
an array of metallic cylinders are comparable to or exce
the plasma wavelength, the EEL and the induced radia
emission have a pronounced feature reflecting the phot
band structure. In particular, Smith-Purcell radiation~SPR!
occurs in the frequency range of interest. As a conseque
a significant part of the EEL is caused by the SPR.

In this paper, we focus on the effects of photonic bands
a periodic array of metallic cylinders. As a model system,
choose a silver cylinder with radiusr ~160 nm! since silver
has a low imaginary part in the dielectric function at t
frequencies of visible light. Thus, we may expect that
absorption in the photonic crystal is quite small, so that
EEL is dominated by the SPR. The dielectric function
silver at these frequencies can be approximated with the
lowing Drude formula:

«a~v!5«`2
vp

2

v~v1 ih!
, ~1!

where«`55.7, \vp59 eV, and\h50.04 eV. The surface
plasmon polariton in a flat silver-air interface can be found
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in the nonretardation limit. The above dielectric profile
silver, as well as copper and nickel, can be utilized as
ingredient of a three-dimensional photonic crystal with
omnidirectional band gap.2 In fact, a dense face-centered c
bic array of silver spheres with the same diameter has
complete photonic band gap far below the plasma freque
Since the gap opens between the fifth and the sixth band
is robust against disorder. This is compared with the inve
opal, in which the complete band gap opens between
eighth and ninth bands.

This feature repeats in a dense square array of the s
cylinders in air. In contrast to metallic spheres, an array
metallic cylinders gives rise to polarization-sensitive lig
propagation because of the anisotropy of the structure. A
common knowledge, a periodic array of metallic cylinde
behaves as if it is a bulk metal, with the low-frequency pla
mon for the TM-polarized light,3 whose electric field is par-
allel to the cylindrical axis, traveling in-plane perpendicul
to the cylindrical axis. The plasma frequency of the lo
frequency plasmon is roughly estimated as

vc.A f

12 f 1 f «`
vp , ~3!

f being the filling fraction of the silver cylinders. Belowv
5vc there is no bulk eigenmode of the TM polarization
the photonic crystal. For TE polarization, in which the ma
netic field is parallel to the cylindrical axis, the photon
band structure has a wide band gap between the first and
second bands atkz50. Therefore, the metallic photoni
crystal has the polarization-independent in-plane gap as
as vc exceeds the upper gap edge of the TE polarizati
Owing to the band gap, a variety of localized defect mod
may appear when structural defects are introduced. It is
portant to explore in detail what happens when a char
particle passes near a metallic photonic crystal with suc
band gap. We address this issue in the present paper.

The paper is organized as follows. In Sec. II the photo
band structure of a metallic photonic crystal is studied
©2004 The American Physical Society07-1
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connection with the SPR. We explore how the bulk eige
modes as well as the surface-localized mode of the met
photonic crystal affect the EEL and SPR spectra in Sec.
Section IV discusses a possible scenario of directive SP
the photonic crystal. Finally, we summarize the results.

II. PHOTONIC BAND AND SMITH-PURCELL RADIATION

Photonic band effects play a crucial role in the EEL a
SPR spectra in a photonic crystal, particularly in the f
quency range comparable with the lattice scale. Here
study a metallic photonic crystals composed of a square
ray of silver cylinders with the lattice constanta5r /0.45
.355.6 nm. The photonic crystal is assumed to have infi
extent in the~1,0! direction of the square lattice and to ha
a finite thickness along the~0,1! direction. As in Paper I, the
x, y, andz axes are considered to be parallel to~1,0!, ~0,1!,
and the cylindrical axis, respectively. The photonic ba
structure ofP ~TE! polarization atkz50 projected onto the
surface Brillouin zone associated with the boundary para
to ~1,0! is shown in Fig. 1. The band structure was calcula
by using the two-dimensional layer Korringa-Koh
Rostoker-Ohtaka method takingl max510. Here, we dropped
the band diagram of theS ~TM! polarization because it is no
relevant to our problem. However, at nonzerokz we must
take account of both theS and P polarizations owing to
polarization mixing. In Fig. 1 the shaded regions correspo

FIG. 1. The TE photonic band structure of the square lattice
the silver cylinders atkz50 was projected onto the surface Bri
louin zone associated with the boundary parallel to the~1,0! direc-
tion of the square lattice. The lattice constant isa5r /0.45
.355.6 nm, wherer is the radius of the cylinders, which was take
to be 160 nm. The shaded regions correspond to the bulk ei
modes, whereas the blank regions correspond to the~pseudo! gaps.
The thick solid line is the light line (v56ckx) and the dotted
~dashed! lines are thev lines @v5v(kx1h)#, which represent the
the dispersion of the radiation accompanied by the charged par
traveling with velocityv50.5c (0.9c). The charged particle is sup
posed to travel parallel to the boundary of the photonic crystal.
dispersion curve of the surface-localized mode~discussed in Sec
III ! and that of the wave guide mode, which is obtained by rem
ing a single column of the cylinders from the photonic crystal~dis-
cussed in Sec. IV!, are also shown~solid and dash-dotted lines!.
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to the bulk eigenmodes, whereas the blank regions co
spond to the~pseudo! gaps. The photonic crystal has a larg
in-plane band gap between the first and the second ba
The gap-width/mid-gap ratio is about 36% atkz50. We
should note that the in-plane band gap is polarizati
independent because the cutoff frequencyvc for the TM
polarization is about 0.92 in units of 2pc/a. The in-plane
gap, nevertheless, opens at smallkz even after mixing of the
polarizations, whereas the gap increases in frequency. In
dition, at high frequencies nearva/2pc51, there are infi-
nite flat bands of surface plasmon polariton~SPP! origin.
This is logical, taking into account thatvp /A«`1150.997
in units of 2pc/a. The following discussion is restricted t
the frequency region belowva/2pc<0.9, such that the fla
bands of SPP origin can be neglected.

Before discussing the effects of the photonic bands on
EEL and SPR, we should recall the kinetics involved in t
EEL and SPR. A schematic illustration of the system un
study is shown in Fig. 2. When a charged particle passes
the photonic crystal with its trajectory parallel to the~1,0!
direction, the particle produces a source term of the exte
current in Maxwell’s equation of the system. The term
proportional tod(x2vt), where d is Dirac’s d function.
Therefore, the Fourier transform with respect tox and t
yields the dispersion relationv5vkx ~referred to as thev
line! for the radiation accompanied by the charged partic
In a vacuum, this dispersion is outside the light cone, a
thus the radiation is evanescent. However, the radiatio
scattered by the photonic crystal, acquiring an Umklapp m
mentum shift forkx owing to the periodicity of the photonic
crystal. After the scattering, the shiftedv line v5v(kx1h)
lies partially inside the light cone. Here,h(52pn/a, where
n is an integer! stands for a reciprocal lattice associated w
the ~1,0! direction. Therefore, the evanescent radiation c
transform into a propagating one. In order to visualize th

f

n-

le

e

-

FIG. 2. Schematic illustration of the system under study. T
photonic crystal has infinite extent in thexz plane and has a finite
thickness along they direction ~just two layers in the figure!. A
charged particle travels below the photonic crystal and induces
Smith-Purcell radiation~SPR!. The polar angleu of the SPR is
defined as the inner angle between the unit vector directed
far-field observation point and thex axis. The azimuthal anglef is
defined on theyz plane. The y(z) axis corresponds tof
50°(90°).
7-2
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RELATIVISTIC ELECTRON ENERGY LOSS . . . . II. . . . PHYSICAL REVIEW B 69, 125107 ~2004!
thev lines of different velocities (v50.5c and 0.9c) and the
light line v56ckx ~providedkz50) are overlaid onto the
projected band structure in Fig. 1. As can be seen in Fig
the shiftedv line of v50.5c and h51 in units of 2p/a is
inside the light cone ifva/2pc>0.333. For the shiftedv
line of v50.9c andh51, the line is inside the light cone i
va/2pc>0.474. In general, the shiftedv line of velocity v
andh51 is inside the light cone if the following condition i
satisfied:

va

2pc
>

v
c

11
v
c

. ~4!

This provides the low-frequency threshold of the SPR.
To describe the propagating direction of the SPR, it

convenient to introduce the polar coordinate~Fig. 2!. The
polar angleu is defined as the inner angle between the u
vector directed to a far-field observation point and thex axis.
The azimuthal anglef is defined on the yz plane. Since th
x component of the wave number vector of the SPR is gi
by kx5v/v2h, the polar angle of the SPR is fixed as

cosuh5

v

v
2h

v

c

, ~5!

at a given frequencyv. The azimuthal angle of the SP
depends on bothv andkz , and is given by

tanf5
kz

AS v

c
D 2

2S v

v
2hD 2

2kz
2

. ~6!

Since thekz integral is involved in the SPR spectrum, as w
derived in Paper I, the azimuthal angle of the SPR is
fixed.

In the photonic crystal we must combine the above kin
ics with the photonic dispersion relationv5vn(kx ,ky ,kz)
inside the crystal. We can expect that a large enhanceme
the EEL and SPR when thev lines ~including the shifted
ones! hit the photonic bands. This is caused by exciting ph
tonic eigenstates on thev lines. As depicted in Fig. 1, thev
lines are partially in the shaded regions that correspond
the bulk eigenstates and are also in the pseudogaps.
shaded region does not truly represent a continuous distr
tion of photonic eigenstates. Rather, it represents a dens
discrete distribution of them. This is due to our using a fini
thickness photonic crystal, and the quantization of the m
mentum along the direction of thickness must be conside
Therefore, by scanningv, the v lines hit a sequence o
discrete-level eigenstates. Thus, the EEL and SPR spe
reveal a rapid oscillation inside the shaded regions. Le
suppose that one of the eigenstates on thev line causes a
strong enhancement in the SPR spectrum. This yield
monochromatic radiation with a particular frequency, a
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thus the radiation is directed to a certain polar angle de
mined by Eq.~5!. However, it does not generally imply tha
the radiation is also directive as it relates to the azimut
angle. In Sec. IV, we will discuss how to obtain a directi
SPR relating to both polar and azimuthal angles.

III. BULK AND SURFACE STATES

Let us consider the EEL and SPR when a charged par
passes near the finite-thickness photonic crystal. In Fig. 1
v lines ofv50.5c lie in the shaded region of the lowest ban
at 0.2<va/2pc<0.33. The lines are inside the photon
band gap in the frequency region betweenva/2pc.0.33
and 0.52 and in the pseudogaps nearva/2pc. 0.6, 0.73 and
0.85. In contrast, thev lines of v50.9c lie in the shaded
region of the lowest band up tova/2pc.0.33. The lines are
also inside the photonic band gap and in the th
pseudogaps nearva/2pc50.53, 0.73, and 0.8. Inside th
band gap, thev line of v50.9c lies partially outside the light
cone.

As was mentioned, when thev line lies in a shaded re
gion, the charged particle excites a sequence of bulk discr
level eigenmodes in the region. Thus, the EEL and the S
spectra reveal a rapid oscillation. Figure 3 shows both
these spectra in the eight-layer-thick photonic crystal alo
the ~0,1! direction, wherev50.5c andkz50 were assumed
The distance between the trajectory of the charged par
and the plane bisecting the boundary layer is 0.5a. As was
derived in Paper I, the two spectra must coincide if there is
be no absorption in the photonic crystal. Owing to the sm
imaginary part in the dielectric function of silver, the EE
spectrum is nearly equal to the SPR spectrum in a wide
quency region including the band gap. Below the thresh
of the SPR the EEL spectrum has a sequence of very s
peaks that appear when thev line lies in the shaded region o
the lowest band in Fig. 1. Since this happens at rather
frequencies, an effective medium approximation is plausi
applied, so that the positions of these peaks can be estim

FIG. 3. The EEL~solid line! and SPR~dashed line! spectra in
the eight-layer-thick photonic crystal under consideration~See the
caption of Fig. 1!. The charged particle travels with velocityv
50.5c, maintaining a distance of 0.5a from the plane bisecting the
boundary layer.kz50 was assumed.
7-3
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TETSUYUKI OCHIAI AND KAZUO OHTAKA PHYSICAL REVIEW B 69, 125107 ~2004!
by the same procedure used in Paper I. Above the S
threshold, both spectra reveal a rich structure. At appro
mately va/2pc50.4, where the in-plane gap opens, t
spectra have no pronounced structure. Moreover, one
find a marked dip atva/2pc.0.61, where a pseudoga
opens. Here, the deviation of the SPR from the EEL is qu
pronounced. Generally, above the threshold, this devia
becomes large at high frequencies even if thev line is in the
shaded regions.

Though the band gap and the pseudogap can be iden
in the EEL and the SPR spectra, their effects can be cle
demonstrated when we divide the SPR spectrum into
transmitted and reflected SPR spectra with fixedh, with fo-
cus on the transmitted spectrum. The transmitted and
flected SPR spectra are defined by

Pem~v,kz!5 (
hPopen

@Pem
tr,h~v,kz!1Pem

rf,h~v,kz!#, ~7!

Pem
tr,h~v,kz!5 1

8 m0e2ve22ugh0
usghuQ11~h,h0!e1u2, ~8!

Pem
rf,h~v,kz!5 1

8 m0e2ve22ugh0
usghuQ21~h,h0!e1u2, ~9!

gh5AS v

c
D 2

2~kx1h!22kz
2, ~10!

where Q66 is the scattering matrix of the finite-thicknes
photonic crystal,e1 is the plane-wave coefficient of the in
cident evanescent wave accompanied by the charged par
andv/v is divided into the momentum in the first Brilloui
zonekx and a reciprocal latticeh0 ~See Paper I for details!.

Figure 4 shows both the transmitted and reflected S
spectra for the same structure as in Fig. 3. As illustrated
Fig. 4, the transmitted SPR spectrum is almost zero in
gap and the pseudogaps. However, this does not imply
the reflected SPR spectrum has a peak there, becaus
total SPR spectrum is a complicated function of frequen

FIG. 4. Transmitted and reflected SPR spectra of Umkla
shifted channelh51 in the eight-layer-thick photonic crystal unde
study. The transmitted~reflected! SPR spectrum is shown abov
~below! the horizontal axis. The same parameters as in Figs. 1
2 were used.
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Instead, the reflected SPR spectrum has no rapid oscilla
in these gaps. Apparently, the transmitted SPR intensity
creases as the number of layers increases owing to light
sorption. In contrast, the reflected SPR spectrum conve
to a certain function as the number increases.

In Figs. 3 and 4, there is another dip atva/2pc.0.67,
which does not correspond to any pseudogap in the phot
band structure. In fact, the dip is located inside the sha
region in Fig. 1. The dip appears at the intersection of
shifted v line of h51 and the line of the Bragg diffraction
threshold (v52ckx12p/a). Thus, the dip is somehow re
lated to the Rayleigh-Wood anomaly of diffraction grating4

In the band gap, thev lines may intersect the dispersio
curve of a surface-localized mode on the interface betw
the photonic crystal and air. This is the case for the struct
under consideration. As shown in Fig. 1, thev line of v
50.9c lies outside the light cone in the band gap, so tha
can excite a surface-localized mode. Fig. 5 shows both
EEL and the total SPR spectra in the 32-layer-thick photo
crystal, where the charged particle travels with velocityv
50.9c. There is a remarkable peak of the EEL spectrum
va/2pc.0.42. The peak is higher than any other pea
found in the shaded region. Since the peak is found in
in-plane band gap outside the light cone, the peak is att
uted to the surface-localized mode. By changing the velo
of the charged particle, we can trace the dispersion curv
the surface mode. The result was already implemented
Fig. 1. With this analysis, the electron energy loss spectr
copy is capable of experimentally determining the dispers
relation of the surface-localized mode.

IV. DIRECTIVE SMITH-PURCELL RADIATION

In the previous sections, we studied the effects of pho
nic bands on the EEL and SPR spectra in a finite-thickn
photonic crystal. There, the spectra were compared with
projected band diagram, which is obtained from the photo
bands of the corresponding infinitely thick sample along
stacking direction. In the eight- or 32-layer thick sample

p

nd

FIG. 5. EEL and SPR spectra in the 32-layer-thick photo
crystal along the~0,1! direction. The charged particle travels wit
velocity v50.9c, maintaining distance 0.5a from the plane bisect-
ing the boundary layer.
7-4
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fine structures of the EEL and SPR spectra can be cle
observed. However, as the number of layers increases
fine structures become hidden, owing to the nonzero im
nary part of the dielectric function of silver. As a result, n
marked peak of high quality can be found in the SPR sp
trum of the thick samples, whereas the EEL spectrum
has the very sharp peak of the surface-localized mode
view of coherent light source, it is advantageous to hav
sharp peak in the SPR spectrum at a particular freque
Moreover, the SPR is more useful when highly directive.

When we consider the photonic band structure in bulk,
wave vectors of the matched eigenstates to the charged
ticle are distributed on a surface in the first Brillouin zo
because the matching condition is given by

v5vn~kx ,ky ,kz!, ~11!

kx5
v

v S mod
2p

a D , ~12!

which generally has a two-dimensional solution in the m
mentum space. Therefore, it is difficult to realize a direct
SPR in a thick sample.

The above difficulty can be overcome either by consid
ing a monolayer of silver or by introducing a linear defe
into the photonic crystal. In the former case, we can
longer adapt the concept of the projected band structure
cause it assumes infinite thickness along the stacking d
tion. Instead, the band structure of the quasiguided mo
with finite lifetimes must be taken into account. The mod
have a two-dimensional dispersion relationv5vn(kx ,kz) in
which confinement of light in they direction removes theky
dependence invn . In the latter case, the linear defect c
support a wave guide mode localized in it. The wave gu
mode also has the two-dimensional dispersion relation. A
result, the wave vectors of the matched eigenstates in t
structures are distributed on a curve in the first Brillou
zone. Thus, it is simple to have a directive SPR.

First, let us consider the monolayer case. Figure 6 ill
trates the photonic band structure of the quasiguided mo
in the light cone as well as the true guided modes outside
light cone. Again, we setkz50 for simplicity. The quasigu-
ided modes in the figure were identified with the meth
given in Ref. 5, whereas the true guided modes were
tained by solving the secular equation det(S21)50, whereS
is the scattering matrix of the monolayer. It should
stressed that if the shiftedv line hits a quasiguide mode a
theG point, it yields a directive SPR emission normal to t
monolayer as long as no Bragg channels open. This scen
of the directive radiation emission is the same as tha
dipole radiation,6 where very high directivity is achieved b
exciting a quasiguided mode at theG point.

To explore the directivity of the SPR in the monolaye
the elastic differential cross section is introduced. At a f
field observation point specified by solid angleV5(u,f)
~see Fig. 2!, the only plane-wave components that contribu
to the differential cross section atV are those with the wave
vector parallel to the solid angle. Thus, the elastic differen
cross section of the SPR is given by
12510
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5cos2f sin2uhuth

1~v,kz!u2, ~13!

per unit azimuthal angle. Here, since the polar angle of
propagating direction is fixed as in Eq.~5! in the SPR, the
polar angle dependence of the differential cross sect
which is given by a Dirac’sd function atu5uh , was inte-
grated out. In Eq.~13!, th

1 , which stands for the plane-wav
coefficient of the electric field above the photonic cryst
has argumentkz equal to (v/c)sinuh sinf.

In order to attain a directive SPR normal to the mon
layer, uh must be equal to 90°.7 This can be achieved by
imposingv/v5h and by takingv to be the frequencyvG of
one of the quasiguided modes at theG point. For instance,
putting v5vGa/2pn ~where n is an integer! yields uh
590° for the channel ofh5n in units of 2p/a. We should
note, however, at a typical velocity of the electron used in
EEL spectroscopy in a scanning transmission electron mi
scope (v.0.5c), only the channel ofh51 ~in units of
2p/a) is favorable for the directive SPR. This is because
the frequency region relevant to the higher channels oh
>2 the photonic band structure is so dense in frequency
we will not be able to obtain the SPR of monotonic fr
quency. In the following discussion we thus restrict ourselv
to the channel ofh51.

As presented in Fig. 6, the quasiguided modes appea
va/2pc50.544, 0.759, and 0.870–0.877. However, t
lower two modes yield very broad peaks in the SPR sp
trum, reflecting that the corresponding peaks of the opt
density of state are very broad in frequency. In contrast,
latter three modes combined yield a sharp peak in the S
spectrum. Thus, we may expect a directive SPR norma
the monolayer to take place.

The scattering cross section of the SPR atva/2pc
50.870, providedv50.870c, is shown in Fig. 7. In this
case, the directivity of the SPR is not so high owing to t
rather flat dispersions of the relevant quasiguided mo

FIG. 6. Photonic band structure in the monolayer of silver c
inders. The same parameters as Fig. 1 were assumed. The
~solid! circles are the even~odd! modes with respect to the plan
bisecting the monolayer, The thick solid line represents the bou
ary of the light cone; the thin solid line is thev line of v50.87c.
7-5
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TETSUYUKI OCHIAI AND KAZUO OHTAKA PHYSICAL REVIEW B 69, 125107 ~2004!
along kz . Furthermore, two small peaks of the angular d
tribution of the differential cross section are observed af
.120° and 240° in the reflected SPR. They represent
simultaneous excitation of another quasi-guided mode
fact, we found that the band that terminates the quasi-gu
mode of va/2pc50.759 at kz50 intersects the line o
va/2pc50.870 near the light linev5ckz . The quasi-guide
mode at the intersection is responsible for the small pe
Therefore, in order to obtain directive SPR using t
quasiguide modes, the dispersion of the quasiguided m
must be optimized.

Next, we consider a linear defect introduced in the silv
photonic crystal employed in the preceding section. We fi
assume a nine-layer-thick photonic crystal, i.e., a stack
nine identical monolayers of the cylinders. We then remo
the fifth layer altogether, leaving the linear defect paralle
the xz plane, which is sandwiched by four layers on ea
side. The resultant EEL and SPR spectra reveal a sharp
nance at the frequency of the wave guide mode. Thus
tracking the peak frequencies as a function ofkx andkz , we
can determine the dispersion relation of the wavegu
mode. The dispersion curve obtained in this way is plotted
Fig. 1. Moreover, an ordinary transmission calculation acr
the linear defect can also determine the dispersion curv
the light cone.8 We have examined both methods, and t
results are wholly consistent. As seen in Fig. 1, the disp
sion curve lies mostly in the light cone, so that the S
spectrum is strongly affected by the wave guide mode.

A wave guide mode can also be utilized for directive S
because it also has a two-dimensional dispersion relatio
should be stressed here that the in-plane gap shifts upwa
frequency with increasingukzu. The dispersion curve of the
wave guide mode behaves similarly, as will be seen la
Moreover, theG point is a minimum as a function ofkx .
This yields the dispersion relation approximated arou
(kx ,kz)5(0,0) with

v5v01akx
21bkz

2 ~a,b.0!, ~14!

FIG. 7. The azimuthal angle (f) distribution of the SPR in the
monolayer of the silver cylinders. The velocity of the charged p
ticle and the frequency were taken to bev50.870c and va/2pc
50.870, in order to excite the quasiguided mode at theG point. The
distance between the trajectory of the charged particle and the p
bisecting the monolayer is 0.5a.
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v0 being the eigenfrequency of the wave guide mode
(kx ,kz)5(0,0). When v and v are chosen such thatv
5v0 and kx50, kz50 is also derived. Thus, the shiftedv
line only hits the waveguide mode atkx5kz50 at this fre-
quency. This yields a highly directive emission of SPR
ward (u,f)5(90°,0°).

A similar directive radiation emission was studied in co
nection with the antenna application. Temelkuranet al., re-
ported that by introducing a planar defect in a woodp
structure with a complete photonic band gap, highly direct
dipole radiation is achieved with the aid of the resonance
the planar defect mode.9

The scattering cross section of the SPR atva/2pc
50.351, which corresponds to the wave guide mode

-

ne

FIG. 8. The azimuthal anglef distribution of the SPR in the
photonic crystal with a linear defect. The velocity of the charg
particle and the frequency were taken to bev50.351c and
va/2pc50.351, in order to excite the wave guide mode
(kx ,kz)5(0,0). The SPR is highly directive, compared with th
monolayer case.

FIG. 9. The photonic band structure of the square photonic c
tal under consideration~See Fig. 1 caption! is projected onto thekz

axis, providedkx50. The shaded regions correspond to the b
eigenmodes, whereas the blank regions correspond to the~pseudo!
gaps. The thick solid line is the light linev5ckz and the thin solid
line stands for the dispersion relation of the wave guide mode
calized in the linear defect of a missing column. The dotted line
of va/2pc50.351.
7-6
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RELATIVISTIC ELECTRON ENERGY LOSS . . . . II. . . . PHYSICAL REVIEW B 69, 125107 ~2004!
(kx ,kz)5(0,0) ~the value of the dash-dotted curve atkx50
in Fig. 1!, is shown in Fig. 8. Here, we assumed that t
charged particle travels with velocityv50.351c inside the
linear defect, keeping the same distance from the layers
sandwich the defect. In this case, only a wave guide m
with even parity with respect to the trajectory can be exci
because of the even symmetry of the incident evanes
wave accompanied by the charged particle. In addition,
upper and lower transmitted SPR’s are identical. As depic
in Fig. 8, the azimuthal angle distribution of the cross sect
is especially concentrated aroundf50° ~transmitted! and
180° ~reflected!. The high concentration is caused by the fa
that there is no matched bulk eigenstate inside the light c
other than the wave guide mode at (kx ,kz)5(0,0). This can
be clearly seen in Fig. 9. In this figure the photonic ba
structure is projected onto the thekz axis providedkx50,
that is, theG point of the surface Brillouin zone. Outside th
light cone the frequencyva/2pc50.351 is matched to the
bulk eigenmodes, which cannot couple to external radiat
Though these modes cause light absorption in the phot
crystal, the emitted light of the SPR is highly directive at th
frequency.

V. SUMMARY

In this paper, we analyzed how photonic bands affect
EEL and SPR spectra in a two-dimensional metallic photo
ys

e
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crystal composed of silver cylinders whose plasma wa
length is comparable with the lattice constant. The spe
are well correlated with the photonic band structure of
sample with and without a structural defect. In particul
photonic band gaps, pseudogaps, surface-localized mo
and wave guide modes in the spectra can be identified. T
the EEL spectroscopy and the SPR measurement in a s
ning transmission electron microscope provide an exp
mental method to determine such gaps and modes. Howe
possible fine structures in these spectra are hidden in a t
sample because of a nonzero imaginary part in the dielec
function of silver. This precludes the use of the SPR a
coherent light source in regular metallic photonic crysta
We proposed two routes to avoid this problem. One is to
the monolayer of the cylinders; the other is to use a lin
defect introduced in the metallic photonic crystal. In bo
cases, we can obtain highly directive SPR’s by tuning
frequency as well as the velocity of the charged particle.
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