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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 these~nonradiative! 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 the~100! surface in the@010# 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 waves.@S0163-1829~99!08523-9#
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I. INTRODUCTION

It is well known that the diffraction of electromagnet
waves in a photonic crystal gives rise to band structure
the eigenfrequencies. During the last decade, much theo
cal and experimental work has proved that, depending
their design characteristics, photonic crystals can support
quency band gaps where electromagnetic oscillations
forbidden.1,2 This property has potential applications in th
optoelectronic industry and can lead to new fundame
phenomena.

It has been also shown that photonic crystals can sup
surface modes which propagate along the crystal-air in
face. It has been suggested that by understanding the su
band structure the losses associated with radiation~due to
localized sources! into surface modes could be eliminated3

The surface modes are characterized by decaying field
both perpendicular directions away from the surface pla
On the air side the exponential decay of the field amplitud
a straightforward consequence of the propagation vector
ing greater than the vacuum wave vector. Inside the cry
the fields decay because interference effects. Thus the
face waves in photonic crystals are of different charac
than the well-known surface polaritons in a homogene
half-space. In the latter case the decay in the material
dium is caused simply by the negative value of its dielec
function.

Surface waves in photonic crystals are Bloch-ty
waves—the periodicity of the dielectric constant parallel
the surface plane requires application of the Bloch theor
Such waves were found theoretically in a three-dimensio
~3D! structure constituted of a set of dielectric columns co
necting the sites of a diamond lattice.3 The calculations
showed that their dispersion curvev5v(ki) is strongly de-
pendent on the position of the surface. It was also argued
PRB 590163-1829/99/59~23!/15112~9!/$15.00
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surface electromagnetic modes always exist for some te
nation~position of the surface plane! in structures supporting
complete band gaps. Experimentally, the surface waves w
detected at gigahertz frequencies in a 2D array of para
alumina ceramic rods of circular cross section.4 In this crys-
tal ~square array exhibiting a full band gapDv;25 GHz!,
the surface waves were excited using the attenuated
reflection technique. In this experiment no evidence of s
face modes was found for crystals terminated by comp
rods. The surface modes were detected with the surface l
of cylinders cut in half~hemicylinders!.

In this paper we investigate the properties of surfa
waves in 2D photonic crystals of square cylinders that fo
a square lattice. The crystals give rise tocompleteband gaps.
In recent calculations5 we have shown that surface mod
may appear in incomplete, as well as in complete, gaps
any case, surface modes are restricted to the right side o
vacuum light line and must lie within the band gaps of t
surface bands—the projected bulk bands along the surfac
interest. The light line satisfyingv5cki , where c is the
speed of light in vacuum andki is the component of the
wave vector parallel to the surface, separates the oscilla
(v.cki) and the exponentially decaying (v,cki) solutions
for the fields in the perpendicular direction away from t
surface on the air side. On the other hand, in the crystal
solutions with realki may have either real or complex pe
pendicular componentk' . The former—solutions with rea
k'—give rise to the bulk modes. The latter—solutions w
complexk'—give rise to surface modes. This study is r
stricted to frequenciesv,pc/d ~whered is the period in the
direction of wave propagation!, in which region the surface
waves have nonradiative character. Above this frequency
solutions are necessarily radiative, which is to say tha
surface wave is damped by radiating energy into air. A br
15 112 ©1999 The American Physical Society
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PRB 59 15 113SURFACE ELECTROMAGNETIC WAVES IN TWO- . . .
discussion of radiative or leaky modes is given at the end
the paper.

In our calculations we use the plane-wave expansion
the electromagnetic fields. Surface modes are obtained
applying the Bloch theorem and by defining the appropri
supercell. A complete description of the method for 1
structures—dielectric superlattices—where the reliability
the supercell method was proved, has been publis
recently.6 Rather than studying surface modes in a se
infinite crystal, we calculate the surface modes in a cry
slab. The main idea of the method is the postulation of
auxiliary infinitely periodic superstructure constituted
crystal slabs alternating with air slabs. By using the Blo
theorem for this superstructure and taking into account
internal ~photonic crystal! structure of the slabs, the wav
equation is solved forv(ki), giving rise to a frequency ban
structure for oscillating solutions guided by the crystal sl
Some of these bands are constituted by modes which h
maximum field amplitude near the crystal-air interfac
Their fields decay exponentially into the air regions, and th
become vanishingly small in the photonic crystal far enou
from the surface. Thus these modes have surface-mode
acter. The width of the band is related to the coupling of
the neighboring surface modes in the auxiliary superstr
ture.

There are two requirements for an accurate computa
of the surface modes. One is that the air regions be w
enough in order to ensure that the surface modes of any
crystal slab do not interact~overlap! with those of the neigh-
boring slabs on each side. The other condition is that
crystal slab be sufficiently wide to guarantee the indep
dence of the modes at its two surfaces. These requirem
are satisfied provided that the widths of the air and the c
tal regions are sufficiently greater than the decay length
the fields in the corresponding regions. If such limits a
taken, then the dispersion curve obtained is expected to
verge to the dispersion curve of the surface modes of
semi-infinite crystal. In this limit the surface mode solutio
are infinitely degenerate.

It is known that the supercell method requires a very la
number of waves in the expansion in order to represent
equately the dielectric function of the superstructure. W
made calculations with a rectangular symmetric super
containing seven or nine cells with the high dielectric co
trast «a /«0 of 17.9. All the solutions that we shall prese
were obtained with a basis larger than 3200 plane wa
giving results with precision better than 95%.

The rest of the paper is organized as follows. In Sec. II
resolve the wave equation for both TE and TM waves w
propagation vector in the plane of periodicity. General e
pressions to compute the bulk and surface bands are
tained. In Sec. III numerical results are presented. We inv
tigate the properties of the surface modes as a function o
surface position and the polarization. In Sec. IV we give o
conclusions.

II. CALCULATION OF THE BULK AND SURFACE
MODES

We investigate wave propagation in 2D periodic dielect
structures, with thex,y plane being the plane of periodicity
of
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The medium is homogeneous along thez axis, and the propa-
gation vector is parallel to the plane of periodicity. We d
scribe such structures by means of a periodic dielectric c
stant, namely,«(x)5«(x1R), where both the position
vectorx and the lattice vectorR lie in the planex,y. We seek
solutions for two structures. The first one is the infin
array—the 2D photonic crystal—of parallel rods of squa
cross sections5a3a with their axes cutting thex,y plane at
the sites of a square lattice. The infinitely long rods are p
allel to the z axis and are surrounded by air. The tw
dimensional unit cell is square with sides of lengthd. A rod
is placed at the cell center as shown in Fig. 1~a!. The 2D
periodic structure is generated by repeating the unit cel
the pointsRlm5d( l î 1m ĵ), with l andm integers.

The second structure, shown schematically in Fig. 1~b!,
has an auxiliary character and is used to obtain the sur
modes of the photonic crystal. We have air slabs alterna
with crystal slabs. It can be seen that the unit cell—t
supercell—of lengthL along thex axis and widthd along the
y axis is more complicated. This centrosymmetric superc
containsn rods that are bounded by air regions. Then22
inner rods have always the nominal square cross sectios.
Although in Fig. 1~b! the crystal slab in the supercell term
nates with complete rods at the surfaces, it is possible
select a different surface position in order to leave inco
plete exterior rods~see below!. The infinite superstructure is
generated by considering the supercell as the basis of
rectangular latticeRlm5Ll î 1dm ĵ, wherel andm are inte-
gers.

With the propagation vector in thex,yplane, there are two
independent vibration modes. These are the TE mode w
the electric field parallel to thez axis and the TM mode with
the electric field in thex,y plane. From Maxwell’s equations
we find the wave equations for the fieldsE(x,y) ~TE! and

FIG. 1. ~a! Square unit cell with sides of lengthd. The square
cylinder at the center of the cell has dielectric constant«a . It is
infinite in thez direction and is surrounded by another medium
dielectric constant«b . ~b! Auxiliary superstructure for calculation
of surface modes. It is constituted by crystal slabs alternated w
air slabs. The supercell of areaAc5Ld is shown by dashed lines.
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H(x,y) ~TM!, which are parallel to the cylinders:

1

«~x,y!
¹2E~x,y!52

v2

c2 E~x,y!, ~1!

F ]

]x

1

«~x,y!

]

]x
1

]

]y

1

«~x,y!

]

]yGH~x,y!52
v2

c2 H~x,y!.

~2!

Because of the periodicity, the solutions of these equati
are written so as to satisfy the Bloch theorem. By usin
plane-wave basis, we expand both the inverse dielec
function and the cell-periodic part of the fields. After som
algebraic manipulations one obtains

(
G8

mG2G8uk1G8u2EG85
v2

c2 EG ~TE!, ~3!

(
G8

mG2G8~k1G!•~k1G8!HG85
v2

c2 HG ~TM!, ~4!

whereG andG8 are the reciprocal lattice vectors. The Fo
rier coefficientmG2G8 is given by

mG5
1

A E
A

dx

«~x!
exp~2 iG•x!, ~5!

whereA is the unit cell area.
The formulas~3! and ~4! represent two infinite sets o

equations for the eigenvectorsEG andHG . For given values
of the Bloch wave vectork, each set of equations has sol
tions for some eigenvaluesv j (k) where the band indexj
~51,2,3, . . . ! specifies the serial number of a photonic ba
in ascending order of the frequency. These equations
valid for both dielectric structures described at the beginn
of this section. In the first case~the infinite crystal!, by run-
ning the wave vectork along the periphery of the reduce
Brillouin zone we can obtain the bulk band structure. Th
of course, leaves out Bloch vectorsinside the irreducible
zone. As an alternative description, all solutions within t
Brillouin zone can be calculated and plotted as a function
ky , with kx as a parameter. We name the resulting ba
structure theprojected bandsalong theky axis—the@010#
direction of the Brillouin zone. Every projected bandj occu-
pies a band in theky-v plane. The upper and lower edges
every band are characterized, respectively, bykx50 andkx
5p/d or the reverse. By plotting the projected bands we c
identify the frequency regions where the wave propagatio
forbidden in thex,y plane. Upon crystal truncation with th
cut plane parallel to they,z plane, such regions of theky-v
plane are the forbidden gaps in which the surface modes
be found.

For the second case~the auxiliary structure!, the complex-
ity of the dielectric function of the supercell gives rise to
very complicated band structure. As for the bulk photo
bands, we also can calculate both the band structure a
the periphery of the reduced zone of the Brillouin zone
sociated with the superstructure and the projected ba
along theky axis. The latter, the projected band structu
represents an essential step of the supercell method. Perf
ing calculations, we found groups of series of bands. D
pending on the number of cylinders in the supercell, sayn,
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there appear groups each containingn bands. Asn increases,
each group becomes more and more compact and the
structure resembles the projected band structure of the
nite crystal~see the previous paragraph!. Furthermore, when
the conditions are appropriate, there appear additional ba
lying in frequency regions where the wave propagation
forbidden in thex,y plane in the infinite crystal. Such band
are associated with surface modes of the crystal slab in
supercell. When the requirements for an accurate comp
tion are satisfied~see Sec. I!, these bands become very na
row and approach the dispersion curves of the surface mo
of the semi-infinite crystal.

A. Bulk modes

The dielectric function of the unit crystal cell@Fig. 1~a!# is
given by

1

«~x,y!
5

1

«b
1S 1

«a
2

1

«b
D uS a

2
2uxu D uS a

2
2uyu D , ~6!

where u~a! is the Heaviside function (u51 for a>0 and
u50 for a,0!. The Fourier coefficients are obtained fro
Eq. ~5! as

mG5H 1

«b
1S 1

«a
2

1

«b
D f J dG,0

1S 1

«a
2

1

«b
D f

sin@Gx~a/2!#

Gx~a/2!

sin@Gy~a/2!#

Gy~a/2!
~12dG,0!,

~7!

where the packing fractionf is

f 5
a2

Ac
5S a

dD 2

~8!

and the reciprocal lattice vectors are

G5
2p

d
~mxî 1myĵ !. ~9!

In principle, mx and my assume all the integer values. T
obtain the bulk band structure, we must substitute Eq.~7!
into Eqs.~3! and ~4!.

B. Supercell representation for surface modes

In Fig. 2 we present the supercell used for calculatio
This is a rectangular symmetric cell containingn59 inner

FIG. 2. One-half of the supercell. In this example the compl
supercell@symmetric as shown in Fig. 1~b!# has N59 complete
cylinders and two incomplete cylinders of cross sections(t)5s
3a @s5td2(d2a)/2#. The supercell contains a row of cylinder
bounded by air on both sides.
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cylinders. The two last cylinders~one for each side of the
crystal slab! can have equal or smaller cross section than
inner cylinders. This depends on the position of the
plane. In order to study the properties of the surface mo

FIG. 3. Variation of the position of the surface plane, mark
with a solid line and an arrow. The cell to the left~right! of this line
is the surface cell~first bulk cell!. ~a! The crystal terminates with
complete cells at the surface.~b! The host material forms a continu
ous layer of nominal~maximum! width at the surface.~c! The sur-
face is tangent to the left face of the complete cylinder in the s
face cell.~d! The crystal terminates again with complete cells at
surface; however, an additional cell has been added. Of course
a crystal of dielectric rods in air all four terminations are equivale
On the other hand, in a crystal of air cylinders only situations~a!
and ~d! are equivalent.
e
t

es

as a function of the position of the surface, we used the
parametert (0<t<1).3 The meaning of this parameter ca
be understood from Fig. 3. Ift50, the crystal terminates
with complete cells@Fig. 3~a!#. As t increases, the termina
tion changes. For instance, witht50.5 the surface cuts in
half the last cells, leaving cylinders of half the nominal cro
section. Whent51 the crystal slab hasn59 inner cylinders
and two complete last cells@see Fig. 3~d!#. Of course, this
case could be equally described byn511 andt50. If n is
sufficiently large, thent50 andt51 give the same results

For a given value oft, the area of the last cell in the
supercell istd2. For a supercell of lengthL5(n12t)d
1d0 along thex axis and widthl 5d along they axis, we
may write

1

«~x,y!
5

1

«0
1S 1

«̃~x,y!
2

1

«0
D uS L2d0

2
2uxu D , ~10!

where the dielectric function of the crystalline part~of length
L2d0! is

1

«̃~x,y!
5

1

«b
1S 1

«a
2

1

«b
D

3F (
j 51

n

uS a

2
2ux2xj u D uS a

2
2uyu D1Ft~x,y!G .

~11!

Herexj represents the center positions of inner rods. The
function Ft is defined by

r-
e
for
.

that
at the
Ft~x,y!55
0, 0<t,

~d2a!

2d
,

(
j 51

2

uS s

2
2ux2xj8u D uS a

2
2uyu D ,

~d2a!

2d
<t,

~d1a!

2d
,

(
j 51

2

uS a

2
2ux2xj8u D uS a

2
2uyu D ,

~d1a!

2d
<t,1.

~12!

In this equations5td2(d2a)/2 is the length along thex direction of the incomplete rods in the last layer andxj8 are the
center positions of the two exterior rods—one for each surface layer delimiting the crystal slab. It is easy to showxj8
56@(n1t)d/21(d2a)/4# andxj856(n11)d/2 when the cut parameter corresponds to incomplete and complete rods
surface, respectively.

The Fourier coefficients are found to be

mG5H 1

«0
1S 1

«b
2

1

«0
D ~L2d0!d

Asc
1S 1

«a
2

1

«b
D F a2

Asc
n1J1~t!G J dG,01S 1

«b
2

1

«0
D ~L2d0!d

Asc

sin@Gx~L2d0!/2#

Gx~L2d0!/2
~12dGx,0!dGy,0

1S 1

«a
2

1

«b
D H a2

Asc

sin~Gxa/2!

Gxa/2

sin~Gya/2!

Gya/2 (
j

exp~ iGxxj !1J2~t!J ~12dG,0!, ~13!

where
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J155
0, 0<t,

~d2a!

2d
,

2sa

Asc
,

~d2a!

2d
<t,

~d1a!

2d
,

2a2

Asc
,

~d1a!

2d
<t,1,

~14!

and

J255
0, 0<t,

~d2a!

2d
,

sa

Asc

sin~Gxs/2!

Gxs/2

sin~Gya/2!

Gya/2 (
j

exp~ iGxxj8!,
~d2a!

2d
<t,

~d1a!

2d
,

a2

Asc

sin~Gxa/2!

Gxa/2

sin~Gya/2!

Gya/2 (
j

exp~ iGxxj8!,
~d1a!

2d
<t,1.
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In these equations,Asc5Ld. Finally, the reciprocal lattice
vectors are

G52pS mx

L
î 1

my

d
ĵ D , ~16!

with mx andmy integer numbers.

III. NUMERICAL RESULTS

The frequency band structure shown in Fig. 4 correspo
to a crystal of square air cylinders in a background of diel
tric constant«517.9 ~GaSb atl50.9mm!;7 the packing

FIG. 4. Photonic band structure of a square lattice of square
cylinders. The dielectric constant in the interstitial region is«
517.9, and the filling fraction~of the air! is f 50.67. The bands are
plotted along the periphery of the irreducible Brillouin zone sho
in the inset. The solid and dashed lines correspond to TE and
polarizations, respectively. The crystal supports an absolute b
gap ~for propagation in the plane of periodicity! of width Dv
50.022 centered inv50.375. The frequency is expressed in un
of (2pc/d).
s
-

fraction of the air isf 50.67. As can be seen, the cryst
generates an absolute band gap for both TE~solid curves!
and TM ~dashed curves! polarizations. Therefore, the crysta
is a good candidate to support surface modes of both po
izations. We have performed calculations for a trunca
crystal with the surface plane parallel to the~100! plane. The
propagation wave vectorky lies along the@010# direction of
the Brillouin zone.

In order to determine the available regions for the surfa
modes, in Fig. 5 we superpose the projected TE and
frequency bands of both the crystal and air along the@010#
direction. The line-shaded regions correspond to propaga
solutions in the crystal—all electromagnetic modes with

ir

M
nd

FIG. 5. Band projections along they direction~the @010# direc-
tion of the 3D crystal!. In each figure the line-shaded regions are t
crystal bulk bands and the dot-shaded region is the air bulk ba
The infinite air band is limited below by the light linev5cky .
Only the gaps on the right side of the light line and above the low
crystal band~four for TE modes and two for TM modes! are acces-
sible for surface modes. The reduced wave vectorky is in units of
(2p/d).
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these bands have a real wave vectork5kxî 1ky ĵ . The edges
of the bands are defined bykx50 andkx5p/d. On the other
hand, the dot-shaded regionsv.cky satisfy the relationv
5cuk1Gu corresponding to wave propagation in air~the in-
terior of the light cone!. This infinite band delimited below
by the vacuum light line suffers a reflection at the limit of t
Brillouin zone.

It is clear that solutions with fields decaying on both sid
away from the surface can appear only in the crystal b
gaps and outside the region for oscillating air solutions.
Fig. 5 we found four regions for TE modes and two regio
for TM modes satisfying these conditions. In both cases
region below the lowest crystalline band is not available
physical solutions. We shall present results only for surf
modes in the lowest band gaps.

Let us begin showing solutions for TE waves. In Fig.
we plot the dispersion curves of the surface modes fot
50 andt50.07—the upper and lower dashed lines with
the band gap, respectively. The position of the surface
each case is shown on the right side of the figure. Witt
50.07 the incomplete surface cells have area50.07d2. The
first thing to notice is the strong dependence of the disp
sion curve ont. The slight variation of the cut paramete
moves the position of the curve to lower frequency valu
We can observe that the modes near the light line disapp
The dispersion curve begins atky;0.26 at the top of the
lower bulk band.

Previous works for crystals of dielectric rods supporti
complete gaps have shown that the surface modes exist
for crystal terminations that leave incomplete cylinders at
surface.4,5 Figure 6 shows that this is not true for crystals
air cylinders at least for the TE case. For crystals of dielec
rods, we can understand the origin of the surface mode
follows. It is known that the bulk band structure results fro

FIG. 6. Surface mode dispersion curves~dashed lines! in the
first band gap for TE polarization. With complete cells at the s
face (t50), the surface modes lie roughly at the center of the g
Given the small incrementt50.07, the modes are much lowere
and emanate from the first bulk band, rather than from the light l
The figure demonstrates the strong sensitivity of the disper
curve to the position of the surface.
s
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the overlapping of the electromagnetic modes of all the r
in the crystal. The coupling of the lowest mode of all th
rods gives rise to the lowest band; the coupling of the sec
mode of all the rods gives rise to the second band, and so
When the crystal is truncated with complete rods at the s
face, the situation is not very different. Only the modes
the rods at the surface suffer a small perturbation beca
they are now in contact with the semi-infinite air-space
terface. However, this perturbation is not sufficient to se
rate their modes from the band produced by the rest of
rods in the semi-infinite crystal. Only crystal truncation th
leaves incomplete rods at the surface gives rise to n
modes—essentially those of the rods of the last laye
which cannot couple to the bulk modes to form part of
band.

In our crystal of square air cylinders, the situation is d
ferent. Now the dielectric regions of neighboring cells a
interconnected, producing stronger overlap of their modes
particular, for the first bulk band we found that the fiel
have maximum amplitude at the corners of the unit cells~see
Fig. 7!. One might think that the band is produced by t
interaction of the modes centered at the corners of all
cells. The termination of the crystal witht50 leaves at the
surface a continuous dielectric region of half the width of t
internal dielectric regions, not unlike a waveguide. As occ
in the case of crystals with dielectric rods, the modes as
ciated with this truncated region do not couple with the
terior modes. These new modes of higher frequency rem
detached as surface solutions lying above the ‘‘vale
band.’’

The field confinement at the surface depends on the p
tion of the mode in the forbidden gap. In Fig. 8 we prese
the field intensity aty50 ~the center of the supercell in they
direction! corresponding to the modesky50.32, v50.21
andky50.45,v50.227. We shall refer to these modes as
first and second modes, and we mark them with a circle

-
.

.
n

FIG. 7. Electric field intensityuEu2 contour map of the TE bulk

mode for the lowest band atkx5ky5p/d ~the M̄ point!. Local
minima ~maxima! occur at the centers~corners! of the air
cylinders—squares plotted with solid lines. The bulk band res
from the coupling of all the local modes in the dielectric regio
The truncation of the crystal witht50 ~or t51! leaves strongly
perturbed modes at the surface. These modes can not couple
the modes in the semi-infinite crystal and constitute a surface o
lation.
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a square, respectively, in the lower dispersion curve of F
6. In this figure we observe that the first mode lies relativ
near to the light line and near the edge of the first band.
the other hand, the second mode is far from both the li
line and from bulk bands. What we learn from Fig. 8 is th
the confinement at the surface of the second mode is be
As is the case for these two modes, we have found a gen
behavior: the fields of the surface modes are better local
at the surface when the modes lie far from the light line a
close to the midgap.

The behavior on the air side can be understood consi
ing that the decay distance isd52/@ky

22v2/c2#1/2 (ky in-
creases more thanv for the second mode, in compariso
with the first mode!. In order to understand the behavior
the fields inside the crystal, we remind the reader that thekx

component of any Bloch vectork5kxî 1ky ĵ within the band
gap is complex. By increasing the frequency from the low
limit of the gap~for a fixedky!, it is found that the imaginary
part of kx varies from 0 to a maximum value near the mi
gap. Then it decreases until 0 at the upper frequency limi
the gap. In this process the real part ofkx (5p/d) remains
constant. The surface modes are electromagnetic oscilla
guided by a real propagation vectorky with the decay into
the medium given by such a complexkx . Because the deca
distance is inversely proportional to the imaginary part
kx , it is expected that modes nearer to the gap edges
more penetrating than the modes located at the midgap.

Another way to see the strong sensitivity of the surfa
modes to the termination of the crystal is shown in Fig. 9.
this figure we present the variation of the frequency of
surface mode as a function of the cut parametert for a fixed
value of the propagation vector, namely,ky50.30. The bar
on thet axis @with ends att5(d2a)/2d50.09 andt5(d
1a)/2d50.91# represents the width of the air rods along t
x axis~see Fig. 3!. We can speak of three regions involved

FIG. 8. Electric field intensityuEu2 at y50 for the two surface
modes marked in Fig. 6. The black squares below the curves ar
air cylinders in the supercell. The arrow represents the positio
the surface. On the air side the stronger confinement at the su
is obtained for the more distant point from the light line~the mode
marked with a square in Fig. 6!. On the crystal side the localizatio
is stronger for the mode nearest the middle of the gap~again the
mode marked with a square in Fig. 6!.
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the problem. In the first region where 0<t,0.09, the sur-
face mode exists for allt. It lies in the lower half of the gap
disappearing just at the limitt50.09. It is important to note
that at this limit the dielectric layer at the surface has the
width that separates the air cylinders in the bulk. In the s
ond region defined by 0.09<t<0.91, a surface mode exis
only for t>0.45. The frequency of the mode is lowered ast
increases. Finally, in the third region where 0.91,t<1, the
mode continues decreasing in frequency until reaching
valuev>0.22, which, of course, coincides with the value f
t50. This is to say—at least forky50.3—that a surface
mode can be excited for every value ofv within the gap,
provided that a suitable termination is chosen. Also, not s
prisingly, if the surface cuts entirely through dielectric m
terial, a surface mode can propagate. On the other han
the surface truncates the air cylinders, then there are no
face modes for relatively narrow cylinders (t,0.45).

Physically, by sweeping the cut parametert from 0 to 1
we add one mode—for each wave vectorky in the Brillouin
zone—to the lower band. The surface mode descends f
the top of the band gap until it reaches the edge of the lo
band, acquiring bulk mode properties. Although we ha
presented solutions only for the modes in the lowest b
gap, similar behavior occurs within the higher-lying ones

We now turn to discuss results for TM waves. In Fig.
we plot two dispersion curves fort50.5 andt50.91. The
positions of the curves clearly show a strong dependence
t. Searching for another branch fort50, we have not found
any solution. This observation provides the first, qualitati
difference between TE and TM modes in this crystal.

With respect to the confinement at the surface of the T
modes, we found the same behavior on the air side~as is
expected! discussed above for TE waves. However, in t
crystal the TM modes are less penetrating than the

the
of
ce

FIG. 9. TE surface modes behavior as a function of the
parametert. The interval 0<t<1 corresponds to the length of th
unit cell in the x direction. The bar at the bottom of the figur
represents the length of the air cylinder in the unit cell along thx
axis. For the selected propagation vectorky50.30, the surface
modes do not appear when the cut plane leaves the crystal w
narrow last row of cylinders, namely, for 0.09,t,0.42.
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modes. This is a second distinction between the TE and
modes. In Fig. 11 we plot the field intensityuHu2 of the mode
encircled in Fig. 10 (ky50.40, v50.35!. We observe that
the field penetrates only as far as the second cell. We h
not found such strong localization for any TE mode. Beca
the localization at the surface of the fields of any mode
related to the imaginary part of the Bloch wave vector,
conclude that in general this imaginary part is larger in
first TM gap than it is in the first TE gap.

Finally, a third difference can be found in the field pr
files of TM and TE surface modes in the crystal. We ha
shown that the TE field has local maxima at the corners
the unit cells. For TM fields we find that the local maxima
the uHu2 field are located in the dielectric regions betwe
neighboring rods~see Fig. 11!.

IV. SUMMARY AND CONCLUSIONS

We have used the supercell method to derive both
dispersion curves and the field intensities of the surface e
tromagnetic waves that can propagate at the surface of a
photonic crystal. Calculations where performed for cryst
of square cylinders arranged in a square lattice. The sur
modes were obtained as a function of the position of
surface, namely, the position of the plane~with respect to a
complete unit cell! that truncates the infinite crystal. For
crystal of air cylinders in a background of GaSb~whose band
structure supports an absolute band gap!, both TM and TE
surface modes appear and their dispersion curves
strongly dependent on the position of the cut plane. Surf
modes for the two polarizations exist~in the first band gaps
of the respective band structure! for positions of the cut plane
that leave the surface cylinders with cross sections la
than one-half of the nominal. However, when the surfa
takes the midposition between two cylinder layers~cutting
entirely through the dielectric material!, only the TE modes

FIG. 10. Surface-mode dispersion curves~dashed lines! in the
first band gap for TM polarization. Contrary to the TE case, T
surface modes do not occur when the crystal terminates with c
plete cells at the surface. The upper~lower! dispersion curve corre
sponds to a cut parametert50.50 ~0.91!.
M

ve
e
s
e
e

e
f

e
c-
D

s
ce
e

re
e

er
e

remain. By plotting the field intensities of modes located
different positions within the same gap, in general we fou
that the TM modes are more confined to the surface than
TE modes. Stronger field localization at the surface is
tained for modes lying far from the light line at the center
the band gap.

In a typical experimental situation, a plane wave is in
dent at the surface of the photonic crystal from the air side
the angle of incidence isa, then the wave-vector componen
parallel to the surface isqy5(v/c)sina. A prism may be
added in case of an attenuated total reflection~ATR! experi-
ment, in which case this expression must be multiplied
the prism index. Because the crystal is periodic in they di-
rection, diffraction will generate partial modes with propag
tion vectorsky5qy1(2p/d)n, wheren takes all the integer
values. Ifv,pc/d, thenky will fall outside the light cone
for all values ofn ~provided that it is outside this cone fo
one value ofn!. Then thekx ~perpendicular! components in
the air are pure imaginary for alln and the surface wave is
proper, nonradiative wave. On the other hand, ifv is greater
thanpc/d ~the frequency at which the light line crosses t
edge of the first Brillouin zone!, thenky will fall inside the
light cone for at least one value ofn. As the frequency in-
creases, this will occur for more and moren values, corre-
sponding to increasing orders of diffraction. These par
waves will have real values of theirkx components and will
contribute to radiation into the air. As a consequence,
surface wave will be damped. Such waves are called ra
tive or leaky. Because the dielectric contrast is usually v
large in photonic crystals, the diffractive effects can be e
pected to be very strong, essentially destroying the surf
wave. In this paper we investigated only nonradiative wa
and also did not study the excitation due to an incident pl
wave.
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FIG. 11. Magnetic field intensity of the TM surface mode e
circled in Fig. 10. The solid line outside the auxiliary ‘‘basis’’ in
dicates the position of the crystal-air interface. The dashed line
the basis separate the unit cells of the crystal. The valuet50.5
means that the last cell is half truncated. The contour map of
field intensity is plotted at the bottom of the basis. It is interest
that the discontinuity at the top of the surface occurs at the en
the air region~which penetrates into the surface cell! rather than at
the nominal surface.
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