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Surface electromagnetic waves in two-dimensional photonic crystals:
Effect of the position of the surface plane
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A semi-infinite photonic crystal can support electromagnetic wave propagation at its surface. By using the
supercell method, we studied in detail the properties of tHesaradiativeé modes in crystals of two-
dimensional periodicity constituted by parallel rods of square cross section. The rods cut the plane of period-
icity (001 at the sites of a square lattice, and the sides of the rods have the same orientation as the lattice. We
have performed calculations for crystals of air cylinders in a dielectric background. The Bloch-type surface
waves are assumed to propagate at(@0 surface in thg010] direction. For both transverse electric and
transverse magnetic polarizations, we found that the dispersion curves of the surface modes and their field
confinements at the surface are strongly dependent on the crystal termination, that is, on the position of the cut
plane through the rods. We also found that the degree of localization of the fields at the surface depends on the
position of the mode within the band gap. Plots of the field intensity show that the TM waves are more strongly
localized than the TE wavepS0163-18209)08523-9

[. INTRODUCTION surface electromagnetic modes always exist for some termi-
nation(position of the surface planp@ structures supporting
It is well known that the diffraction of electromagnetic complete band gaps. Experimentally, the surface waves were
waves in a photonic crystal gives rise to band structure fodetected at gigahertz frequencies in a 2D array of parallel
the eigenfrequencies. During the last decade, much theoretiumina ceramic rods of circular cross sectfdn. this crys-
cal and experimental work has proved that, depending Ofg| (square array exhibiting a full band gapw~25 GH2),
their design characteristics, photonic crystals can support frehe surface waves were excited using the attenuated total
quency band gaps where electromagnetic oscillations afgfiection technique. In this experiment no evidence of sur-
forbidden:? This property has potential applications in the t5ce modes was found for crystals terminated by complete
optoelectronic industry and can lead to new fundamentaloys The surface modes were detected with the surface layer

phenomena. _ of cylinders cut in halfthemicylinders.
It has been also shown that photonic crystals can support In this paper we investigate the properties of surface

surface modes which propagate along the crystal-air inter\7vaves in 2D photonic crystals of square cylinders that form
face. It has been suggested that by understanding the surface P Y q y

band structure the losses associated with radiatitue to d’square lattice. The crystals give risecumpleteband gaps.

localized sourcesinto surface modes could be eliminated. In recent cal_cul_atlor?swe have shown _that surface modes
The surface modes are characterized by decaying fields '@y aPpear in incomplete, as well as in complete, gaps. In
both perpendicular directions away from the surface plane?ny ¢@se, surface modes are restricted to the right side of the
On the air side the exponential decay of the field amplitude j¥acuum light line and must lie within the band gaps of the
a straightforward consequence of the propagation vector b&urface bands—the projected bulk bands along the surface of
ing greater than the vacuum wave vector. Inside the crystdnterest. The light line satisfying»=ck;, wherec is the
the fields decay because interference effects. Thus the sugpeed of light in vacuum ank, is the component of the
face waves in photonic crystals are of different charactewave vector parallel to the surface, separates the oscillatory
than the well-known surface polaritons in a homogeneou$w>ck;) and the exponentially decaying & ck;) solutions
half-space. In the latter case the decay in the material mdor the fields in the perpendicular direction away from the
dium is caused simply by the negative value of its dielectricsurface on the air side. On the other hand, in the crystal the
function. solutions with reak, may have either real or complex per-
Surface waves in photonic crystals are Bloch-typependicular componerk, . The former—solutions with real
waves—the periodicity of the dielectric constant parallel tok, —give rise to the bulk modes. The latter—solutions with
the surface plane requires application of the Bloch theoremcomplexk, —give rise to surface modes. This study is re-
Such waves were found theoretically in a three-dimensionadtricted to frequencie® < wc/d (whered is the period in the
(3D) structure constituted of a set of dielectric columns con-direction of wave propagatignin which region the surface
necting the sites of a diamond lattiteThe calculations waves have nonradiative character. Above this frequency all
showed that their dispersion curée= w(k;) is strongly de- solutions are necessarily radiative, which is to say that a
pendent on the position of the surface. It was also argued thaurface wave is damped by radiating energy into air. A brief
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discussion of radiative or leaky modes is given at the end of v
the paper.

In our calculations we use the plane-wave expansion for d i‘_»
the electromagnetic fields. Surface modes are obtained by a x
applying the Bloch theorem and by defining the appropriate
supercell. A complete description of the method for 1D (a)

structures—dielectric superlattices—where the reliability of
the supercell method was proved, has been published

recently® Rather than studying surface modes in a semi- ny e L
infinite crystal, we calculate the surface modes in a crystal ) ) :

slab. The main idea of the method is the postulation of an EEREEE -

auxiliary infinitely periodic superstructure constituted by EEEEN EEEEN |

crystal slabs alternating with air slabs. By using the Bloch EEEEN EEEEE /| EEEEE
theorem for this superstructure and taking into account the ' ::::: ::::: i

internal (photonic crystal structure of the slabs, the wave R — o ———

equation is solved fow(k;), giving rise to a frequency band ENEEN EEEEN

structure for oscillating solutions guided by the crystal slab.

Some of these bands are constituted by modes which have

maximum field amplitude near the crystal-air interfaces. (b)
Their fields decay exponentially into the air regions, and they
become vanishingly small in the photonic crystal far enough
from the surface. Thus these .mOdeS have surface-mode Ch%gl'linder at the center of the cell has dielectric constant It is
acter. The width of the band is related to the coupling of a”infinite in thez direction and is surrounded by another medium of

the neighboring surface modes in the auxiliary superstrucgiejectric constan, . (b) Auxiliary superstructure for calculations

ture. of surface modes. It is constituted by crystal slabs alternated with

There are two requirements for an accurate computatioir sjabs. The supercell of arég=Ld is shown by dashed lines.
of the surface modes. One is that the air regions be wide

enough in order to ensure that the surface modes of any onBhe medium is homogeneous along #eis, and the propa-
crystal slab do not interacbverlap with those of the neigh- gation vector is parallel to the plane of periodicity. We de-
boring slabs on each side. The other condition is that thecribe such structures by means of a periodic dielectric con-
crystal slab be sufficiently wide to guarantee the indepenstant, namely,e(x)=¢(x+R), where both the position
dence of the modes at its two surfaces. These requiremenggctorx and the lattice vectadR lie in the planex,y. We seek
are satisfied provided that the widths of the air and the cryssolutions for two structures. The first one is the infinite
tal regions are sufficiently greater than the decay lengths afirray—the 2D photonic crystal—of parallel rods of square
the fields in the corresponding regions. If such limits arecross sectios=aXx a with their axes cutting the&,y plane at
taken, then the dispersion curve obtained is expected to cotthe sites of a square lattice. The infinitely long rods are par-
verge to the dispersion curve of the surface modes of thallel to the z axis and are surrounded by air. The two-
semi-infinite crystal. In this limit the surface mode solutionsdimensional unit cell is square with sides of lengthA rod
are infinitely degenerate. is placed at the cell center as shown in Figa)1The 2D

It is known that the supercell method requires a very largeperiodic structure is generated by repeating the unit cell at
number of waves in the expansion in order to represent adne pointsR|m=d(If+m]), with | andm integers.
equately the dielectric function of the superstructure. We The second structure, shown schematically in Figdp),1
made calculations with a rectangular symmetric supercelhas an auxiliary character and is used to obtain the surface
containing seven or nine cells with the high dielectric con-modes of the photonic crystal. We have air slabs alternating
traste,/eq of 17.9. All the solutions that we shall present with crystal slabs. It can be seen that the unit cell—the
were obtained with a basis larger than 3200 plane wavesupercell—of lengtt. along thex axis and widthd along the
giving results with precision better than 95%. y axis is more complicated. This centrosymmetric supercell

The rest of the paper is organized as follows. In Sec. Il Wecontainsn rods that are bounded by air regions. Tie 2
resolve the wave equation for both TE and TM waves withinner rods have always the nominal square cross sestion
propagation vector in the plane of periodicity. General ex-Although in Fig. 1b) the crystal slab in the supercell termi-
pressions to compute the bulk and surface bands are obmtes with complete rods at the surfaces, it is possible to
tained. In Sec. lll numerical results are presented. We inveSse|ect a different surface position in order to leave incom-
tigate the properties of the surface modes as a function of thglete exterior rod¢see below The infinite superstructure is
surface pOSition and the polarization. In Sec. IV we give Ourgenerated by Considering the Superce” as the basis of the

conclusions. rectangular lattic&R,,=LIi +dm|, wherel andm are inte-
gers.

With the propagation vector in they plane, there are two
independent vibration modes. These are the TE mode with
the electric field parallel to theaxis and the TM mode with

We investigate wave propagation in 2D periodic dielectricthe electric field in the,y plane. From Maxwell's equations
structures, with the,y plane being the plane of periodicity. we find the wave equations for the fiel&x,y) (TE) and

FIG. 1. (a) Square unit cell with sides of length The square

Il. CALCULATION OF THE BULK AND SURFACE
MODES
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H(x,y) (TM), which are parallel to the cylinders:

y
w2 ! - d L’x
2 - - : E ! 3 :
SOy | B = B, @ 4 « HAHEHEERI
T ﬂl d IF ' ——l a I<‘— ‘
9 1 a+a 1 aH() wZH() P 2 —
— -t ——— —|R(XYy)=— = H(XY).
IX e(X\y) ox  dy e(xy) dy ¢ ) FIG. 2. One-half of the supercell. In this example the complete

supercell[symmetric as shown in Fig.()] hasN=9 complete
Because of the periodicity, the solutions of these equationsylinders and two incomplete cylinders of cross sectigm)=s
are written so as to satisfy the Bloch theorem. By using axa [s=rd—(d—a)/2]. The supercell contains a row of cylinders
plane-wave basis, we expand both the inverse dielectribounded by air on both sides.
function and the cell-periodic part of the fields. After some
algebraic manipulations one obtains there appear groups each containinigands. As increases,
each group becomes more and more compact and the band
structure resembles the projected band structure of the infi-
nite crystal(see the previous paragrapFurthermore, when
the conditions are appropriate, there appear additional bands
w? lying in frequency regions where the wave propagation is
Z te-c (K+G)-(k+G)He =zHe (TM), (4 forbidden in thex,y plane in the infinite crystal. Such bands
¢ are associated with surface modes of the crystal slab in the
whereG andG’ are the reciprocal lattice vectors. The Fou- supercell. When the requirements for an accurate computa-

2
w
2 po-clk+G'|*Ee=zEc (TE, (3
GI

rier coefficientug_¢: is given by tion are satisfiedsee Sec.)| these bands become very nar-
L q row and approach the dispersion curves of the surface modes
_ X . of the semi-infinite crystal.
MG_AJA S(X) eXF( IG'X)v (5)
A. Bulk modes

whereA is the unit cell area. _ _ _ _ _ _
The formulas(3) and (4) represent two infinite sets of ~ The dielectric function of the unit crystal céfig. 1(a)] is
equations for the eigenvectds; andHg. For given values given by
of the Bloch wave vectok, each set of equations has solu- L 1 11
tions for some eigenvalues;(k) where the band indej a a
genvalues, (K ' 2= 2el5-w|el3-m]. ®

(=1,2,3...) specifies the serial number of a photonic band e(X,y) - €p

€, €p

in ascending order of the frequency. These equations are ) o )

valid for both dielectric structures described at the beginningVhere 6(«) is the Heaviside functiond=1 for a=0 and
of this section. In the first caséhe infinite crystal, by run- =0 for «<0). The Fourier coefficients are obtained from
ning the wave vectok along the periphery of the reduced Ed- (5) as

Brillouin zone we can obtain the bulk band structure. This,

of course, leaves out Bloch vectonsside the irreducible i+ 1 i)f]&eo
zone. As an alternative description, all solutions within the €y \&a &p '
Brillouin zone can be calculated and plotted as a function of : .
ky, with k, as a parameter. We name the resulting band +(i_ i)fsw{Gx(a/Z)] S'r[GV(a/Z)]( —86.0),
structure theprojected bandslong thek, axis—the[010] Gu(af2) Gy(a/2) '
direction of the Brillouin zone. Every projected bandccu- (7)
pies a band in th&,-w plane. The upper and lower edges of . o

every band are characterized, respectivelykpy 0 andk,  Where the packing fractiohis

MG=

€a €p

= q/d or the reverse. By plotting the projected bands we can 2 2
identify the frequency regions where the wave propagation is f= a_|a @®)
forbidden in thex,y plane. Upon crystal truncation with the Ac \d
cut plane parallel to thg,z plane, such regions of tHe- w . .
plane are the forbidden gaps in which the surface rrﬁé)des caahnd the reciprocal lattice vectors are
be found. 20
For the second cagéhe auxiliary structurg the complex- G= T(mxh myj). 9

ity of the dielectric function of the supercell gives rise to a
very complicated band structure. As for the bulk photonic), principle, m, and m, assume all the integer values. To

bands, we also can calculate both the band structure alongi-in the bulk band structure. we must substitute .
the periphery of the reduced zone of the Brillouin zone asjnq Egs.(3) and (4). '

sociated with the superstructure and the projected bands
along thek, axis. The latter, the projected band structure,
represents an essential step of the supercell method. Perform-
ing calculations, we found groups of series of bands. De- In Fig. 2 we present the supercell used for calculations.
pending on the number of cylinders in the supercell, say, This is a rectangular symmetric cell containing=9 inner

B. Supercell representation for surface modes
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o= as a function of the position of the surface, we used the cut

(a) [. t=0 parameterr (0<r<1).% The meaning of this parameter can
' ¢‘ be understood from Fig. 3. I¥=0, the crystal terminates
o with complete cell§Fig. 3@)]. As 7 increases, the termina-
(b) { .1 v=(d-a)2d tion changes. For instance, with=0.5 the surface cuts in
e Hempmmal half the last cells, leaving cylinders of half the nominal cross
f section. Whenr=1 the crystal slab has=9 inner cylinders
e and two complete last cellsee Fig. &)]. Of course, this
(c) j.i.i t=(d+a)2d case could be equally described by 11 andr=0. If nis
* """ ' sufficiently large, therr=0 and7=1 give the same results.
___________ For a given value ofr, the area of the last cell in the
(@ [.. =1 supercell isrd?. For a supercell of lengti.=(n+27)d
_____ L. +dg along thex axis and widthl =d along they axis, we
f may write
FIG. 3. Variation of the position of the surface plane, marked 1 1 ( 1 1 ) (L—d0 ) 10
with a solid line and an arrow. The cell to the Iéfight) of this line e(Xy) &0 + FXY) o 2 x|, (10

is the surface cellfirst bulk cel). (a) The crystal terminates with
complete cells at the surfadé) The host material forms a continu- where the dielectric function of the crystalline pést length
ous layer of nominaimaximum width at the surface(c) The sur- | —d) is

face is tangent to the left face of the complete cylinder in the sur-

face cell.(d) The crystal terminates again with complete cells at the 1 1 ( 1 1 )

surface; however, an additional cell has been added. Of course, for = =
a crystal of dielectric rods in air all four terminations are equivalent. e(Xy) &b
On the other hand, in a crystal of air cylinders only situati¢s

and(d) are equivalent. X

€a €p

n a a
12’1 0(§—|X—Xj|> 0(§—|y|)+FT(x,y)

cylinders. The two last cylinderéone for each side of the (11)
crystal slab can have equal or smaller cross section than the

inner cylinders. This depends on the position of the cutHerex; represents the center positions of inner rods. The cut
plane. In order to study the properties of the surface modekinction F . is defined by

ro )
<<
s T od
2
s o (a (d—a) (d+a)
F.XYy)= 121 9(§—|X—XJ|)9<§—|Y|), g =T og (12)
2
a , a (d+a)
Fﬂz"X‘XJ')ﬂ(z"y')* g

In this equations=rd—(d—a)/2 is the length along th& direction of the incomplete rods in the last layer aqdare the
center positions of the two exterior rods—one for each surface layer delimiting the crystal slab. It is easy to sthW that
==*[(n+ 7)d/2+ (d—a)/4] andxj’ =*+(n+1)d/2 when the cut parameter corresponds to incomplete and complete rods at the
surface, respectively.

The Fourier coefficients are found to be

1 1 1\(L-dyd (1 1\[a? 1 1)\ (L—dg)d sinNGyL—d)/2]
“G‘(e—f(s—b‘a—Asc +(s—;s—b) R | P e S [ R

1 1)\(a? sin(Gal2) sin(Gyal2) _

(S_a_s_b {A_sc Gxa/2 Gya/Z 2 qu|Gij)+j2(T) (1_56,0)! (13)

where
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(0, o= ®?
: g
B 2sa (d—a)< (d+a)
2a° (d+a)< L
\E’ —2C| =7<]1,
and
ro R )
, <7< >d
sa sin(G,s/2) sin(Gya/2) ) , (d—a) (d+a)
J2=\ Ay G2 Gai2 ;eX“'GXXJ)' 2d """ 2d (19
a? sin(G,al2) sin(G,al2) ., (d+a)
(A Ga2 G2 ; XHIGKX)), g =<1l

In these equationshs.=Ld. Finally, the reciprocal lattice fraction of the air isf=0.67. As can be seen, the crystal

vectors are generates an absolute band gap for both (3&id curves
m m and TM (dashed curvesgolarizations. Therefore, the crystal
X% 'y~ . .

G=27r(—| + = ) (16) is a good candidate to support surface modes of both polar-
L d izations. We have performed calculations for a truncated

with m, andm, integer numbers. crystal with the surface plane parallel to #i®0 plane. The

propagation wave vectd, lies along thg010] direction of

lll. NUMERICAL RESULTS the Brillouin zone.

In order to determine the available regions for the surface
The frequency band structure shown in Fig. 4 correspondmodes, in Fig. 5 we superpose the projected TE and TM
to a crystal of square air cylinders in a background of dielecfrequency bands of both the crystal and air along[thE))]
tric constante=17.9 (GaSh at\=0.9um);’ the packing direction. The line-shaded regions correspond to propagating
solutions in the crystal—all electromagnetic modes within
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FIG. 4. Photonic band structure of a square lattice of square air
cylinders. The dielectric constant in the interstitial regioneis FIG. 5. Band projections along thedirection (the [010] direc-
=17.9, and the filling fractiorfof the aip is f=0.67. The bands are tion of the 3D crystal In each figure the line-shaded regions are the
plotted along the periphery of the irreducible Brillouin zone showncrystal bulk bands and the dot-shaded region is the air bulk band.
in the inset. The solid and dashed lines correspond to TE and TNhe infinite air band is limited below by the light line=ck, .
polarizations, respectively. The crystal supports an absolute ban@nly the gaps on the right side of the light line and above the lowest
gap (for propagation in the plane of periodicityf width Aw crystal bandfour for TE modes and two for TM modgare acces-
=0.022 centered im=0.375. The frequency is expressed in units sible for surface modes. The reduced wave vekjois in units of
of (27rc/d). (27/d).
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TE FIG. 7. Electric field intensityE|? contour map of the TE bulk
010 o 025 050 mode for the lowest band & =k,=/d (the M poin. Local
ky minima (maximag occur at the centerdcorners of the air

cylinders—squares plotted with solid lines. The bulk band results
FIG. 6. Surface mode dispersion curv@mshed linesin the from the coupling of all the local modes in the dielectric region.
first band gap for TE polarization. With complete cells at the sur-The truncation of the crystal with=0 (or 7=1) leaves strongly
face (r=0), the surface modes lie roughly at the center of the gapperturbed modes at the surface. These modes can not couple with
Given the small increment=0.07, the modes are much lowered the modes in the semi-infinite crystal and constitute a surface oscil-
and emanate from the first bulk band, rather than from the light linelation.
The figure demonstrates the strong sensitivity of the dispersion
curve to the position of the surface. the overlapping of the electromagnetic modes of all the rods
L in the crystal. The coupling of the lowest mode of all the
these bands have a real wave vedterk,i +k,j. The edges rods gives rise to the lowest band; the coupling of the second
of the bands are defined ly=0 andk,= =/d. On the other mode of all the rods gives rise to the second band, and so on.
hand, the dot-shaded regions>ck, satisfy the relationo ~ When the crystal is truncated with complete rods at the sur-
=c|k+ G| corresponding to wave propagation in éhe in-  face, the situation is not very different. Only the modes of
terior of the light cong This infinite band delimited below the rods at the surface suffer a small perturbation because
by the vacuum light line suffers a reflection at the limit of the they are now in contact with the semi-infinite air-space in-
Brillouin zone. terface. However, this perturbation is not sufficient to sepa-
It is clear that solutions with fields decaying on both sidesrate their modes from the band produced by the rest of the
away from the surface can appear only in the crystal bandods in the semi-infinite crystal. Only crystal truncation that
gaps and outside the region for oscillating air solutions. Ineaves incomplete rods at the surface gives rise to new
Fig. 5 we found four regions for TE modes and two regionsmodes—essentially those of the rods of the last layer—
for TM modes satisfying these conditions. In both cases thavhich cannot couple to the bulk modes to form part of a
region below the lowest crystalline band is not available forband.
physical solutions. We shall present results only for surface In our crystal of square air cylinders, the situation is dif-
modes in the lowest band gaps. ferent. Now the dielectric regions of neighboring cells are
Let us begin showing solutions for TE waves. In Fig. 6 interconnected, producing stronger overlap of their modes. In
we plot the dispersion curves of the surface modes+for particular, for the first bulk band we found that the fields
=0 andr=0.07—the upper and lower dashed lines within have maximum amplitude at the corners of the unit dsks
the band gap, respectively. The position of the surface foFig. 7). One might think that the band is produced by the
each case is shown on the right side of the figure. With interaction of the modes centered at the corners of all the
=0.07 the incomplete surface cells have ar@07d2. The cells. The termination of the crystal with=0 leaves at the
first thing to notice is the strong dependence of the dispersurface a continuous dielectric region of half the width of the
sion curve onr. The slight variation of the cut parameter internal dielectric regions, not unlike a waveguide. As occurs
moves the position of the curve to lower frequency valuesin the case of crystals with dielectric rods, the modes asso-
We can observe that the modes near the light line disappeagiated with this truncated region do not couple with the in-
The dispersion curve begins kj~0.26 at the top of the terior modes. These new modes of higher frequency remain
lower bulk band. detached as surface solutions lying above the *“valence
Previous works for crystals of dielectric rods supportingband.”
complete gaps have shown that the surface modes exist only The field confinement at the surface depends on the posi-
for crystal terminations that leave incomplete cylinders at thdion of the mode in the forbidden gap. In Fig. 8 we present
surface®® Figure 6 shows that this is not true for crystals of the field intensity ay=0 (the center of the supercell in tlye
air cylinders at least for the TE case. For crystals of dielectriglirection corresponding to the modég =0.32, w=0.21
rods, we can understand the origin of the surface modes andk,=0.45,0=0.227. We shall refer to these modes as the
follows. It is known that the bulk band structure results fromfirst and second modes, and we mark them with a circle and
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FIG. 8. Electric field intensityE|* at y=0 for the two surface

modes marked in Fig. 6. The black squares below the curves are the T
air cylinders in the supercell. The arrow represents the position of FIG. 9. TE surface modes behavior as a function of the cut

the surface. On the air side the stronger confinement at the Surfa?)%rameten- The interval G <1 corresponds to the length of the
is obtained for the more distant point from the light lifibe mode unit cell in the x direction. The bar at the bottom of the figure

_marked W'tk}a sguare Ic? Fig) 60n tk;]e Cry_ztjlll smie :lhe Iocgllzaﬁlon represents the length of the air cylinder in the unit cell alongxthe
is s(;rongerk c(njr t_?] mode nee}re'it_t Z middle of the @again the  ,yis For the selected propagation veckgr=0.30, the surface
mode marked with a square in Fig. modes do not appear when the cut plane leaves the crystal with a

a square, respectively, in the lower dispersion curve of FigNamow last row of cylinders, namely, for 0.99<0.42.

6. In this figure we observe that the first mode lies relativelyipe problem. In the first region where<0r<0.09, the sur-
near to the light line and near the edge of the first band. Oface mode exists for att. It lies in the lower half of the gap,
the other hand, the second mode is far from both the lighljisappearing just at the limit=0.09. It is important to note
line and from bulk bands. What we learn from Fig. 8 is thatinat gt this limit the dielectric layer at the surface has the full
the confinement at the surface of the second mode is bettejigih that separates the air cylinders in the bulk. In the sec-
As is the case for these two modes, we have found a generg}q region defined by 0.89r<0.91, a surface mode exist
behavior: the fields of the surface modes are better Iocalizegmy for 7=0.45. The frequency of the mode is loweredras
at the surface when the modes lie far from the light line and,creases. Finally, in the third region where 0:94<1, the

close to the midgap. mode continues decreasing in frequency until reaching the

_ The behavior on the air side can be urzldezrslt/god conside(a|ye»=0.22, which, of course, coincides with the value for
ing that the decay distance =2/[kj—w/c]™ (ky in-  ;—0 This is to say—at least fok,=0.3—that a surface
creases more tham for the second mode, in comparison mode can be excited for every value efwithin the gap,
with the first modg In order to understand the behavior of proyided that a suitable termination is chosen. Also, not sur-
the fields inside the crystal, we remind the reader thakihe prisingly, if the surface cuts entirely through dielectric ma-
component of any Bloch vectdr=k,i + k,j within the band  terial, a surface mode can propagate. On the other hand, if
gap is complex. By increasing the frequency from the lowerthe surface truncates the air cylinders, then there are no sur-
limit of the gap(for a fixedk,), it is found that the imaginary face modes for relatively narrow cylinders<0.45).
part ofk, varies from O to a maximum value near the mid-  Physically, by sweeping the cut parameteirom 0 to 1
gap. Then it decreases until 0 at the upper frequency limit ofve add one mode—for each wave vedtgrin the Brillouin
the gap. In this process the real partkgf(= 7/d) remains  zone—to the lower band. The surface mode descends from
constant. The surface modes are electromagnetic oscillationise top of the band gap until it reaches the edge of the lower
guided by a real propagation vectiky with the decay into band, acquiring bulk mode properties. Although we have
the medium given by such a complkx. Because the decay presented solutions only for the modes in the lowest band
distance is inversely proportional to the imaginary part ofgap, similar behavior occurs within the higher-lying ones.
k., it is expected that modes nearer to the gap edges are We now turn to discuss results for TM waves. In Fig. 10
more penetrating than the modes located at the midgap. we plot two dispersion curves far=0.5 andr=0.91. The
Another way to see the strong sensitivity of the surfacepositions of the curves clearly show a strong dependence on
modes to the termination of the crystal is shown in Fig. 9. In7. Searching for another branch fe=0, we have not found
this figure we present the variation of the frequency of theany solution. This observation provides the first, qualitative,
surface mode as a function of the cut parametiar a fixed  difference between TE and TM modes in this crystal.
value of the propagation vector, nameky,=0.30. The bar With respect to the confinement at the surface of the TM
on the 7 axis [with ends atr=(d—a)/2d=0.09 andr=(d modes, we found the same behavior on the air sadeis
+a)/2d=0.91] represents the width of the air rods along theexpected discussed above for TE waves. However, in the
x axis (see Fig. 3. We can speak of three regions involved in crystal the TM modes are less penetrating than the TE
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g FIG. 11. Magnetic field intensity of the TM surface mode en-
0.20 . circled in Fig. 10. The solid line outside the auxiliary “basis” in-
dicates the position of the crystal-air interface. The dashed lines in
the basis separate the unit cells of the crystal. The vata®.5
means that the last cell is half truncated. The contour map of the
0.4 field intensity is plotted at the bottom of the basis. It is interesting

0

0.00 . 0.50 that the discontinuity at the top of the surface occurs at the end of
the air region(which penetrates into the surface gelither than at

the nominal surface.

FIG. 10. Surface-mode dispersion curvesshed linesin the
first band gap for TM polarization. Contrary to the TE case, TMremain. By plotting the field intensities of modes located at
surface modes do not occur when the crystal terminates with comdifferent positions within the same gap, in general we found
plete cells at the surface. The upglawer) dispersion curve corre- that the TM modes are more confined to the surface than the
sponds to a cut parameter=0.50 (0.91). TE modes. Stronger field localization at the surface is ob-

tained for modes lying far from the light line at the center of

modes. This is a second distinction between the TE and Thhe band gap.
modes. In Fig. 11 we plot the field intensity|? of the mode In a typical experimental situation, a plane wave is inci-
encircled in Fig. 10 k,=0.40, »=0.35. We observe that dent at the surface of the photonic crystal from the air side. If
the field penetrates only as far as the second cell. We hawbe angle of incidence ia, then the wave-vector component
not found such strong localization for any TE mode. Becaus@arallel to the surface ig,=(w/c)sina. A prism may be
the localization at the surface of the fields of any mode isadded in case of an attenuated total reflec(®@hR) experi-
related to the imaginary part of the Bloch wave vector, wement, in which case this expression must be multiplied by
conclude that in general this imaginary part is larger in thethe prism index. Because the crystal is periodic in yh-
first TM gap than it is in the first TE gap. rection, diffraction will generate partial modes with propaga-

Finally, a third difference can be found in the field pro- tion vectorsk,=q,+ (27/d)n, wheren takes all the integer
files of TM and TE surface modes in the crystal. We havevalues. Ifo<c/d, thenk, will fall outside the light cone
shown that the TE field has local maxima at the corners ofor all values ofn (provided that it is outside this cone for
the unit cells. For TM fields we find that the local maxima of one value ofn). Then thek, (perpendiculgrcomponents in
the |H|? field are located in the dielectric regions betweenthe air are pure imaginary for aland the surface wave is a

neighboring rodgsee Fig. 11 proper, nonradiative wave. On the other handy i§ greater
thanc/d (the frequency at which the light line crosses the
IV. SUMMARY AND CONCLUSIONS edge of the first Brillouin zone thenk, will fall inside the

We have used the supercell method to derive both thgght cone fpr aj[ least one value af As the frequency in-
reases, this will occur for more and manevalues, corre-

dispersion curves and the field intensities of the surface eled i . ; ) ) .
tromagnetic waves that can propagate at the surface of a 2 onding to increasing orders of diffraction. These partial

photonic crystal. Calculations where performed for crystalswawes will have real values of thei, components and will

C(‘eontribute to radiation into the air. As a consequence, the

modes were obtained as a function of the position of theourface wave will be damped. Such waves are called radia-

surface, namely, the position of the plafvath respect to a ;uve of Iearlfyt. B_ecauset tlhe tdh'elzt_:ftfr'c ct:_ontraf?t 'f usualg/ Very
complete unit cell that truncates the infinite crystal. For a arge in photonic crystais, the difiractive efiects can be ex-

crystal of air cylinders in a background of Ga@those band pected to be very strong, essentially destroying the surface

structure supports an absolute band)gdpth TM and TE wave. In this paper we investigatgd only nonradiqtive waves
surface modes appear and their dispersion curves afNd also did not study the excitation due to an incident plane
strongly dependent on the position of the cut plane. Surfac¥/@Ve:
modes for the two polarizations exigh the first band gaps

of the respective band structiifer positions of the cut plane

that leave the surface cylinders with cross sections larger This work was supported by Consejo Nacional de Ciencia
than one-half of the nominal. However, when the surfacey Tecnologa, Mexico, Grant No. 489100-5-3878PE. We
takes the midposition between two cylinder layéestting  also thank the Departamento de rauto Acadenico
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