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Relativistic electron energy loss and induced radiation emission in two-dimensional metallic
photonic crystals. I. Formalism and surface plasmon polariton
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A fully relativistic description of the electron energy loss and the induced radiation emission in arbitrary
arrays of nonoverlapping metallic cylinders is presented in terms of the multiple scattering method on the basis
of vector cylindrical waves. Numerical analysis is given for dilute and dense arrays of Aluminum cylinders
with a nanoscale diameter. The results of the electron energy loss spectrum are well correlated with the
dispersion relation of coupled surface plasmon polaritons, and can be interpreted with an effective medium
approximation when the electron runs inside the arrays. In addition, the cavity modes localized in the grooves
between the cylinders can strongly affect the electron energy loss spectrum.
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[. INTRODUCTION transfer matrix method and in the boundary element method,
the accuracy of the results reduces to some extent at high
Recently, much interest has been attracted in optical prog¥equencies.
erties of composite materials such as cluster of metallic Here, we present a fully relativistic multiple-scattering ap-
nanoparticles, photonic crystaf:®* and left-handed Proach focused on arrays of nonoverlapping cylinders by us-
material?*=® They have the potential ability to enhance vari- ing vector cylindrical waves. Though at present the method
ous optical processes with their rich spectrum, and will be &0rks only for the cylinders with isotropic dielectric func-
key component of future optoelectronics devices. So fartions, in principle it can work for anisotropic cylinders such

their properties have been investigated mainly with far-field®S Multiwall carbon nanotubeWith this method the light

optical equipment. However, near-field responses of them aricattering, as well as the EEL and the induced radiation

of great importance, because much information can be a emission in arbitrary arrays of nonoverlapping cylinders can

tained from the evanescent light involved in composite € t_reated n a un|f|ed_ manner t?Y solv_lng exactly the
materials. multiple-scattering equation. In addition, since the method

. utilizes the Fourier decomposition along the cylindrical axis,
The electron energy los€EL) spectroscopy in a scan- P g y

. L ) . the local optical responses of a certain wave vector along the
ning transmission electron microscope is closely related Q.yis can pe obtained. This property is feasible in order to see

the near field, and is a quite useful tool to investigate bothy,o effects of the localized electromagnetic modes of cylin-
bulk and surface excitations of samples. In a typical EELgers in detail. We should note that our method is optimized
experiment the kinetic energy of electron is on the order ofy, arrays of nonoverlapping cylinders. In contrast to the
100 keV, and a low-energy part of the EEL spectrum is reimethods based on the spatial discretization, it maintains high
lated to a collective excitation such as surface plasmonaccuracy even at high frequencies. Though in this paper we
Thus, the spectrum is well interpreted in terms of a classicafestrict ourselves to the low-frequency region, we will deal
macroscopic theory on the basis of an effective dielectrianith the high-frequency region in Paperl.
function, taking account of geometry and anisotropy of A certain amount of the EEL in composite materials is
samples. For instance, the EEL of a multiwall fullerene cancaused by the induced radiation emission. As for a metallic
be well explained with an effective dielectric function of the nanoparticle, this phenomenon is known as the surface plas-
corresponding Graphite sheéts. mon radiation emissioff. By arranging nanoparticles peri-
There are extensive references on the EEL spectrum favdically, so-called Smith-Purcé8P radiatiorf?? takes
various geometrical objects!! though most works neglect place. One of the authof.0.) and his collaborators have
the retardation effect. As for the composite materialsstudied the SP radiation in the photonic crystals composed of
Maxwell-Garnett (MG)-type approximations have been dielectric spheres in detail, where a notable enhancement of
widely used. In the last decade a remarkable progress hdke intensity of the SP radiation takes place owing to the
been made on this subject. Pendryal. proposed a new singular state density of photon in the photonic crystaié®
theoretical method for the EEL of periodically arrangedHowever, to the best of our knowledge, none has been re-
nanostructuréd in terms of the real-space transfer matrix of ported concerning the radiation emission from arrays of cyl-
the electromagnetic wavé Garca de Abajcet al.developed inders. Thus, the quantitative evaluation of the radiation
a multiple-scattering method for clusters of nanoparticles, oremission in the arrays is another theme of the paper.
the basis of vector spherical wavé¥®and of the boundary On the other hand, the determination of the effective di-
element method®!’ These methods are very powerful and in electric function of composite materials is still valuable at
principle can be adapted to various complex geometriedow frequencies. It gives a concise explanation of the absorp-
However, owing to the spatial discretization used in thetion spectrum as well as the EEL spectrum of the composite
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materials in bullk® Moreover, the determination is an impor- lindrical waves®® From now on, we take the cylindrical axis

tant issue in the field of left-handed material, which hasto thez axis. Assume that a monotonic incident wave with a

negative permittivity and permeability simultaneously. Sev-momentumk, along the cylindrical axis is scattered by an

eral methods to determine them have been proposed by maigolated cylinder with a dielectric function,(w) and a ra-

authors?’~*Here, we propose an alternative method by us-diusr embedded in a host with a permittivity, . Through-

ing the scattering matrix of semiinfinite photonic crystals andout the papek,, is taken to be 1 in numerical calculations,

compare the EEL in the effective medium with that of pho-though we keep it unspecified in the following equations.

tonic crystal. The incident wave can be written as a superposition of vector
This paper deals mainly with the formalism of our methodcylindrical waves:

as well as the numerical analysis on clusters of Aluminum

cylinders whose diameter is a few nanometers, bearing car- 1

bon nanotube arrays in mind. In Paper Il we will deal with a E%(x) =gk ( AN \4 M Q(x)

metallic photonic crystal whose lattice constant is compa- Ap

rable with the plasma wavelength of the constituent metallic ik Ao

cylinders. Since it is very bulky to present a comprehensive +( : v+ —z) PNX) |, (h)
analysis on the EEL and the induced radiation emission in a Mol Gb

single paper, we should discuss the above topics separately.

In the nanostructures which are analyzed in this paper the .

relevant range in wavelength, which is near the surface t/fﬁ'O(x)=Z| Jnpp)e" gy (B=M,N), 2
plasma wavelength of metal, is much larger than the diam-

eter and than the pitch of the structure. As a result, effects of

usual photonic bands, which come from zone folding and o)

lifting of degeneracy on Bragg planes, do not appear in the No=Vap— K, gp= ey o )
EEL spectrum and the induced radiation emission spectrum

at relevant frequencies. In particular there is no remarkabl#herec is the speed of light in vacuump(#6,2) is the cy-
feature in the SP radiation emission spectrum. Instead, unindrical coordinatez is the unit vector along thedirection,
usual photonic bands of coupled surface plasmon polaritonand V| is the differential operator with respect tp,@). In
have a strong influence on the EEL spectrum at very lowthe present paper we take the following convention of the
frequencies. Moreover, in the relevant frequency range agquare root of a complex number: {fw=0 for Im(w)

effective medium approximation can be reasonably adapted 0. Sometimes, we call thi! (N) field the P (S polariza-

to the structure. As for the structure which will be discussedijon. At k,=0 the M (N) field corresponds to the TETM)

in Paper I, we will show that effects of the usual photonic polarization.

bands are very pronounced for the EEL and the induced ra- A metallic or dielectric cylinder scatters light irrespective

diation emission spectra. of whether the light is evanescent or not. By imposing the
The paper is organized as follows. In Sec. Il we briefly houndary condition of Maxwell's equation, we can solve the

summarize the vector cylindrical wave formalism. Using thescattering problem exactly. The induced wave scattered by
formalism the dispersion relation of the surface plasmon pothe cylinder is given by

lariton in an isolated metallic cylinder is obtained. The mul-
tiple scattering method is adapted to the EEL and the induced

s 2 . : . : : 1. )
radiation emission in clusters of metallic cylinders in Sec. Eind(x) = gikzz <_ =X V| gMind(x)
[ll. In Sec. IV the expression of the EEL in metallic photonic Ap
crystals is derived. The numerical results of the EEL spec- ik N
trum are compared both with those of the isolated cylinder ( z v+ _bi) PN || (4
and with those of an effective homogeneous medium. Fi- A0 db
nally, we summarize the results.

PPN =2 Hi(hpp)e! &)
Il. SURFACE PLASMON POLARITON IN AN I
ISOLATED CYLINDER

An infinitely long metallic cylinder with a circular cross B.ind_ 88’ 8.0

section can support an electromagnetic surface-localized wf =2 Py, ©)
IBI

mode which is called surface plasmon polarit@PB. The

SPP is characterized by an angular momentyra wave  Here, H, is the Hankel function of first kind antf?" is the
numberk,, and an angular frequeney, owing to the rota-  t-matrix of the cylinder, its analytical expression being
tion invariance with respect to the cylindrical axis, the trans-

lational invariance along the axis, and the translational in- (MM (MN MM gZMN| g<MM g<MN| -1
variance of time, respectively. Before considering its | : [ ' ! '
dispersion relation, it is valuable to note some formulas of ( ) ( ;M d|>NN> ( d-M d|<NN> '
the light scattering by an isolated cylinder using vector cy- (7)

(M N
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' : K.(po P
dyMM g MN Ppdi (pa)di(pp) = padi(pa)di (pp) I—f(—g—-f)h(pJJKpm
( : ! — Ja\Pa Pob ®
dr™MM e kz(Pb pa> 9a s ,
[—|———]J J —nJd/ J ——5.J] J!
O\ pa po 1(pa)di(pp) e 1 (Pa)Ji(pp) 3.7 1(pa)di (pp)
! / z[Pb  Pa
dMM - g=MN pudi (pa)Hi(pb) — padi(pa)Hi (pp) |—<———)J|(Pa)Hl(pb)
( l ! - Ja\Pa Po ©
dI<NNI dI<NN - kz(Pb Pa) Ja db '
[ —|———]|J H —nJ/ H ——5.J] H’
G\ pa pp) Y1PaHi(pe) o ppdi(pa)Hi(pn) = Gmpadi(pa) Hi (po)
. w
pi=Nir (i=ab), Na=Vai-K, da=\ea (10

It should be emphasized that exceptkgr=0 orl=0, theM  cylinder is concerned. The dielectric function of the Alumi-

(N) polarization mixes with theN (M) polarization in the num can be approximated well with the following Drude

induced wave. This property is quite distinct from the case oformula:

an isolated sphere, where the polarization mixing does not

take place. In the light scattering by cylinder there is another

distinct point from that by sphere. Sinag is the wave num-

ber in the ,y) plane, the induced wave is evanescent when

\}, iS pure imaginary. On the other hand the induced wave byt @, and# 7 being 15 eV and 1 eV, respectively. The small

the sphere behaves ag(qp|x|), whereh, is the spherical diameter of the cylinder is comparable with that of a carbon

Hankel function of first kind. This means that induced wavenanotube and the plasma frequency is equal to 3.67

by the sphere is always real and has a net flufxat X 10" Hz and to 82.7 nm in terms of wavelength, which

irrespective of whether the incident wave is evanescent ogorresponds to ultraviolet light. Though the cylinder has a

not. nanoscale diameter, it seems still reasonable to apply the
Next, we focus on the SPP mode in an isolated metallignacroscopic dielectric function to the cylinder.

cylinder. The SPP mode is a real eigenmode in the cylinder In Fig. 1 the dispersion relation of the SPP modes of the

and can exist without the incident light. Therefore, takingAluminum cylinder is shown. In this case the SPP mode with

account of Eq(6) the equation that determines the disper-I=0, which is the solution ofd;""=0, is quite distinct

2

=1 o 13
ga(w)= T o(otin)’ (13

sion relation of the SPP is given by from those withl=1. The mode with =0 ends atw=0 and
_ has positive slope in thea(k,) space, whereas the other
MM gMN) 1/ M. ind modes end at finitav on the light line w=ck, and have
(NM (NN gvind =0. (11)  negative slopes. A$ increases, the dispersion curves ap-
! : : proach tow= w,/+/2. Though the dispersion curves end on
Like as the SPP on a flat metal/air interface, whose disper-
sion relation is given by the pole of the interfaBematrix 038 I T T
between the metal and air, the dispersion relation of the SPP
in a metallic cylinder is given by the pole of thenatrix. The =1
above equation leads to the following secular equation: 061 =2 ]
d|<MM d|<MN sm i )
det( Y d<NN> =0 (12) 3%
| | L 1=0 i
for the SPP mode with angular momentlinstrictly speak- 0.2 .
ing, we must say that the SPP mode is referred to the mode
with pure imaginaryA ,, when the cylinder is of metal. The
secular equation also determines the dispersion relation of 00— 4 3 ' 10
the guided modes, in whick, is real and positive, when the ck/mp

cylinder is of dielectric.

For simplicity, from now on, we restrict our consideration  FIG. 1. The dispersion relation of the surface plasmon polariton
to an aluminum cylinder with diameter 2.5 nm, though theof the Aluminum cylinder with diameter 2.5 nm in air. The loss-less
formalism presented in the paper can be adapted to any typ@sude dielectric function withiw,=15 eV was assumed for the
of cylinders as long as an isotropic dielectric function of thealuminum cylinder. The bold line is the light line=ck, .
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the light line, they can be extrapolated inside the light cone. dk, . 1.

With this extrapolation we can understand how the SPP reso-  E%(X, @)= j ﬁe'kZ(z_ZO)[( — 22XV Y (x)

nance occurs when real light is incident on the cylinder. The b

resonance also affects significantly the induced radiation ik, Ao~ No

emission when a charged particle passes near the cylinder. ()\DQD ha q—Z) o (X) ], 17
. ELECTRON ENERGY LOSS IN l//'g’O(X):Z Ji(Np|x— X, |) €1 X Xa) 6.0 (18

CLUSTER OF CYLINDERS

The formalism presented above serves to describe the Mo Ho€w (6052 0 ¥0) i i
EEL and the induced radiation emission when a charged par- ha — 5 € e Ya™Yo (i)\—)l e "% (19
ticle runs near a cluster of cylinders. In this method the re- b
tardation effect is fully taken into account, though the recoil foew Koo
of the charged particle is neglected. In a typical EEL experi- l/f|N0? 0 '(w’v)xa*iy(yayo)(z—)i'e“GK*,
ment the kinetic energy of the electron is about 100 keV, 2 bV YAp
whereas the total energy loss is less than 0.01% of it, so that (20
the assumption of neglecting the recoil is fairly justified.  Here, 6+ is the argument of two-dimensional vectr-
Let us consider a charged point particle with a chage =(w/v,* y) for a realy. In the case of a pure imaginasy
and a velocity runs near the cluster composed of nonoverwe must definedy - as
lapping metallic cylinders aligned in thedirection, whose
positions are specified by two-dimensionalgndy) vector L oo wlv*iy)'
X (@=1,2,...N), Nbeing the number of the cylinders. For ee= T '
simplicity, we assume that the charged particle does not pen-
etrate any cylinders in the cluster and the trajectory of théVloreover,= in Eqs.(19) and(20) corresponds to the sign of
particle is perpendicular to the cylindrical axes. ThereforeYo—Y. and ¢’ is the multipole coefficient of the incident
without losing generality, the position of the particle at time wave for cyllndera. We should note that the, integration is
tis taken tox;= (vt,yq,20) in the Cartesian coordinate. As is involved in Eq.(17). However, sincé, is a conserved quan-
known well, a running charged particle is accompanied bytity for the cluster, each cylindrical wave with fixdd is
the electromagnetic wave that is given by independently scattered by the cluster.
The incident evanescent wave is multiply scattered in the
cluster of the cylinders. By using the multiple-scattering

(21)

E%(x, )= — wpmoe [ dk, e © x+iyly—yol +ik,(z— 20) mgthod, the induaed radiation field is. self-consist_en';ly deter-
2 ) om mined as follows? If we focus on cylindera, the incident
(14  wave consists of the direct terfiEq. (17)] plus the sum of
the induced wave scattered by another cylindér There-
fore, the induced wave from cylinder is obtained by mul-
1 1 1w\ tiplying the t matrix of cylinder« to the multipole compo-
AT nents of the incident wave reexpanded arowmdk,. As a
1o result, the self-consistent induced wave is determined as
€= e , (15
Qp v ind _ [ dk ik,(2— 20) (_i‘ M, ind
1wk, E (x,w)—f 27_re 0 )\bzXVH s (X)
2 v .
e ( K )wN ") |, (22
ApQp
2 @ ’ 2 . _ .
Y=V Tk (16 YA =2 Hhplx—x e 0T, (23
in the time-Fourier component. Here, the superscrip¢ of ind__ 0 /; .nd
referred to the sign of—vy,. If the light velocity in the Wfa 2 tf (w'ﬁa +Z L;;‘a Crairar i,
background medium is smaller than the electromagnetic (24)
wave becomes real, yielding the Cerenkov radiation. Here,
we restrict ourselves to the regian<c/\/e,, so that the Giuyr ,:Hl/7|()\bpm,)ei(l'7|)9aa,_ (25)

electromagnetic wave is evanescefti$ pure imaginary.

The above expression can be transformed into a lineddere,G,, - is the propagator from cylindet’ to «a, and
combination of the vector cylindrical waves centeredxat in its expressiorp,, andé,,. are the magnitude and the
=X, as argument ofx,—x,, respectively.
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As was mentioned in Sec. Il, the induced wave contains 24 T T T T T
propagating components with reg}, which have a net flux I ck Joo =10 |
at p—oo. This implies that a radiation emission takes place 20
when a charged particle passes near the cluster. As a result, § I ck Jo =8
the charged particle losses its energy via the emission. In = 'y 16
addition, if the cylinders are lossy having positive imaginary = | ck Jo =6
part ine,(w), a part of the energy is absorbed in the cylin- ﬁ, 12
ders. The total energy loss is then the sum of the radiation g SM
emission and the absorption. Qualitatively, the loss can be ;% I
calculated with the exerted force by the induced field react- 4
ing on the particle. Thus, its expression is given by I
e _ _ % 93 04 06 038 1
Pei(w)=—Re dte 'tv. EMY(x, ,w) (26) /o,
per unit angular frequency. The integral oveyields FIG. 2. The electron energy loss spectrum in an isolated Alumi-
num cylinder with diameter 2=2.5 nm. The spectrum is given in
units of uoc€r/2 and consecutive curves are shifteirithe same
Pel(w)= f Peil(w,ky) (27) units) upward for readability. The velocity of the charged particle

was taken to be& =0.4c. The impact parameter, i.e., the distance
between the cylindrical axis and the trajectory of the charged par-

Pel(@,ky) = _ez Re{ “i(@)X =i vlyoYa)(—j)lell k= ticle, is 2.5 nm.
M,ind__ N,ind em(w kz)_ N E E tﬁ'g l;b (35)
w SO yw (28) oo T3 |5
Here, = in the above equation is referred as the sigryef First of all, let us consider the EEL in the isolated alumi-
“Ya- _ ~ num cylinder. The EEL spectrum of the cylinder has a se-
On the other hand the net flux of the induced radiationquence of peaks at the frequencies of the SPP modes. This is
emission is obtained by because thé¢ matrix has a SPP pole on the real axis in the
1 complex plane ofw as can be understood in EqS) and
— lim _f dzdo 29 (12). To see the correspondgnce of the dispersion relation of
eml @ P @9 the SPP, Fig. 2 shows the integraRg,(w,k,) of the EEL

spectrum, changing thk, value from 0 to 10 in units of
X Re (EM(x,0))* X H"(x, 0)]- p. (30) wp/c. Here, the velocity and the impact parameter of the
charged particle were taken to 6.4nd 2, respectively. One
per unit angular frequency. Using the asymptotic form of thecan find the main EEL peak appears neas wp/\/— where

induced field Eqg. (22)], the net flux turns out to be the SPP bands with=1 exist. In contrast to the fine struc-
ture of these bands in Fig. 1, no fine structure can be ob-
_f %P K 31 served in the peak. This is a direct consequence of rather

em(®) 427 en(@.Kz), (31) large imaginary part in the dielectric function of Aluminum,

which yields a broadening and mixing of the SPP bands with
I=1. The peak frequency decreases with increakingre-

Per(@,k,) = 2 M9)|2+]tN(0)|?), (32  flecting the negative slopes of these bands. In addition to the
main EEL peak another EEL peak appears much below
5 ) :wp/\/i_ This peak comes from the SPP mode with0,
8(0)= \| ——>, e MopXetilg_jl+1ybind (33 as can be understood clearly by comparing with the disper-
ThpTa ’ sion relation of the SPP mode with=0. In fact the peak

frequency increases quite remarkably with increasigg
tracing the dispersion curve of the SPP wlith0. As a gen-
eral tendencyP. (w,k,) decreases with increasink,)|.
Next, we consider how the imaginary part affects the per-
centage of the radiation emission in the EEL. To this end, we
_ show in Fig. 3 the integrated EEL spectrig,(w) and the
el @:k) =Pen(w,k;) 39 integrated radiation emission spectrum,(») at 7
This equality serves as a criterion of the correctness and the 0,1 eV. At »=0 these must coincide. As can be seen,

The cutoff of thek, integral comes from the fact that the
scattered wave becomes evanescent Whgirq, . If there

is no absorption in the cylinder, the energy loss must be
equal to the net flux of the radiation emission, that is,

convergence of numerically calculated EEL spectrum. when the imaginary part i, is introduced, the radiation
In the case of an isolated cylinder, the integration ofer emission spectrum is almost unchanged from that in the loss-
in Eqg. (32) can be performed analytically, yielding less cylinder except for the SPP frequency region. However,
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232
2.12
192
1.73
1.53
1.33
113
0.928
0.728
0.529

3 e I 10° 0.329
E /
P -3 -2 -1 0
- -~ =104
//// 10 x[nm]
// . . - - .

[ ! L ! 5 FIG. 5. The field intensity|H,(x)|? induced by a running

02 04 (g]g) 0.8 charged particle whose velocity is @.4is plotted at k,,w)
P

=(0,0.523;), where a peak is observed in the EEL spectrum. The
FIG. 3. The integrated EEL and the radiation emission spectra ir?Olid line stands for the edges of the two cylinders. The trajectory of

the isolated aluminum cylinder. The same parameters as for Fig. 513 charged particle is gt=—1.35 nm.

were used.
trajectory of the charged patrticle is 2n (a) and (b), and is

) . . 1.08 in (c) and (d). As expected, if the two cylinders are
the EEL spectrum receives a drastic change. According to th\?/ell separated along the trpajectc[lt;ase(a)], the SI/EEL spec-

figure, the EEL is dominated by the absorption in the cyl|n-trum per cylinder has a single peak na&pr/\/E, though

d_er u_nder study. Therefore, the eff|<_:|ency for converting thean asymmetry of the peak is observed. In césethe two
kinetic energy of the charged particle to the radiation via_ .. AN

. cylinders are separated along the normal direction of the tra-
surface plasmon is very low.

Finally, we consider how the spectra change when anothé?cmry' This geometry Sti." yields a §ingle pe:?\k in the EEL
cylinder is added. In this case, the multiple scattering of thesptehctrum a%[”t:“’t%/\/? $|r1tce thﬁre ISI thte parity S)t/'mmetay
induced radiation significantly affects the spectra. As we WiIIW!th trﬁSpegd 0 the trajec ?ry,d 0 € e((:Ebr)o-gagtr;]e ¢ trr?o es
see, almost touched metallic cylinders causes a drastif' d .]f“tr? i pa”nl’. '3 invoived In clas t n hetﬁ er
change in the spectra as well as in the near-field configur 1and, It In€ Iwo Cylinders are very Close fo each omer, Sev-

tion. This phenomena is closely related to the surfacef':'ral.IOSS peaks appear at the frequencies far f.:%mﬁ. In
enhanced Raman scatteritg>4in which the intensity of the Particular, the spectrum of the ca has two marked peaks
induced electromagnetic field is enhanced more than a tho@t @/@p=0.52 and 0.84. The latter peak is shared also by
sand times as large as that of the incident intensity. As af@S€(C). The peak aiw/w,=0.52 is related to the weakly
example, we explored the EEL for various spatial arrange®S0nant cavity modes localized in the groove between the
ments of the two identical Aluminum cylinders. Figure 4 WO cylinders. To confirm this, we show the field intensity
shows the EEL spectr, (w,k,) with k,=0 corresponding [H,(x)|* at the peak frequency in Fig. 5. In the figure we can
to the arrangements shown in the insets(dnand (b) the ~ S€€ clearly that the peak is caused by the cavity mo_de in the
two cylinders are well separated, the distance between tH@ro0Ve. As for the peak ab/w,=0.84 we could not find a_
two cylindrical axes being #(r =1.25 nm), whereas ifc) clear evidence of the resonant cavity mode, as thg field in-
and(d) they are very close to each other, the distance beingns'ty atthe peak frequency has another local maximum at a

2.16 . The distance between the two cylindrical axes and th&oundary of the cylinder beside that in the grooves. This
eature suggests that this peak to be caused by a strong mix-

5 ing of a cavity mode and the SPP modes. If the electron runs

across the groove of the almost touched cylindease(c)],
the peak atw=0.52w, disappears owing to the symmetry
- mismatch and the peak at=0.84w, receives an enhance-
=l ment.
8 Regarding the radiation emission spectrum in the two cyl-
S inders, its features are more or less similar to those in Fig. 4,
i though the magnitude oP.(w,k,) is much smaller than
g s that of Py (w,k,).
QF
4,/ IV. ELECTRON RUNNING OUTSIDE
_______ s . ‘ S PHOTONIC CRYSTAL
92 ~os5 06 07 08 09 1

A photonic crystal that consists of a periodic array of
metallic cylinders has a rich spectrum in it, including infinite

FIG. 4. The EEL spectra in the two identical aluminum cylin- SPP bands for the TE polarizatiri® and a low-frequency
ders with various spatial arrangements shown in the inkets0  cutoff for the TM polarizatior’” Combining these properties
was assumed. See text for the other parameters. with a running charged particle, the system can react as a

0/0
P
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novel light emitter. In fact, when a charged particle passes
near the photonic crystal, it induces the emission of real pho-
ton as was first pointed out by Smith and Purcell for a me- . .
tallic grating®! In the photonic crystal, this phenomenon can . . _ g
be interpreted in two ways. One interpretation is as follows.
The incident evanescent wave from the charged particle ac-
quires an Umklapp momentum transfer in the photonic crys- _
tal, thereby coming into the light cone in the k) spacek .
being the wave vector parallel to the boundary of the photo- .
nic crystal. As a result, real photon is emitted from the pho-

wa/2mc

. . . . evanescent
tonic crystal. The other interpretation is to regard the phe-
nomena as a coherent radiation emission from different . . .
cylinders. Though these two interpretations are equivalent, 0.5 ' 1 ‘ 15 )

the two points of view give us a deep insight of the SP k a/2n
radiation in the photonic crystal.

In the case of an isolated cylinder, the induced radiation FIG. 6. The phase diagram of the induced radiation emission in
emission is possible Wheq§> k§, i.e., when the emitted @ periodic array of cylinders with lattice constants shown. The
light is inside the light cone of thea(k,) space. On the Smith-Purcell radiation i_s possible only in the s_:haded region of the
other hand, the condition that the evanescent light turns od#z:®) plane. The velocity of the charged particle was taken to be
to be a real photon via the Umklapp momentum transfer irf = 0-4¢- The solid line is the light lineo=ck,

the photonic crystal is given by _ _ )
cantly by the photonic band structure therein. Inside the

s o @ 27\? shaded region the EEL consists of the radiation emission and
G—ke—| 55| =0 (36)  the absorption, and they are independent physical observ-
ables.
a being the pitch of the photonic crystal. Therefore, the al- Like as in the case of cluster of cylinders, the EEL and the
lowed frequency range of the SP radiation is SP radiation in the photonic crystals can be treated in a uni-
fied framework with the multiple-scattering method on the
~ o~ o~ ~ 5 n2sy basis of vector cylindrical waves. Pendry and Martin-
w-<o<o., k SToZ (37 Moreno presented for the first time an unified framework in
(—) —&p terms of the transfer matrix method to argue the EEL and the
v SP radiation in photonic crystat The method is based on a

discretization of Maxwell’s equation on a spatial mesh in

- \/nzeb_ (E)Z_Sb T2 order to obtain the real-space transfer makfithey found
~ v v z that the scattering matrix, which is obtained from the transfer
W= c\Z2 ' (38) matrix, is directly related to the EEL and SP radiation spec-
(; —&p tra. Their algorithm is easily adapted to the two-dimensional

counterpar’®3° of the layer Korringa-Kohn-Rostoker-
Ohtaka (KKRO) method?®=*° which is a generalization of
dhe multiple scattering method to periodic systems. The
among the induced radiation fields from different cylinders'@yer-KKRO method has very high accuracy for the photonic
crystal under consideration. We should note that the three-

occurs, leading to the prohibition of the radiation emission.” ; .

This also implies that if there is no absorption in the photonicdimensional layer-KKRO method was already used for dis-

crystal, the concerned range in the,k,) space does not cussing the EEL and the SP radiation in three-dimensional
) 1 Z.

- 25,46
contribute to the EEL in the photonic crystal. The phase dialPhotonic crystals composed of sphefes ,
gram of the radiation emission at=0.4c is shown in Fig. 6. Let us assume that a running charged particle passes out-

In Fig. 6 the SP radiation is allowed in the shaded regionfSide a finite-thick photonic crystal composed of a periodic

The allowed region has the low-frequency cutoff which in- array of the Aluminum cylinders. The particle runs With dis-
creases with increasing value. Besides, in the allowed re- tances from the boundary;(zyin) parallel to the(;,O) di-
gion of the SP radiation the photonic density of state is infection of the square Iat.tlce. Here, We_take thax.|s to be
general singular including the Van Hove singularity. There_parallel to the(1,0) direction. A schematic illustration of the

fore, we may expect a quite rich spectrum of the SP radiatiosYStém under study is shown in Fig. 7. In this case the in-

in the photonic crystals. duc_ed raQ|at|on field in the (_)uter region of the photonic crys-
The rich spectrum is not limited in the SP radiation. Wetal including the particle trajectory is given by

should mention that the photonic band structure exists also

outside the shaded region of Fig. 6. As long as the imaginary ind MLoCw dk, K (ex)

part in e, is nonzero, the absorption of the induced radiation EM(x0)==-— ; 5 e "

is inevitable in the photonic crystal. This causes the EEL .

outside the shaded region, and the EEL is affected signifi- XQ_ 4 (h,hg) et e, (39

where w=wa/2mwc andk,=k,a/2x. If the above condition
is not satisfied in the light cone, a destructive interferenc

e
w
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1 2. a2l s
transmitted SP radiation Perl®,K,) =5 1o 0we 0

A — X 2 (|Qe(hho)e"|?

heopen

Q Q Q Q Q +1Q-+(h,ho)€"[?), (45

where the summation is taken over the open diffraction chan-

nels.
Q Q Q Q O If the cylinders are loss less in the photonic crystal, again
”””””””””””””””””””””””””””””””””””” Pel(w,k) =Pem(w,k;). This can easily be confirmed by
considering flux conservation through the photonic crystal:

> n7h(|Q++(h,ho)f+|2+|Q—+(haho)f+|2)

heope

=2|yp,[IM[(€")'Q_ (ho,ho)€"]. (46)

Here, we study two kinds of metallic photonic crystals.
One is a dilute photonic crystal that is composed of the
reflected SP radiation square array of the Aluminum cylinders with the lattice con-
stanta=4r=5 nm. The other is its dense version which

ary of the finite-thick photonic crystal, which is composed of acorresponds to the casgs and(d) of the coupled two cyl-

square array of cylinders with piteh The polarization vector of the INders treated in the last sectioa£2.1& =2.7 nm). The

evanescent wave accompanied by the charged particle is denoted Bjpotonic band structures of these photonic crystals,at0
e*. projected on the surface Brillouin zone associated with the

boundary parallel to th€l,0) direction of the square lattice

are shown in Fig. 8. The band structures were calculated by

using the two-dimensional layer-KKRO method taking,,

=5 and 12 in the dilute and dense photonic crystals, respec-

o) tively. Here, we dropped the band diagram of BéTM)

v Kx+ho, (41) polarization, because it is not relevant to our problem. How-

ever, at nonzeré, we must take account of both tisandP

5 B polarizations.

Y= 05— (keth)?—kZ, (42) In both the photonic crystals the plasma frequency of the

cylinder is much smaller than the lattice scale, so that the

where Q. . (h,h"), which has spatial tensor index, is the photonic band structure is very close to that of the empty

scattering matrix of the photonic crystdlk, is the Bloch lattice at high frequencies. However, belaw= w, many flat

momentum in the irreducible surface Brillouin zone associbands which characterize the metallic photonic crystals ap-

ated with the boundanh(=2nZ/a) is a reciprocal lattice pear. These bands are generally anisotropic, reflecting the

vector, andki,=(0.yin,Zo) in the Cartesian coordinate. In the C,, symmetry of the square lattice, and have a singular state

opposite outer region of the photonic crystal the induceddensity. In the dilute photonic crystal, many bands are con-

radiation field(transmitted SP radiation in Fig) & given by  centrated nearw=wp/\/§. This indicates that they are
merely a tight-binding coupling of the SPP of the isolated

FIG. 7. A charged particle runs with distanséom the bound-

Kp = (ke h, = vk, (40)

ind _ MoBw dk, - (XX cylinder. In principle, we can find infinite numbers of the flat
Efx0)==-— ; fze h ou bands around = w,/\2, and they are quite difficult to dis-
tinguish. On the other hand, in the dense photonic crystal the
XQ, 4 (h,hg) e e s, (43)  flat bands are diverse in frequency, whereas their center is

still at w:wp/ﬁ. Some of the bands are originated from
where Xq,i= (0.Yout:Z0)» Yout D€ING they coordinate of the the cavity mode localized in the groove of the two cylinders.
upper boundary. Quantitatively, the EEL per unit length ofHowever, most flat bands are considered to be related with
the particle trajectory is expressed by the following equationthe SPP of an Aluminum cylinder.
In Fig. 8 the dispersion line of the radiation involved in
the EEL, i.e.,o=v(ky,+h) (which is referred to as the
line) as well as the light linev= =+ ck, are also shown. Here,
XIm[(€")'Q_, (hg,hg) e ]. (44) v is assumed to be either @.4r 0. andh is taken to be 0.
In the frequency range concerned only the line with0 is
On the other hand the SP radiation Spectrum per unit |engtfﬁ|evant, because the threshold of the SP radiation OCCUrring
is given by along thev line of h=2/a is rather high w_=0.286 and

Pei(@,k;) = § moe?we™ 2 Mol y, |
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FIG. 8. The photonic band structure of the square lattice of the
loss-lesdi.e., =0) Aluminum cylinders ak,= 0 was projected on
the surface Brillouin zone associated with the boundary parallel to  FIG. 9. The EEL spectrum of the photonic crystalskat 0,
the (1,0) direction of the square lattice. I@) the cylinders are well  varying the number of layers. The velocity of the charged particle
separatedlattice constana=4r =5 nm), whereas ifb) the cylin-  was taken tw =0.4c. In (a) the cylinders are well separatédttice
ders nearly touchg=2.16=2.7 nm). constanta=4r), whereas in(b) the cylinders nearly toucha(

=2.16). The trajectory of the charged particle is just on the
0.474 in Eq.(38) for v=0.4c and 0.2, respectively. As a  boundary of the photonic crystél.e., s=0). Consecutive curves
result, the EEL is caused solely by the absorption in theare shifted 2 uoce’/8 and 5<uoce’/8 upward in(a) and (b),
frequency range concerned. When theline meets the respectively.
shaded region of the projected band diagram, the charged
particle can excite an eigenmode in the photonic crystal anslerges to a certain function which has single peak near
thus causes an enhanced absorption loss in EEL. Strictly wp/ﬁ. The converged spectrum is not so far from the
speaking, the projected band scheme should be used to uBEL spectrum of the isolated cylinder in which the single
derstand the feature of the photonic crystal with infinitepeak is found ak,=0. These features are consistent with the
thickness along th&'-X direction. Since we are considering numerical results on the projected band structifig. 8):
a finite-thick photonic crystal, the shaded region in Fig. 8The v line of v=0.4c hits only the flat bands nea®
must be regarded as a set of the dispersion curves of the wp/@. As in the isolated cylinder, we can infer that the
eigenmodes in the finite-thick photonic crystal. Apparently,single peak in the EEL spectrum is caused by the broadening
as the thickness increases, the dispersion curves fills up witlind mixing of the flat bands owing to the nonzero imaginary
the shaded region. partine,.

Figure 9 show$.(w,k,) with k,=0 of the two photonic As for the dense photonic crystal, there are several loss
crystals, varying number of layers. The velocity of the peaks whose positions change as the number of layers in-
charged particle was taken to 6.4nd the parameteswas  creases. Compared with the case of coupled two cylinders,
taken to zero. Concerning the dilute photonic crystal, thehe peak positions of the EEL spectrum in the photonic crys-
EEL spectrum has the double peaks nea#wp/ﬁ in the tal are well correlated with those of cagd) of Fig. 4. In
monolayer case. This feature already appeared in the resyrticular, the two peaks ab=0.55»w, and 0.8, at N
of the two separated cylindefsee Fig. 4, where an asym- =32 are of reminiscences of those in cddg and the cor-
metry of the loss peak is observed. As the number of layersesponding flat bands, which have relatively large widths in
increases, the double peaks disappear and the spectrum cdrequency, can be observed in Fig(b8 Again, above

wa/2mc
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0/ / MG, \ 2
—vylep+y'IR
160 0.2 04 06 0.8 1- YTy e(zeeﬁ exp2iyd)=0, (49
' ' ' ' vlept+ v IR &g
8_ —
® w)? 2
“o Y= - Bb_kx, (50)
S 6 4 C
= ]
;:N ab i w)?
g _ 7’=\/ ;) Re(egi) — Ky (51)
n,
2_ -
a 1 d being the thickness of the photonic crystal. By imposing
0 JL) . TN the matching condition of frequency and wave vector
0 001 002 00 004 005 006

k(= wl/v), the above equation has a sequence of solutions,
which agree with the positions of the sharp loss peaks of
FIG. 10. The EEL spectrum of the dilute photonic crystal having =0.9c in Fig. 10 fairly well.
256 layers ak,=0. The velocity of the charged particle was taken ~ The convergence dP¢ (w,k,) is a direct consequence of
to 0.4 (dashed lingand 0.2 (solid line). the convergence of the scattering mat@x , itself. As was
discussed by Botteret al, the converged value o
wal2mc=0.01 the EEL spectrum converges to a certaindives the reflectance of the semi-infinite photonic cry&tal.
function with increasing number of layers, though the con-This also implies that using the converged valu€xaf, , we
vergence progresses slowly compared with that in the dilutéan extract the effective dielectric function via Fresnel's for-
photonic crystal. A remarkable feature in this case appeardula of the interface S matrix. That is, for tiepolarized
below wa/27c=0.01, where a frequency shift of a small incident wave, the scattering matx_ . of the semi-infinite
loss peak is observed with increasihg In contrast to the Photonic crystal can be regarded as the interf8aeatrix
dilute photonic CrystaL in such low frequency region the between the baCkgrOUnd medium and the effective medium

line lies in the shaded region of the lowest band evervfor

wa/2rc

=0.4c, as can be seen in Fig. 8. This band does not originate ylep— ' e e
from the SPP modes, and thus the loss peaks found below [Q-+(ho,ho) Jpp= ————, (52)
wal2mc=0.01 is different in feature from that by the SPP Yiept v/ eer
bands.
The effects of the lowest band in the EEL spectrum can be w)? w)?
clearly demonstrated in the dilute photonic crystal with large y' = (E) Eeff— <—) (53

thickness, using a charged particle impinging with such high

speed that the line is in the lowest band in Fig.(8. Figure 00  — 0 was assumed. The effective dielectric function
1.0 shows th? two EEL spectra 0f=0.4c and 0.2 in the . €off Obtained in this way, along with that of Maxwell-Garnett

d|Iutg photonic crystal having 256 layers. As can be seen Bor the dense photonic crystal are shown in Fig. 11. The
the figure, the lowest band causes very sharp loss pealfﬁnction is not so far from the effective dielectric function of

wr:jose pos(ijtions a(;ehQis]Eributed belamalzq-rc:o‘.(OﬁS. In dMaxweII—Garnett, though some extra features ag/27c
order to understand this feature, we must remark that outside 4 419 ang 0.026 are observed. In the following section we

in th ding finite-thick photoni @l M Wil see that the EEL spectrum in the photonic crystal, when
In the corresponding finite-thick photonic crystal. IVIoreover, y,q charged particle runs inside the photonic crystal, is well

Vl%produced with the effective dielectric function having the
extra features. As for the dilute photonic crystal, our effec-
tive dielectric function is very close to that of Maxwell-
Garnett.

dielectric functione4(w), which is very close to that of
Maxwell-Garnetf’ to the photonic crystal under consider-
ation. The effective dielectric function of Maxwell-Garnett is
given by

1

fo V. ELECTRON RUNNING INSIDE PHOTONIC CRYSTAL
sgﬂﬁe(w)Zsb ) ,

(47 When a charged particle runs inside the photonic crystals,
the induced radiation field is rather involved owing to the
multiple scattering among the layers above and below the

a= fa” %p (48) trajectory. However, the scattering matrix formalism is
gatep’ readily adapted to the case as long as the particle does not
penetrate any cylinders in the photonic crystals. A schematic

f being the filling ration of the cylinders. Using this effective illustration of the system under consideration is shown in

dielectric function, the dispersion relation of the guidedFig. 12. In this case the induced radiation field reacting back

modes in thgloss-less effective medium is determined by to the charged particle is determined as

+ 1-fa
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/o ) ew dk
P d Mo z
En X, — j_
30 ') 02 04 06 08 1 12 (X, ) 5 ; o
§ (a A —_ R _
e X (aeln X0 bl () (54
- Im(-1/e)|
a=(1-Q4_Q",) QY _(e +Q" . €"), (55
bh=(1-Q".Q% ) 'Q"  (é"+Q% _€), (56

Effective dielectric function

I
0.02

where Q¥ is the scattering matrix of the uppéiower)
layers abovebelow) the trajectory andky=(0,yq,2). Be-
side, the Fourier coefficients of the upper and lower trans-
mitted wave, denoted bty , is also obtained as

0 0.01 0.03 0.04
2
wa/2me =3 QUi(hh)(€ dnyan), (57
o/, h
30002 04 06 08 1 12 .
t, = __ h,h, ~ Onr +b/ . 58
= | (b . —Re® h %Q ( )(€ Shrnytbn) (58)
£ i - Im(e)
g 20r i —- Im(-1/) 7 Therefore, the EEL and SP radiation spectra per unit length
% { i becomes
E i ]
% /" ii/ "‘\ Pei(w,k,) = _%M0e2w|7ho|lm[aﬁo' ei_bho'(er)*]y
B SR AN (59)
O T T
=
: W Pk = oo S w151, (60
E-IO— B spth e/ g im0 heopen it hi /s
0 0,'01 0.62 0.‘03 0.04 Again, the flux conservation in a loss-less photonic crystal
wa/2mc leads

FIG. 11. (a) The effective dielectric function for the-polarized
light in the dense photonic crystah€2.16). The cas&k,=0 was
assumed(b) The effective dielectric function of Maxwell-Garnett
in the dense photonic crystal.

Y w2+ 1D =—2]y, [Im[af - e —by, - (e7)*],
copen 0 0 0
(61)

which implies that the EEL is equal to the SP radiation emis-
sion.

At low frequencies we may expect that the EEL in a pho-
tonic crystal is somehow approximated by that of a lossy
effective homogeneous medium. As is known well, the rela-
tivistic EEL in such a medium with permittivity .« iS given

1

by
Hb

— 1_ —_ —

Y U/ Eeff
per unit length. Whene is real and the conditiorv
>c/ /e is satisfied, the above equation is equal to the Cer-
enkov loss. Otherwise, E462) can be regarded as the EEL
by the absorption. In a homogeneous metal the bulk plasmon
dominantly contributes to the EEL, because of the factor
1/86ff'

Figure 13 shows the EEL spectra of the dense photonic
crystal and its simulation using the effective dielectric func-
tion obtained by Eqs(52) and (53). Here, the charged par-

FIG. 12. A charged particle runs inside the photonic crystal withticle runs with velocity 0.4 between the 32th and 33th layer
an equal distance from the upper and lower nearest layers of thef the 64 layer thick slab of the dense photonic crystal.
trajectory. The plane wave coefficients of the induced wave in the One can observe that the frequency of the main loss peak
void stripe including the trajectory are denotedandb. is larger thanw=0.9w,, which is close to the bulk plasmon

1
Pel(w,k,)= ZMoesze[ ] (62
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o/ the cylinders. Such a cavity mode as well as the SPP modes
0.4 0.6 0.8 1 12 become the seed of the flat bands in a dense periodic ar-
vt Tt rangement of the metallic cylinders. After presenting a math-
- E?fm"'}ic crystal it ematical description of the EEL and the SP radiation emis-
- Effective medium sion in two-dimensional photonic crystals composed of
cylinders, we showed the numerical results of the EEL spec-
tra in both dilute and dense periodic arrays of the metallic
cylinders. In the dilute photonic crystal the EEL spectrum
has a simple structure. The spectrum has a single peak near
w=wp/\/§ and is not so far from the EEL spectrum in the
isolated cylinder. However, when a high-speed charged par-
ticle passes near the photonic crystal, a sequence of very
sharp loss peaks, which comes from the lowest photonic
doi 0.02 ' 0.03 ' 0.04 band guided in the finite-thick photonic crystal, are observed.
ma/2mc The peaks are comparable in magnitude with that by the SPP
bands. On the other hand in the dense photonic crystal the
FIG. 13. The EEL spectrum in the dense photonic crystal having=g | spectrum is very complicated reflecting the photonic
64 layers along th&-X direction is shown. The EEL spectrum in panq structure, though a good correspondence to the EEL
the effective medium whose dielectric function is given by Fig. 1156 0trym in the almost touched two cylinders is observed. In
is also plotted. The velocity of the charged particle is taken t0.0.4 both the photonic crystals the effective dielectric functions,

frequency. This is quite reasonable, taking account that th\éVh'Ch are obtained with the reflectance of the corresponding

. - ; Semi-infinite photonic crystals, fairly reproduce the EEL
dense photonic crystal has a large filling ratie §7%) and spectra when the charged particle runs inside the photonic
thus is close to the bulk metal of Aluminum. Beside the maincf)ystals ged p P

loss peak, two small peaks are observed in the EEL spec- . . .
. : o : In this paper we have restricted ourselves to various ar-
trum. Using the homogeneous medium approximation with . . i .
rangements of aluminum cylinders whose diameter is a few

the effective dielectric function obtained in the previous sec- . L :
nanometers, bearing carbon nanotube arrays in mind. Since

tion the above features are well reproduced. It should b?he plasma wavelength of Aluminum is much larger than the

emphasized that the small two peaks in the dense phOtonla?bove scale, a metallic photonic crystal composed of the cyl-

crystal cannot be explained with the effective medium theory P ) . ! .
MG inders behaves as if it has an effective dielectric function
of Maxwell-Garnett based osg;” given by Eq.(47).

R ding the EEL ; in the dilute photoni reflecting the coupled SPP’s, in the frequency range con-
al egarﬁmgt_ ed' | :[s,pe;: rurp Inthe II:J € ﬁho T\J/Imc C“I/IS'cerned. In addition the SP radiation from the photonic crystal
al, our efiective dielectric function as well as the Vaxwell- ;o completely absent. However, it is of great importance to

Garnett approximation reproduce the spectrum having @tudy the EEL and the SP radiation emission spectra when

W
[t
T

0 &
< [=]
T T

P_(@k )/(1,ce’/8)
(=]
(=

single peak neawn=w, /42 fairly well the lattice constant is comparable with the plasma wave-
length of the constituent cylinders. In this case an effective
VI. SUMMARY medium approximation cannot be adapted and usual photo-

nic bands affect strongly the EEL and induced radiation
5emission spectra. To explore the spectra in such metallic
(photonic crystals with and without a structural defect is the
nmain theme of Paper II.

In this paper we have presented a fully-relativistic analy
sis of the EEL and the induced radiation emission in variou
spatial arrangements of metallic cylinders by using the mu
tiple scattering method and the layer-KKRO method. In a
isolated metallic cylinder with a nanoscale diameter we
showed that the EEL is dominated by the absorption rather ACKNOWLEDGMENTS
than the induced radiation emission. Thus, the efficiency of The authors would like to thank J. Inoue and S. Yamaguti
converting the kinetic energy of the charged particle to theof Chiba University for useful comments. This work was
radiation emission is very low. In the two identical metallic supported by “Promotion of Science and Technology” from
cylinders a variety of EEL peaks appear. Some of them aréhe Ministry of Education, Sports, Culture, Science and
attributed to the cavity mode localized in the groove betweermechnology of Japan.
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