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Photonic crystals versus diffraction gratings in Smith-Purcell radiation

Syuichi Yamagutt, Jun-ichi Inoué, Olivier Haeberl¢® and Kazuo Ohtaka
IDepartment of Applied Physics, Faculty for Engineering, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan
2Center for Frontier Science, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan
3Group LabEl Laboratoire MIPS Universitde Haute-Alsace IUT de Mulhouse, 61 rue Albert Camus, 68093 Mulhouse Cedex, France
(Received 9 July 2002; revised manuscript received 3 September 2002; published 7 Novemlper 2002

The emission cross section of Smith-Purcell radiation is calculated for a charged particle running near the
surface of a photonic crystal. The cross section of a photonic crystal of arrayed dielectric spheres and that of
a diffraction grating are compared. It is shown that well-defined photonic bands of the photonic crystal bring
about a spectrum full of resonant structures of enhanced intensity, whose peak heights are an order of magni-
tude larger than the emission intensity of the diffraction grating. The results of calculations thus show a
possible advantage of photonic crystals over diffraction gratings as a converter of the evanescent field from a
running charge into propagating waves.
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[. INTRODUCTION spectrunf They found that the resonant enhancement grow
progressively as the slab becomes thicker.
Smith-Purcell radiatiofSPR is a mechanism of photon In the case of diffraction gratings* and 1D periodic

emission from a charge running near a periodic array of scascatterers? too, the SPR spectrum has a nontrivial frequency
terers of electromagnetic waves. The evanescent field emitdependence, as observed both experimentally and theoreti-
ted by the running charge, present only close to its trajectorgally. The spectrum is often characterized by the appearance
and hence unable to be observed at a distant observatia@i frequency ranges of enhanced intensity, in connection
point, acquires an umklapp momentum shift due to scatteringvith the opening of a diffraction channel as the photon en-
and is eventually converted into an observable plane wavesrgy increases. This is a kind of Wood anomaly, the name
Since the pioneering discovery of this light conversion pro-given to any singular behavior in grating optics that takes
cess by Smith and Purcélldiffraction gratings have been place associated with the opening of a diffraction
conventionally employed to make use of the one-channel®=?°As compared with the resonances in photonic
dimensional(1D) umklapp scattering by surface corruga- crystal, however, such frequency ranges of enhancement
tions. Because of the easiness of the fabrication, the studyould presumably be much broader and the peak heights of
using the 1D periodicity of diffraction gratings has been ac-the grating SPR spectra would accordingly be so much
tively pursued and the possible applications in the new fieldsmaller. This conjecture stems from the fact that the normal
of laser acceleratidrt and in free electron lasifg have modes of a photon, if any, of a grating system cannot be
been studied both theoretically and experimentally. established so well as the photonic bands of photonic crystal.
The well definedness of photonic bands of photonicln this regard, it should be noted that the sharp resonances in
crystal§” naturally leads to the expectation that productionmany optical responses of photonic crystals result from the
of photons of higher efficiency might be achieved if a pho-remarkable confinement effect of electromagnetic energies
tonic crystal is used instead of a diffraction grating. The bandiue either to the strong Bragg reflection or from photon lo-
structure of a photonic crystal introduces frequency ranges dfalization as in the case of Mie resonance.
very low density of statesDOS) of photons, if not com- The purpose of this paper is to examine the efficiency of
pletely zero as realized in the presence of a full band gamhotonic crystals in SPR compared with that of diffraction
The low DOS frequency range centering on a photonic bandratings. One of our targets is to compare the spectral fea-
gap is sandwiched by a pair of photonic bands of very smaltures of 2D light scattering of photonic crystals with that of
group velocity, sometimes as small as one hundredth of thdiffraction gratings. By considering a photonic crystal of fi-
light velocity ¢ in vacuo. A lowered group velocity of light is nite thickness, we shall show that it gives an SPR spectrum
equivalent to an enhanced photonic DOS. Therefore, the SPRIl of information, so much so that we can even observe the
spectrum of a photonic crystal may exhibit frequency rangeslispersion curves of the photonic bands by following the
of enhanced intensity at the positions of photonic bands t@eak positions in the SPR spectrum using the scanning di-
compensate the suppression of intensity at the band gap reection of observation and/or changing beam velocity. We
gions. shall also show that the SPR spectrum from a photonic crys-
In this sense, the efficiency of a photonic crystal in thetal presents a selection rule related to the photonic band
Smith-Purcel(SP mechanism is quite an intriguing target in structures.
the search for the future applications of photonic crystals. In The second target is to compare the absolute magnitudes
fact, calculations given by Ohtaka and Yamaguti for a pho-of photon production. For this purpose, we shall calculate the
tonic crystal of slab geometry show that resonant excitatiombsolute magnitudes of SPR from a photonic crystal as a
of a photonic band by the evanescent light from an electrorfiunction of the direction of observation. The conclusion to be
gives rise to conspicuous resonant peaks in the SPHrawn for the efficiency of photon yield is very positive for
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lane wave tal, the frequency of the emitted photon can be assumed to
be in the visible or longer wavelength range. Wity much
\ \ \ - smaller than the beam energy, which we assume to be in the
electron heam hundreds of kilovolts or higher in the relativistic range, the

7 recoil of the electron due to the photon emission may be
) neglected. The emission of light is then treated simply by
@ O solving Maxwell equations with the beam current treated as a
source term, an assumption usually employed in the treat-

@d—@ ment of SPR16
; - With the origin of timet fixed at the instant at which the

electron passes the poirt=0, the current of an electron

N O O O O O with velocity v is expressed by

j(rit)y=—exvd(x—uvt)ds(y)s(z—D—a), D
FIG. 1. Electron beam and a slab photonic crystal of arrayed R
spheres. The electron is running in thelirection with distancé® wherex, the unit vector in the direction, specifies the cur-
from the top of the first layer spheres. Dielectric spheres, each ofent direction. The Fourier transform fgf ,t) with respect to
radiusa are arrayed in a simple cubic array of lattice consthrit t, j(r,w), works as a source term in Maxwell equations for
is the number of stacking layers. The evanescent wave shown tbhe emission of a light of frequenay. We obtain
the dashed line is converted into plane waves, shown by the solid

lines, by the umklapp light scattering. j(r,w)=— e’)‘(eikxx(s(y) 8(z—D—a) 2

the photonic crystal over a perfectly conducting grating bothwith a key relation
guantitatively and qualitatively.

These conclusions are drawn for the SPR spectra from a K
slab photonic crystal of arrayed spheres. The system of ar- X
rayed spheres is chosen because it is a prototype photonj
crystal that might cover any characteristic optical phenomen
realizable in photonic crystals. The conclusions of this pape
may thus be taken as the characteristic features of photon
crystals in general and may be applicable to any realisti

(O]
v

()

ince the source terijfr,w) exhibits e’ dependence, the

ave emitted directly by the electron will be characterized
ﬁythe same dependence. The vector potential of the emitted
wave is obtained in the Lorentz gauge by solving

photonic crystals of sophisticated fabrication except, of 2
course, for numerical details, which may differ from one Ar S AT, )= — poj(r, ). (4)
photonic crystal to another. 2

In Sec. I, our theoretical treatment in SPR spectrum will
be given. In Sec. Ill, we give some of the numerical results
of the SPR spectra in connection with the band structure of dad
the photonic crystal. In Sec. 1V, the formula for calculating A(r,w)z,uoe%f %99
the absolute magnitudes of SPR spectra is given and a com- (2m)?
parison is made between a photonic crystal and a perfectly _
conducting grating. The conclusions are given in Sec. V. Xexp{l[kxx+ ayy+a,z—D—-a)]}

w?/c?— (Ki+a7+q)

With Eq. (2), we find

®)

Il. SPR MECHANISM OF PHOTONIC CRYSTAL ) . )
Note that thex dependence is described by the faatfe,

We consider an electron of chargee(e>0) running as stated above. The integral oggrof this equation is given

with velocity v, parallel to the surface of a photonic crystal by the residue of the integrand. With the Lorentz condition,
of finite thickness. As shown in Fig. 1, we examine a photo-the electric field is then obtained as

nic crystal made of dielectric spheres arrayed in a simple
cubic lattice of lattice constamt We place the centers of the
spheres of the first layer on tixey plane g=0), with thex E(r,o)=
axis taken in th€1,0) direction of the square lattice and put
the whole system composed bif stacking layers in the re- the second term being the contribution from the scalar po-
gion z<0. The lateral extension in theandy directions of  tential. Substituting Eq(5) into Eq. (6), we find
the photonic crystal is assumed to be infinite. Let the electron
be running in thex direction with distancé +a above the e day [ 1 g, Ik
x-y plane, wherea is the radius of spheres aridl is the E(r,o)= Py J oy T
distance between the electron trajectory and the top of the C %o %
first-layer spheres.

Since we are interested in the frequency region of phowherex=w/c, B=v/c andeg is the dielectric constant of
tons, which are influenced substantially by the photonic crysvacuum. Here,

2
o A(rw)+ C—ZVV-A(r,w)), ©6)
w

B2 kB kB
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B=C 2
o (Adk.,AGy) = 5 (n,.n,) (11

with integersn, andn,. The wave vector of the scattered
light is then given by

27 2
ks(nxvny): kx_anrqy_nyFianny ) (12

with

) 27\? 27\?
anny: K= kx_an - qy_nyF (13

q by energy conservation. Theny(,n,) waves with a real
Ar 27 R R X anny, i.e., the waves wittkg(n,,ny) lying inside the light
d d c v cone of Fig. 2, can propagate as a plane wave and are de-
tectable at a distant observation point. Figure 2 shows the
FIG. 2. Light conversion using a umklapp momentum shift. Theconstruction of these propagating waves for the case, of
dashed lines show _the _dispersion relatior v g, of the evangscer_lt =0. We have a series af lines shifted horizontally by the
wave (calle_d thev line in the texi and_ those umklapp shlfte_d in quantity —(27n,/d). In the frequency region within the
parallel to it (4o andhyg lines). The lattice constant of the recipro- light cone, i.e., along a shifted line bounded by the twe

cal lattice is 27/d. The shn‘F from pointP; to P; or P, to P, lines w=*cq,, we have one SPR emission band. Thus, the
corresponds to the conversion process of the evanescent wave 0

frequencyw,. The light linesw = *cq, define the light cone. The En“:je SpﬁCtrumh IS Ct;)mp_oseldo d’::lo,hzo. n | ’ emlss_]lpn h
part of a shiftedv line bounded by thentshown by the solid ling ands, where the subscript ,_Tor example, speciiies the

defines the SPR band. Thg coordinates of the two poinf3; and momentum _Shiﬂ L\ 'ny) = (_1’0)' The_ angle of th_e emitted
P,, wo/v andwg/c, respectively, determine the damping constantPhoton relative to the axis is determined by the direction of
IT| through Eq.(9). ks. With a change inw and hence irk, of the initial eva-

nescent lightks moves on the shifted line.
k = (k T 8 For the treatment of the light scattering of a slab of stack-
I ( X lqy ’ ) ( ) . .
_ ) ) ing layersN equal to 2, we employ the layer-doubling
is the wave vector of the emitted photon with method?*~23For details of the process of doubling the num-

~ ~ ber of layers, the readers are referred to Ref. 24 Note that the
_ [ 2 2_2_ w @ 2 assumption of finite thickness of our system is important
=+« _kx_qy_ \/(E) - ;) _qy (9) P y p
being itsz component. Note tha, of the wave vectok; is

because actual experiments are carried out only for such a
system and the SPR spectrum depends critically upon the

arbitrary and that the integral ovey, remains in Eq(7) for

E(r,w). Since

slab thickness. In this way, we can obtain the amplitude
transmission and reflection coefficients of the incident eva-
nescent wave ok;. Since the light reflected back is our
v<C (10) concern, the amplitude reflection coeffic!eFR(tkS;ki) of an _
N-layer photonic crystal must be obtained. The quantity
in Eq. (9), I' is a pure imaginary number, implying that the R(kq:k;) is a 3x3 tensor specified by three cartesian com-
direct light from the charge, Ed7), is evanescent in the  ponents of incident light and scattered ligR(Ks;K;)xy, for
direction. We illustrate this situation in Fig. 2, taking the caseexample, is defined to be the amplitude of theomponent
of q,=0, for simplicity. The two dotted lines are drawn in of the reflected light ofks obtained from they-polarized
the q,-« plane for the dispersion relations=cq, and @ incident light of k; of unit amplitude. Recovering the,

=v(y. They will be referred to as line andv line, respec- integral of Eq.(7), we obtain the reflected wave after the
tively. The two intersections?; andP, in Fig. 2, determine  scattering in the following form:

the magnitude of’, as we see from Ed9).

We now treat the evanescent wave given by Egas an e . (nn0)
incident wave of wave vectds; to the photonic crystal. Itis Es(f,®)= P z f dayexp(iks 1) E; > (ky, qy, I'),
multiply scattered and goes out of the crystal after the scat- xy (14)

tering process. Since translational invariance is lacking in a
photonic crystal of finite thickness, the reciprocal lattice vec-where
tors in question are 2D ones. Each of the reciprocal lattice
vectors determines one SPR band. _ EMY (ky, gy, T)=R(Ks; k) Eo(Ky, qy, T). (15
In the upper side of the photonic crystal, reflected wave is
observed with the momentum shift due to a 2D reciprocaHere, E, is the amplitude of the incident wave on the first
lattice vector layer with the irrelevant prefactor of E¢7) removed:
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1 g, T e ITl(D+a) for the emission in the-z plane[for simplicity, we have put
Eo(ky, 0y, I =w| —1+ EEE)T the suffixq, of this I(nx,ny)qy in units of Zw/q].
If 1(1,1); , say, has a comparable magnitudel (@,0),
defined by Eq(20), we should consider the sum

(16)

Sincecl” has the dimension ob in this equationfk, is a
dimensionless quantity and takes account of the decay of the
evanescent light through the exponential factor. We define
SPR intensity in the following form:

2
E{Ok,, 0,1) + E(111)< K, %,r) (24)

to take into account the interference between the two fields
1(Ny,Ny)q =|E(1”X”V)(kx, qy, )2 (17)  instead of treating them separately.
Y The final quantity which concerns uinSnX,O)qy defined
A set (ny,ny) defines one SPR band. Whgpandw are by

both fixed, a sharp spot is obtained in thg (n,) band be-
causeks is uniquely determined by Eq12). The spot that I(n,, O)qy=|E(1”XO)(kx, ay, D)% (25
has the highest intensity of all will be that oh,(,ny)
=(1,0), the band with the shortest umklapp shift, which ap-It determines the emisssion intensity in the direction deviated
pears along thé line of Fig. 2. If we sweepw in the(1,00  from thex-z plane by the finite value ofkg),(=qy). If gy
band i.e., in the case,= 0, the spot moves becauisgof k; , gradually increases from zero, it provides us with the inten-
and hencé,— 27/d of ks, changes witho, thus producing Sity change as the angle of observation is tilted in yhe
the hyy SPR band along théy, line. If we sweepg, in direction from thex-z plane. In the next section these three
addition, the direction ok varies in they direction, too. If, ~SPR intensities are successively examined.
in particular, we restrict the direction of observation to
within the x-z plane, the observed intensity is given by the |||. SPR SPECTRUM AND THE BAND STRUCTURE OF
contribution fromq,=0. To describe the SPR intensity of SLAB PHOTONIC CRYSTAL

this situation, we consider ) o i
Smith-Purcell radiation spectra from photonic crystals are

|(110)02|E§_10)(an 0,IN? (18) expected to have peculiar properties related to the photonic
bands. Before entering into a detailed discussion of the SPR
by puttingny=q,=0 in Eq.(17) and call this quantity sim-  spectra, therefore, some comments on the origin and proper-
ply the SPR intensity of the,; band. The emitted light ab  ties of the band structure of a slab photonic crystal will be
propagates in the-z plane of an angle to the beam direc-  helpful.

tion (x axis), given by The origin of the band structure in a system of a finite
thickness can be easily understood if we begin with the tight-
cosh= kx_277/d_ (19 binding-band picture for a single layer of spheres, i.e., a pho-

wlc tonic crystal ofN=1. The Bloch states thereof are formed

by the hopping motion of the whispering gallery modes
Thus, in the direction perpendicular to the electron beamwGM's).?> A WGM of an individual sphere is specified by
(6=m/2), a photon of frequencyw=2mc/d (i.e., ky  the angular momentum index,(n) and hops to adjacent
=2m/d) is observed. In the same way, the intensityspheres by making use of the incomplete mode confinement

I(ny, 0)o defined by and the resulting overlap of the electric fields. The modes set
(n.0) ) up within the layer therefore have a dispersion due to lateral
1(nx, 0)o=|E; *(ky, 0,1')] (200 motion. In this process, the (2 1)-fold degeneracy of a

WGM with respect tom is lifted, though only partly(see
Tables IV and V of Ref. 26 for how the degeneracy is re-
solved. Even in the slab oN=1, therefore, the band struc-
ture is rather complicated. For the system\of 2, the band

with n,=2,3, ..., produces bands along theg,hs, . . .,
lines in Fig. 2, which are still observed in tlxez plane.
The contribution to the emission in thez plane comes

XO .
not only from E(ln (ky, 0,T") but also from structures of each of the two layers, which would be twofold
degenerate if they were far apart, become mixed to lift the
ES ™ (ky, ay, T) 2)  de Roughl ki
1 x1 Oy generacy. Roughly speaking, the number of bands of the

. system ofN=2 is two times larger than that of the system of
with q,=ny(27/d), becauseKy)y, they component of the  \—1 | the system oN=3, the threefold degeneracy of

scattered wave vector, is still the single-layer band structure is split. In this way, the den-
5 sity of the bands increases progressively with
(ks)y:qy_ny%:O- (22) Calculation of the band structure is not at all simple. We

did this calculation exactly by constructing tBamatrix us-
ing the transmission and reflection amplitudes ofN\alayers
system and by plotting the peak positions of the calculated
2 density of states as a function of the lateral wave vector. See
(23 the algorithm for obtaining the density of states from &n

Accordingly, we define the intensity

2m
Ny, ny)nyz ’ E(lnxny) Ky, nyFar)
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FIG. 3. Band structure and SPR spectrum on
the hyg line. The panela) shows the band struc-
ture for g=(q,,0), and(b) shows the plot of
1(1,0), defined by Eq.(18) for 8=0.9. In (a),

(b) two c lines which define the light cone are shown
by dotted lines together with the line w=uvq;
04 and thev line shifted by a 2D reciprocal-lattice
vectorh=(2#/d)(1,0) (hy, line). The panel(c)
is a reproduction ofa) and (b) on much larger
scales. The filledopen circles of the band struc-
e, ' ' : ture show the dispersion relations of thective
sassssrnssst (s-active) bands. The straight line is the, line.
.......:..----"," In the frequency region where the dispersion
0es 1°°°° ) R | curves are sparsely populated, the lifetimes of the
ceen. R "*"., bands are generally very short. Sometimes they
Seesdesecec e are too short to identify the peak positions of the
density of states. This is the reason for the abrupt
appearance or disppearance of some of the data
points in the band structure.

qx ({T“) 1(1,0%

0.65 !!
LN ]

0.63
0.62

061 17

T° Q0 == SO00e00
R so0
/ Lo Q0
eest®licenggllon]
[n) K
lawne; )
©
06 ) ! ! ! )

-0.34 -0.32 -0.3 -0.28 0 0.2 0.4 0.6 0.8

% (<) 1(1,0)g

matrix given in Refs. 27 and 28. The difficulty in the band the h,; SPR band in Fig. 2. We choosgd=0.42 andD
calculation is partly due to the fact that a band of a slab=d/2. The dielectric constant of the spheres and the ratio
system generally has a finite lifetime caused by the leakagg=y/c are taken to bes=3.2 and 8=0.9, respectively.

of the mode energy to the exterior region. This is exactly theThe value 3.2 of the refractive index is twice as large as that
same feature as that encountered in the treatment of lifetimeyf polystylene spheres in the visible rarfjeUnless other-
broadened WGM's in Mie scattering of light in an isolated \ise stated, these parameters are used throughout the present
sphere. The use of the transmission and reflection coeff—aper_ We use the normalized unit of frequedogefined by
cients of the external light in th matrix successfully incor- > _ /5.«

porates this coupling between the inside and outside of the Figure 3 shows (1,0), and the corresponding band struc-
slab system. Since the leak of the electric field is partly CONt re for the case oN=4 with frequencyZ taken in the

sumed in forming a coherent Iateral_m(_)tion and in lifting the_vertical axis. It can be seen that the SPR spectrum shown in
degeneracy among the layers, the lifetime becomes longer 'IBig. 3(b) is characterized by the presence of many resonant

a thicker photonic crystal. In other words, the quality factorpeakS and that these peaks can be roughly divided into

of the excited modes becomes largemamicreases. groups. The appearance of the groups of resonances reflects

that of grouped band energies cut by thg line shown in

Fig. 3(@. The grouping of the dispersion curves is under-
First we study the emission in thez plane and concen- stood in terms of the splitting of the degeneracy mentioned

trate onl (1,0), defined by Eq(18). This quantity determines above. To show the coincidence between Figa) 8nd 3b)

A. SPR spectra ofl (n,, 0)o given by Eq. (20)
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&% .. duction of the band structure
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and(c) plot1(1,1), defined by Eq.
23), with D/d=0.5 for the cen-

foo0000? o..QQQQQagl [ ( " :
0.61 .§§§§°§5®o%ggggg tral figure and withD/d=0 for

oo @) ) © the right figure.l(1,0), of Fig. 3
0.6 . . Y . Ld . is given, for comparison.
034 032 -03 10107 102 107 10° 10" 102 107 10° 10! 10?
d
qx(g) I(ny, nY)Cly (aun.) I(ny, ny)qy (a.u.)

{o¥clegaletelatazotaralarng

in more detail, we reproduced () a very narrow frequency limiting caseD=0. We see that at some peak positions due
range of(a) and (b) in larger scales. The solid and open tol(1,1), , the solid-line intensity indeed exceeds the dashed
circles in the left panel represent the bands activp-tand  one.

s-polarized incident lights, respectively. It is obvious that However,l(1,1), is in general about one-order of magni-
solely the crossings of the, line with the dispersion curves tude lower than (1,0),. As a consequence the interference
of the p-active bands give rise to the resonant peaks in th@rocess described by ER4) may in general be neglected.
right panel. Therefore, it is concluded that the SPR spectruriVe may hence conclude that the intensity of hg SP band

of g,=n,=0 reacts only to the excitation of the-active  which would be obtained by the exact sum owveris prac-
bands. This selection rule is simply explained by the fact thatically the same as the contribution solely from=0.

the evanescent incident light gspolarized whergy=0, as  Therefore, the spectra ¢f1,0), shown in Fig. 3 can essen-
seen from the polarization &, given by Eq.(16); it excites tially be taken to be the exact ones of thg SP band.

only the p-active bands polarized in thez plane. The spectrd (n,,0), with n,=2,3, ..., have been com-
puted and found to be much smaller thigi,0),. The first
B. SPR spectra ofl (n,, n,), given by Eq. (23) reason for the smallness is that they are lying in the fre-
y

_ S . quency regions higher than=1 (see Fig. 2 and the decay
_We next studyl (1,1), (n,=1), which is a dominant con- ot e incident evanescent wave is so much larger, with the
tribution from a finite qy of the initial photon to thehio  jncrease of the distance between the poit@ndP, in Fig.
emission band observed in thez plane. The spectrum of 5 e second reason is that a larger umklapp momentum
1(1,1), and the related band structure are shown in Fig®. 4 - gpitt |eads to a smaller conversion rate as in a usual potential

and 4b), respectively. Because of the periodicity in the mo-geaitering of electron. For another system, the comparison of

mentum space, the band structure of Figa)dfor q (2 ) with 1(1,0),, which supports the present conclusion,
=(gy, 27/d) is identical to that of Fig. @) for g=(q,,0), is found in Ref. 8.
and the lineh,; is the same as thiy, line of Fig. 3c). In The next two subsections are related to the experiments

Fig. 4(b), the solid curve representy(1,1);, while the \yhich we do hope to be carried out in future. The first is
dashed curve shows for comparidda,0), examined in Sec.  rglated to how the spectrum changes as the direction of ob-
Il A. From Figs. 4a) and 4b), it can be concluded that not  seryation of emitted photons is tilted in tiyedirection. The
only thep- but alsos-active bands appear as distinct resonanisecond concerns the direction of the beam relative to the
peaks inl (1,1), in clear contrast té(1,0), examined above.  symmetry axis of photonic crystal. Since these two topics are
This feature comes from the finiteness of jneomponent of ot of the main stream of this paper, the readers who want in
the incident polarization when,#0; the polarizations of 3 hyrry to make a comparison between photonic crystal and
the evanescent wave are neitperorsand so are the excited (jffraction gratings, can skip the following two subsections

photonic bands. _ _ and pass directly to Sec. IV.
Figure 4 also shows that the intensity1,1), is much

smaller tharl (1,0),. Through Eq(9), |I'| becomes larger as

gy increases. Therefore, the incident evanescent wave with
q,=2m/d decays much faster than does the wave wifh So far, we have examined the vertical emission kaf {
=0 considered inl(1,0),. For a larger value ofn,, =0. Here, we examine the case of nonzekg ( concentrat-
I(1,ny)ny is reduced even further. So thigtl,1); should be ing onl(l,O)qy with a finite but smaliq,, .

dominant among them. However, it should be noted that in Whenq,+0, the polarization of the incident light is nei-
the case of a smaller value &f, the exponential damping therp nor s as in Sec. Ill B. Thus, any band cut by theg,
due to|I'| is reduced. Figure (¢) shows the results for the line will leave a distinct trace in the SPR spectra; sioce

C. SPR spectra ofl (n,, 0)qy given by Eq.(25)
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FIG. 5. Band structure and SPR spectrum for a nonggrdrhe (@)
results forN=4, 8=0.9 andq,=0.1(27/d) are given. The left
panel shows the band structure &pr[q,,0.1(27/d)]. The straight
line shows thehy line, whose points of intersection with the dis-
persion curves leave their traces without exception in the SPR in-
tensity curve shown in the right panel.

=(k«,qy), with k, given by Eq.(3), is not on the symmetry
axis of the 2D Brillouin zone, the excited photonic bands are
no longer classified intp- or s-active bands. Figure 5 shows
the spectra 01I(1,0)qy with gq,=0.1(2#/d), together with

the corresponding band structure. As expected, a resonar
peak appears irh(l,O)qy at any crossing point of the band

structure. For a typical frequency=0.62, the valueq,

=0.1(2w/d) corresponds to the direction of SP light tilted n

~10° away from thex-z plane. ) “d C0s0el
We have checked that the positions of the resonant struc-

tures in the SPR spectrum are a faithful replica of the band FIG. 6. Diagram showing the procedure of obtaining an SPR

structure. In this sense, the SPR could be a useful tool tgPectrum from an electron running off thexis. In(a), the axisqy

determine the band structure of photonic crystals. To obtaifiePresents the direction of the electron, which has an afgfeom

the g, dependence of the band dispersion, we have only t&hex direction. Linel,, is the trajectory in they space of th_e initial

vary the electron velocity to change the tangent of thg yvave vector of the gvaqescent wavg, when the frequan(sl/var’-

line. If we tilt the direction of the observation in tiyedirec-  1€d for the SPR, which is observed in the plane spanned bx'the

tion, we can even get the]y dependence of the band andz axes. For the .defmltlon.s pf the o.ther potatlons, see th(/e text.
energies Panel(b) shows a diagram similar to Fig. 2 in tlg-w plane,q

axis being defined ifg). Several model dispersion curves are given.

9x

D. Effect of the change of the direction of the electron beam momentum of the outgoing light of frequenayis shown for

Finally we consider the case of an electron beam travelinghe case of (1,0) umklapp shift at poifX(1,0). In accor-
in a direction not parallel to the symmetry axis. Figu@6 dance with the arbitrariness q‘(, on the linel (initial), the
shows the direction of the electron beam in theq, plane  h,, SPR spectrum will appear along the straight lnéinal)
that has an angle,, off the x axis. In the rotated coordinate bounded by the light cone shown by the dashed circle. With
systemx’ andy’ with thex’ axis in the beam direction, the change inw, the lineF shifts in accordance with the parallel
evanescent wave emitted by the electron is expressed in throvement of lind.
same way as that in EQ7) with k; fixed atk; = w/v and has If we observe the emitted radiation above the beam tra-
a form of a superposition over the momentum componenjectory, the 2D wave vectdr(ks)y, (Ks)y] of the detected
qy - For the light of frequency, the point(;(ky ,qy) of the  light should lie on thex’ axis. In this setting, therefore,
incident evanescent wave is marked in Figa)pwith the  sweepingw of the observed light corresponds to varying the
dashed circle of radius/c showing the locus of the light initial wave vector along the line denoted by, which in-
cone with the plane at the frequency heightThe incident tersects theq§ axis atq§= —(2m/d)sin¢gg. Thus, thehg
field is then umklapp scattered by the photonic crystal. The&SPR spectrum provides information on the band structure for
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g on thel, line. Due to the periodicity in the space, this z k

h, line carries information along the;, axis. §
Figure b) shows the linev=vqj, in theg,-» plane and

the movement of poinQ shown in Fig. 6a) along the

straight line denoted bi;,. Together with these lines, we

illustrate in Fig. &b) several model dispersion curves of the y o (I)(h)i

photonic bands fog on theq, axis. The SPR spectrum now : ;

consists of sharp resonant peaks arising at the crossing points

of the hy, line with the band dispersion curves. A clear-cut Oy e i )

selection rule for the polarization as shown in Fi¢c)3s not |27 .--x—7

observed in the case of a tilted beam direction, because the

gy axis is now in a general direction and the excited photonic FIG. 7. Anglesé(h) and ¢(h) defined by Eq.(29). ks is the

bands are at general points of the 2D Brillouin zone. Fromwvave vector of the emitted photon defined by Etp).

this consideration, we may concluded that scannpggand

studying the SPR spectrum will provide information on the 1) [0}

photonic bands over the 2D Brillouin zone. [ks(h)]x= - +hyx="-cosé(h), (29)

IV. EMISSION CROSS SECTION OF THE SPR w
k(h)]y=0d!=0q,+h,=—siné(h)sinp(h),
A. Expression of emission cross section of the SPR [kl )]y Gy =Gy Ny c (hsiné(h)

In Sec. lll, we examined(n,, ny)qy in arbitrary units. ®
Here we are interested in the actual magnitude of the photon [ks(h)]zzgsin o(h)cosg(h).
yield as a function of the direction of observation in order to

establish a comparison with a diffraction grating. We con-For a fixed h, the direction of emission specified by
sider in this section that the electron beam moves along the[ g(h), #(h)] changes continuously as and q, vary. Ac-

axis. _ _ . cordingly, we can define the emission probability per unit

Starting with the expression of thecomponent of the  solid angle of observation. From the first and second of Eq.
Poynting vector of the emitted light (29), the Jacobian for the andq, integrals of Eq.(26) is

g obtained as
© (o 1 R
W=2 W(h)=2 ?fo J:wdwdquRe{z-[E(h) o, o
a6(h)  a6(h) 2m)3c
XH(h)* ]}, (26) J(h)= ) _@m sinf6(h)cosg(h),
o _ _ o a9y dw A3h,

we divide the Poynting vector into the contributions from the W W
2D reciprocal lattice vectors of the umklapp scattering by (30)

expressing the emitted electric field as
where\ = (2mc/w) is the wavelength of the observed pho-

» do (= dqg . ton. From Eqs(26) and(30), it holds that
E(r.)=3 Jlmzfiwz—;E(h)exph[ks(h)-r—wt]}, b

27 W(h)zj sing(h)de(h)
which is the Fourier transform of Eq14). The magnetic 0
field H(h) is defined analogously. Expressi¢26) of W is 27
obtained by integrating the Poynting vector over one period XJ de(h)E(h)[A(h)[2e 2T+ (31
d in thex direction. The radiated enerdy should be equal to 0
the kinetic energy of the electron lost by the photon emis\where
sion. It can indeed be shown thatis just equal to the work

required to keep the velocity of electron constant in opposi- e2( d
tion to the force due t&4(r,t) seen by the electroffi.e., E(h)= L vy sin*6(h)cos'p(h) (32
X
to+d/v 2
W= dt ev[ Eg(vt,t)]y, (289  and (eouo=1/c?)
to
. . . . ge2/Tl(D+a)
the integral being over the time required for the electron to |A(h)|2=
traverse the distanas woce?sind(h)cose(h)
We introduce the polar angleg(h) and ¢(h) for the 1
emission direction, which are defined in Fig. 7 relative to the oo’ *
beam direction, XZRG’{Z [ECh)>H* ]} 33
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Since (1/2)RE- - -] involves in itself the decaying factor 10° — : :
e 2T+ " the quantityl A (h)|? defined by Eq(33) is free N
from theD dependence and describes the intrinsic properties 107 ¢ @ 3
of the light conversion through the photonic band excitation. < 102 ]
This quantity was referred to as the radiation factor in Refs. Y 3
13,14. = 107 ¢ ;
The power emitted into a unit solid angle while the elec- 10% | ]
tron traversing one period is then given by s
10' 1 1 1
dW(h) s 0.5 1 1.5 2
- =5 —2|r|(D+a)
. ) ) S 100 — . .
which we shall call simply the SPRoss sectionThe quan- S
tity Z(h) defined by Eq{(32) has the dimension of energy DN T (b) 4
and varies withw slowly and smoothly through the factor kS 102 b 1
X3, The main part of the cross section related to the pho- £
tonic band structure is thus the radiation fadta(h)|2. In- 2 108t 1
deed, the quantity(n,, ny)qy, which we called the SPi- g 10% L 1
tensityin Sec. Ill, is found to be .y
% 107 L . |
1Ny, ny)g =|A(ny, ny)[ e 21O+, (35 0.5 ! 1.5 2
Z
where we employ the indem_Q,nY) fpr h of A(h) and the 3 10! — . .
value ofqy on the left-hand side is fixed by the second rela- & ©)
tion of Eqg. (29) as a function oth and[ 6(h),¢(h)]. As a % 10° F 7
result the cross section and intensity in our definition are bS] 0 L 1
related as = \,
ERRTEY’
dWch) g R
—ga ==, nyg. (36) 2107 ¢
% 107 OIS 1 1I5 2
B. Comparison betweenl and dW/dQ . 7

The case otp(h) =0 corresponds to the vertical emission
of (ks)y=0 considered in Secs. Ill A and Il B. For the case

of h=(27/d)(1,0) andg, =0, we compare the cross section

. . . showsl(1,0), and (b) showsdW/dQ) for h=(27/d)(1,0) as ob-
dW.(h)/dQ and_ the intensity (.1’0)9' _We (?onSIder the pho- served in thex-z plane. The results shown i@ and (b) are for
tonic crystal withN=1, for simplicity. Figure 8) shows 5, _g5. In(c), dW/dQ of h=(2m/d)(L,0) is given for the lim-

1(1,0)o in arbitrary units as in Sec. Ill and Fig(t§ shows jiing case ofD/d=0 to see how the factat® involved in the cross
the cross sectiodW(h)/d() given by Eq.(34). As in Sec.  section affects th& dependence.

ll, a/d=0.42, D/d=0.5, 3=0.9, ande=3.2°. We see at

once the similarity between them. From the relation given by . -
Eq. (36), the difference in theZ dependence should come I(ny, ny)qy to examine the characteristic features of the SPR

solely from the factorz3(~\~3) involved in the factor Cross section from a photonic crystal. Our previous

E(h) defined by Eq(32). The reason why the cross section investigations, all made orl (n,, ny) q, Can thus be taken as

dwW(h)/dQ still decreases even in the presence of the indindicating the essence of the SPR spectra from photonic

creasing factoZ® is that the enhanced damping of the eva-crystals.

nescent wave with increasing dominates and overshoots

the increase. Indeed, in the case of a smdllewhere the

damping is less dominant, the effect of the faddbecomes

more appreciable in the cross section. Figufe),8which

shows the extreme case Bf=0, illustrates this situation. To see the characteristic features of photonic crystals

Note, however, that the decrease due to the exponentigompared with those of diffraction gratings, let us take as an

damping still works even in the limD =0, since it depends example for the latter a perfectly conducting grating with

not on e 2"P put one TP+ This is why dW/dQ)  rectangular groove profile. This type of the grating has often

does not increase in Fig(@ in spite of theZ® increase. been considered in both theoretical and experimental works.
The conclusion is thus that apart from the absolute magTo make the geometry of the two systems as similar as pos-

nitudes of the photon yield and the slowly varying frequencysible, we examine a photonic crystal df=1 with a/d

dependence due @3, we can safely employ the quantity =0.25 and a grating with groove width and height relative to

FIG. 8. Comparison between the SPR intensity and cross section
for the photonic crystal oN=1 and for 3=0.9. The panela)

C. Comparison between a photonic crystal
and diffraction grating
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z to compare their FWHM with those of the photonic-band
excitation. Because of this, the peak heights of the grating
D electron beam v SPR are much lower than those of the photonic crystal. The

fine structures positioned at those valuesZofioted above
appear when thh, line intersects the equally spacetines

a associated with various umklapp shifts of integer multiples
7 pag e RO X of 27r/d. Indeed, in our case g8=0.9, the crosses of the
/ / y h,o line with them are calculated to beZ
=0.95,1.42,1.89. . ., invery good agreement with the po-

d / sitions of the fine structures of Fig. 10. This shows that the

band structure of the perfectly conducting grating is obtained
FIG. 9. Diffraction grating with a rectangular groove profile. A br?/ fOIdlr:.g tl‘;e light “rf]e‘;'] to the. f'LSthrll(leUIn zone ?\nd thelllt
vertical figure of the photonic crystal of a free-standing 2D array oft e quality factors of the excited bands are much smaller

dielectric spheres is superimposed. The emission efficiencies of thttle"an _the photonic bands (_)f the arrayed dielectr_ic Sphere_s.
two systems are compared in Figs. 10 and 11. This is another way of saying that the spectral difference is

caused by the difference of the degree of the electromagnetic
confinement.

Although we can obtain almost monochromatic and en-

nced emission lines by using the excitation of the photonic
bands, it should be pointed out that the integrated value of
the spectral intensity of the photonic crystal does not look

the grating periodl both equal to 0.5. A vertical view of the

two systems, when superimposed, is given in Fig. 9. Th%a
distanceD of the beam trajectory from the grating is mea-
sured from the top surface of the grating.

For the emission cross section of thgy SPR band, Fig. very different from that of the grating
10 compares the two syst_ems f,6|=.0.9 andD—0.5d,' ina In Fig. 10, it is notable that the decay of the intensity with
logarithmic scale. The solid curve is for the photonic crystalin rease of is different in the two cases. This is because the
and the dashed curve is for the grating. We can see a mark?i '

i —|l|(D+a) ; i
difference between the two curves both in magnitude an pendenge (.)'11.” IS throu%he in the photonic
c;ystal, while it is througte

® in the grating. In the case

r
line shape. Numerous resonant peaks in the photonic crysta D=0.5d examined in Fig. 10, therefore, the decay of the

arise due to the photonic band excitations. It is notable that . = .
. rating is less appreciable. Indeed, for a larger valu& of
the heights of the sharp peaks are larger than those of t
where|T'| becomes larger or a largér where the exponen-

grating, generally by about one order of magnitude. Fine. : ;
structures arise in the curves of the grating, too. In Fig. 1 ial decay is more appreciable than € factor, we can

we find the sharp dips and kinks appear a confirm that the exponential decay prevails in the grating

=0.9,1.4,1.9. .., together with broad peaks located be- case, too.

tween them. These are typical features observed experimen- Considering that the perfectly-conducting grating has
. X ypice P "100% reflectance while the photonic crystal has a leak in the
tally in SPR spectra of gratingd.It should, however, be

noted that the peaks present in the grating case are too brogHeCt'on opposite to_the electron be_am, the gbove compari-
son was rather unfair to the photonic crystal; we may well

think that if the monolayer array of spheres is placed on a
photonic crystal perfect mirror to reflect the leaked light completely back to
grating - the photonic crystal, the peak values of the SPR cross section
107 E would become larger than the free-standing system treated in
Fig. 10.
So far we have considered the photonic crystaNef1.
As we found in our previous wor the quality factor gen-

E erally improves withN. Therefore, the positive conclusion
obtained here for the peak values becomes more and more
conspicuous, when a thicker slab photonic crystal is consid-

; ered. This feature is confirmed in Fig. 11, which shows the
cross section foh=(27/d)(1,0) for the slab oN=1,2, and
4. We see a sharp narrowing of the emission peaks, while
m “ simultaneously the peak intensities increase drastically.

10-2 L

dP/dQ (units of e¥/e, d)

1.5 2 V. CONCLUSION

10
0

In this paper we have examined the characteristic features
FIG. 10. Comparison of the cross sections of SPR between 8f the SPR spectrum when a photonic crystal is used in place
photonic crystal and a perfectly conducting grating on a logarithmicof a diffraction grating. We have treated a slab of photonic
scale. The results fdd=1, D/d=0.5, andq,=n,=0 (i.e., for the crystal, made out of stacking 2D layers of arrayed dielectric
h;o SPR banfiare given. The solid and dashed lines represent thespheres. The procedure for obtaining the SPR spectra
spectra of the photonic crystal and of the grating, respectively. amounts in its essence to calculation of the diffracted ampli-

195202-10



PHOTONIC CRYSTALS VERSUS DIFFRACTION .. .. PHYSICAL REVIEW B6, 195202 (2002

0.3

try axes of photonic crystals is equivalent to scanning the 2D
Brillouin zone, as far as the 2D wave vectors of the excited
photonic bands are concerned. Through changes in the posi-
tions and the widths of the resonant peaks, the SPR spectrum
may serve as a good probe into a photonic band structure.

The SPR spectra are full of fine structures due to the
excitations of photonic bands, while those of the grating
have only the fine structures attributable to Wood anomalies,
which takes place when a folded light-cone edge is excited
by the periodic light scattering. In addition to the number of
the fine structures, the sharpness of the resonance is quite
contrasting, giving a marked difference in the peak values of
the photon emission cross sections. We have made a quanti-
tative comparison between a photonic crystal of arrayed di-
electric spheres and a perfectly conducting grating of a rect-
angular groove profile. Compared to the emission lines of the
diffraction grating, we can say that a photonic crystal gives
rise to almost monochromatic emission lines in the SPR

FIG. 11. N dependence of the SPR cross section for a photoniespectrum_
crystal. The ggneral tendepcy of a larger peak number and higher \ye have given a numerical calculation for a photonic
peak values with increase in numbércan be seen. crystal made out of arrayed spheres. Considering that the

measured transmittance of the=1 photonic crystal of ar-
tudes of the incident evanescent field originally emitted by aayed SiN, spheres of mm range agrees remarkably well
traveling charge. We have treated this diffraction procesavith the calculated predictioff,we expect the comparison in
with the multiple scattering of the light by the photonic crys- SPR spectrum to also be favorable.
tal being taken into account exactly.

Features related to the selection rules characterizing the
SPR spectra from the photonic crystal have been demon-
strated. By varying the direction of observation of the emit- The authors acknowledge the financial support provided
ted light, it was found that we can trace over the 2D Brillouinby the Grant-in-Aid for Specific Scientific Area from the
zone not only the dispersion surface but also the symmetriinistry of Education, Sports, Culture, Science and Technol-
properties of a photonic band. It was also found that sweepagy of Japan. The authors also thank the same ministry for
ing the direction of the electron beam relative to the symmeanother grant for “Promotion of Science and Technology”.
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