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Electromagnetic surface modes in one-dimensional
photonic crystals with dispersive metamaterials
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We study the electromagnetic surface modes supported by the interface between semi-infinite one-dimensional
photonic crystals composed of dispersive metamaterials and a homogeneous medium in the presence of the cap
layer. A new type of surface mode is found in such structure, and these surface modes can exhibit strong reso-
nance at the first period of the photonic crystal. These resonant surface modes originate from the material
dispersion. Another type of surface mode with structural resonance can appear in the thick cap layer. The in-
fluences of physical parameters of the structure on the surface modes have also been investigated. © 2009
Optical Society of America

OCIS codes: 160.3918, 240.6690, 230.4170.
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. INTRODUCTION
etamaterials have attracted extensive attention in re-

ent years because of their novel properties [1–6]. There
re mainly two types of metamaterial: double negative
DNG) materials and single negative (SNG) materials.
he DNG materials with both negative permittivity ��
0� and negative permeability ���0� are also called

egative refraction index materials (NIMs), which were
rst studied theoretically around 40 years ago by Vese-

ago [1]. The NIMs possess striking electromagnetic prop-
rties in contrast with conventional positive refraction in-
ex materials (PIMs) such as inverse Doppler shift,
ackward-oriented Cerenkov radiation and power flow
1]. The SNG materials with ��0 ���0� and ��0 ��

0� are called �-negative (ENG) materials and
-negative (MNG) materials, respectively. Compared with
ropagating modes in PIMs and NIMs, SNG materials
re opaque and support only evanescent modes. How to
onstruct these metamaterials was not known until re-
ently due to the absence of naturally occurring materials
ith negative magnetic permeability. Plenty of research

or realizing these materials experimentally in the micro-
ave has been reported [2–4]. Now, these materials have
een successfully manufactured in the visible [5,6]. These
rtificial materials have exhibited special characteristics
n multilayered structures [7–10].

Surface modes are a special type of wave that are con-
ned at the boundary between two different media
11,12]. The condition for the existence of surface modes
t an interface is that one material has a negative dielec-
ric constant, and the other medium is a pure dielectric.
s is well known, the effective dielectric constant of pho-

onic crystals (PCs) can be negative at some frequencies,
o the surface mode can appear at the interface of PCs
nd homogeneous medium [13–21].
The surface electromagnetic (EM) modes that exist at

he interface of PCs were studied theoretically and ex-
0740-3224/09/081635-6/$15.00 © 2
erimentally in recent years, and considerable progress
as been made. The excitation of surface EM waves in
ne-dimensional (1D) photonic bandgap arrays was
chieved experimentally [14]. The sensitivity of surface
tates to the stack sequence of 1D PCs was researched
15,16]. The surface modes in semi-infinite 1D PC with a
hin nonlinear cap layer were studied in [17], and the au-
hors found that the surface states were very sensitive to
he nonlinearity of the cap layer on the surface [17]. The
resence of metamaterials with constant permittivity and
ermeability in the photonic crystal structure can support
he surface waves with a backward energy flow and al-
ows a flexible control of dispersion properties of the sur-
ace modes [18,19]. The author in [20] has studied the
oupling between guided modes and Bolch modes of EM
urface waves of 1D multilayer stacks. Artigas and Torner
roposed to use specially designed 2D PCs for observation
f the so-called Dyakonov modes localized at the surface
f the crystal [21,22]. Lossless interface modes at the
oundary between two 1D periodic dielectric structures
ere investigated in [23]. However, to the best of our
nowledge, the surface modes on 1D PCs composed of dis-
ersive metamaterials has not been reported.
In this paper, we derived the dispersion relation of sur-

ace mode of 1D PCs with a cap layer by the transfer ma-
rix method, which is different from the direct matching
rocedure within the Kronig–Penney model [19]. We have
ystematically studied the dependences of surface modes
n the physical parameters of the structure. Two types of
esonant surface modes are found in this semi-infinite 1D
C. The structural resonant surface modes appear in the

hick cap layer at high frequency ranges, and the material
trong resonant surface modes appear in the first period
f the 1D PCs at low frequency ranges.

The organization of the paper is the following. In Sec-
ion 2, we derived the dispersion relation of localized sur-
ace modes in a semi-infinite 1D PC with the cap layer. In
009 Optical Society of America
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ection 3, we investigate the dependence of the surface
odes on the stack sequence of the 1D PCs and the physi-

al parameters of the cap layer. In Section 4, we present a
rief summary to this paper.

. THEORY MODEL
he structure of our problem is shown in Fig. 1. The left-
and side is a semi-infinite homogeneous medium; its per-
ittivity and permeability are denoted by �0 and �0, re-

pectively. The right-hand side is a semi-infinite 1D PC
lternately stacked with materials A and B along the z
xis, and C is the cap layer. di, �i, and �i �i=A ,B ,C� are
he thickness, permittivity, and permeability of layer i �i
A ,B ,C�, respectively.
We assume the z axis is along the normal to the inter-

ace, and the wave vector component parallel to the layers
� is along the y axis. For the transverse electric (TE)
ave, the electric field E⇀ is in the reverse direction of the
axis; and for the transverse magnetic (TM) wave, the
agnetic field H⇀ is in the y direction. The electric and
agnetic fields in any layers can be related by transfer
atrix [8–10,24–26]

Mi�di� = � cos�kidi� −
1

�i
sin�kidi�

�i sin�kidi� cos�kidi�
�, �i = A,B,C�,

�1�

here ki= ��2�i�i /c2−k�
2�1/2, �i=ki /�i for the TE wave and

i=ki /�i for the TM wave. c is the light speed in vacuum,
is the angular frequency.
In order to obtain the surface modes in the structure of

ig. 1, we divide the structure into three parts in space:
(1) In the right-hand side 1D periodic structure, the

ropagating EM waves have the form of Bloch modes. The
mplitude of the EM field at z=0 can be written as the
ollowing column vector:

ig. 1. (Color online) Schematic representation of the problem.
he periodic structure is a semi-infinite 1D PC stacked with ma-

erials A and B; the left is a homogeneous medium, and C is the
ap layer.
�� Ey�z�

jcHx�z���
z=0

= � M12

ejKL − M11
� , �2�

here j=	−1, K is the Bloch wave vector, L=dA+dB is the
hickness of a unit cell, and M11 and M12 are the matrix
omponents of the unit cell of the 1D PC.

(2) In the left-hand side semi-infinite homogeneous me-
ium, the EM waves decay along the propagating dis-
ance. The vector of the EM field in this region has the
ollowing relationship:

�� Ey�z�

jcHx�z���
z=−dc

= �� Cek0z

− F0Cek0z��
z=−dc

, �3�

here F0=k0c / ���0�, k0= �k�
2−�2�0�0 /c2�1/2, and C is only

constant.
(3) Because the 1D PC and the homogeneous medium

re connected by the cap layer in space, the EM field at
he interface of the cap layer and the homogeneous me-
ium is continuous; the EM field at the interface of the
ap layer and the semi-infinite 1D PC is also continuous.
he EM fields at the boundary of the right- and the left-
ide structures can be connected by the transfer matrix

C, i.e.,

� M12

ejKL − M11
� = MC�� Cek0z

− F0Cek0z��
z=−dc

. �4�

he dispersion relation of surface mode can be easily ob-
ained with the help of Eq. (4). Thus,

M11 − ejKL

M12
=

�C��C sin�kCdC� − F0 cos�kCdC��

�C cos�kCdC� + F0 sin�kCdC�
. �5�

e obtain the similar equation as that in [19]. The above
ethod can be easily understood physically. This is a

ranscendent equation of frequency and parallel wave
ector, which can be numerically solved. Equation (5) re-
uces to M11−ejKL+F0M12=0 when dC=0, which has the
ame form as that in [15]. It is the special case of the one
ithout the cap layer.

. RESULTS AND DISCUSSION
ow, we consider the right-side semi-infinite 1D PC alter-
ately stacked with two types of dispersive metamaterial.
n this paper, the relative permittivity and permeability
f metamaterial are given by the Drude model [8,27,28],

�i = �0i −
�ep,i

2

�2 , �i = �0i −
�mp,i

2

�2 , �i = A,B�, �6�

here �0i ��0i� and �ep,i ��mp,i� are the effective static elec-
ric (magnetic) constants and the effective electric (mag-
etic) plasma frequencies, respectively. Here, we choose
0i=�0i=2.828, �2��ep,AL /c�2= �2��mp,BL /c�2=428.8,
2��mp,AL /c�2= �2��ep,BL /c�2=73.6. This model can be re-
lized in artificial designed transmission lines [27,28].
or convenience, we substitute �L /c with � as reduced

requency. Materials A and B can exhibit different proper-
ies in different frequency ranges from Eq. (6). Both ma-
erials A and B are PIMs when ��1.96; both materials A
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nd B are NIMs when ��0.812; when 0.812���1.96, A
nd B are ENG and MNG materials, respectively.

. The Case of Semi-Infinite 1D PCs without the Cap
ayer
irst, we study the surface modes of this semi-infinite 1D
C adjacent to an air background in the absence of the
ap layer. We study the surface modes of TE polarization
nly, and the surface modes of TM polarization can be ob-
ained in a similar way. The projected band structure as
ell as the dispersion curves of the surface modes are dis-
layed in Fig. 2. The thicknesses of materials A and B are
A=dB=0.5L. For convenience, we denote the structure of
tack sequences of the semi-infinite 1D PC arrayed in the
BAB… and BABA… as samples I and II, and their sur-

ace modes are shown by dashed and dotted lines, respec-
ively. In Fig. 2, there exist two complete bandgaps, which
ave been studied in [8]. One can see that the stack se-
uences of the semi-infinite 1D PC have a great influence
n the surface modes. In sample I, the slope of the disper-
ion curves of the surface modes is positive, but in sample
I, the slope of the dispersion curves can be both positive
nd negative. For sample II, most of the surface modes
istribute in the low-frequency bandgaps.
We also study the electric fields of the surface modes of

ifferent samples in Fig. 3. Figures 3(a) and 3(b) are the
lectric fields of surface modes of sample I, and Figs. 3(c)
nd 3(d) are the electric fields of surface modes of sample
I. The corresponding points of their modes are shown in
ig. 2. In Fig. 3(a), the electric field localized at the first

ayer of the 1D PC; it has decay behavior similar to the
urface modes supported by conventional semi-infinite 1D
C [15,16]. In Fig. 3(b), materials A and B are ENG and
NG, respectively. The electric field localized at the inter-

ace of the homogeneous medium and the semi-infinite 1D
C, and it exhibits different decay behavior compared to
hat in Fig. 3(a) because of the interaction of evanescent
ave tunneling. Figure 3(c) is similar to Fig. 3(a). In Fig.
(d), the electric field forms a standing wave in each cell
f the semi-infinite 1D PC. But the standing wave is ap-
arent only in the first period of the 1D PC because of the
uick decay. Mode (d) is a strong resonant surface mode,
hich we will discuss at the end of Section 3.

ig. 2. (Color online) Calculated surface modes for TE polariza-
ion in a semi-infinite 1D PC composed of metamaterials without
he cap layer. The parameters of the structure are dA=dB=0.5L.
he dashed lines and dotted lines are the surface modes of
amples I and II, respectively. The solid line is the light line of
ir.
In Fig. 2, we studied only the case in which the thick-
esses of materials A and B are the same. As is well
nown, the thickness ratio of constituents in 1D PCs has
great impact on the photonic bandgaps. Therefore, the

urface modes can also be affected by the thickness ratio
f constituents. In order to show the dependence of the
urface modes on the ratio of the thicknesses of two media
n the semi-infinite 1D PC without the cap layer, we plot
he surface modes as a function of the ratio dA /L at k�

3.0 in Fig. 4. The ratio varies from 0.1 to 0.9. There are
ore surface modes apparent in the bandgaps compared

o the case when dA /L=0.5. The slope of the dispersion
urves of surface modes of samples I and II can exhibit
oth positive and negative properties as the ratio in-
rease. Most of the surface modes of sample II still con-
entrate on lower frequency ranges.

. The Case of Semi-Infinite 1D PCs with the Cap Layer
enerally speaking, the cap layer usually plays an impor-

ant role in studying the surface modes. So it is interest-
ng in the study of the dependence of surface modes on
hysical parameters of the cap layer. Here, we employ
onventional PIM as the cap layer. In Fig. 5, we plot the
urface modes of the semi-infinite 1D PC with a cap layer
hose physical parameters are dC=0.5L, �C=4.0, and �C
1.0. More surface modes appear in this case compared
ith the case without the cap layer. The dispersion curves
f the surface modes of sample I have positive slope; and

ig. 3. (Color online) The electric field distributions of surface
odes of the structure without cap layer. (a) �=2.41, k�=2.9988;

b) �=1.632, k�=3.0758; (c) �=2.6570, k�=3.0142; (d) �=0.3765,
�=2.8896.

ig. 4. (Color online) The surface modes as a function of dA /L at
�=3.0 without the cap layer. The dashed lines and dotted lines
re the surface modes of samples I and II, respectively.
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he dispersion curves of the surface modes of sample II
an exhibit positive slope when ��1.0, and they exhibit
egative slope when ��1.0. For sample II, the surface
odes in lower frequencies do not vary much in contrast
ith the case without the cap layer, that is to say, the sur-

ace modes of sample II are not sensitive to the cap layer
n the lower frequency ranges.

We display the electric fields of the surface modes of the
emi-infinite 1D PC with the cap layer in Fig. 6. Modes
a), (b), (c), and (d) correspond to the points in Fig. 5. In
ig. 6(a), the electric field localized at the interface of the
rst and second layer of the semi-infinite periodic struc-
ure. The electric field decays to zero at the interface of
he semi-infinite periodic structure and the cap layer, and
t increases from zero to submaximum at the interface of
he cap layer and the homogeneous medium. In Fig. 6(b),
he electric field localized at the interface of the cap layer
nd the semi-infinite periodic structure, the electric field
ecays quickly. Figure 6(b) has similar decay behavior as
ig. 3(b). In Fig. 6(c), the electric field decays fast into the
ap layer and decays slowly in the semi-infinite periodic
tructure. In Fig. 6(d), the electric field forms a standing
ave in the first period of semi-infinite periodic structure
nd decays quickly to zero in two directions. Mode (d) is
lso a resonant surface mode.

ig. 5. (Color online) Surface modes of 1D PC composed of
etamaterials with a PIM cap layer. The parameters of the

tructure are dA=dB=0.5L, dC=0.5L, �C=4.0, �C=1.0. The
ashed lines and dotted lines are the surface modes of samples I
nd II, respectively. The solid line is the light line of air.

ig. 6. (Color online) The electric field distributions of surface
odes of the structure with a PIM cap layer. The parameters of

he cap layer are the same as that in Fig. 5. (a) �=2.447, k�

2.613; (b) �=1.584, k�=4.536; (c) �=2.8696, k�=5.0490; (d) �
0.3732, k =1.7040.
�
In the following, we study the influence of the thickness
f the cap layer on the surface modes with parameters
C=4.0 and �C=1.0. The thickness of the cap layer dC var-
es from 0 to 1.0L. Figure 7 is plotted to show the surface

odes as a function of dC /L at k�=3.0. The surface modes
ove from the upper band edges to low band edges as

C /L increase for both samples I and II when ��1.0. But
n the lower frequencies ���1.0�, the dispersion curves of
urface modes of sample II are almost invariable. The
lectric fields of these four modes in Fig. 7, marked as (a),
b), (c), and (d), are plotted in Fig. 8. The electric field lo-
alized at the interface of the first layer and second layer
f the periodic structure in Fig. 8(a). It has property simi-
ar to that of mode (a) in Fig. 6. In Fig. 8(b), the electric
eld localized at the interface of the cap layer and the 1D
C, and quickly decays to the right and left side of the to-

al structure. The electric field in Fig. 8(c) has property
imilar to that in Fig. 6(d). In Fig. 8(d), the electric field
eaches maximum at the interface of the semi-infinite pe-
iodic structure and it the cap layer, and it decays to zero
n the cap layer and becomes submaximum at the inter-
ace of the cap layer and the homogeneous medium.

Finally, we investigate the influence of the permittivity
f the cap layer to the surface modes with the parameters
re dC=1.0L and �C=1.0. The permittivity �C varies from
.0 to 6.0. The surface modes of both samples I and II are
hown in Fig. 9. The dispersion curves of the surface
odes move to lower frequencies as �C increase when �
1.0; and the dispersion curves of surface modes of

ig. 7. (Color online) Surface modes of semi-infinite 1D PC com-
osed of metamaterials as a function of the thickness of the cap
ayer at k�=3.0, �C=4.0. The dashed lines and dotted lines are the
urface modes of samples I and II, respectively.

ig. 8. (Color online) The electric field distributions of surface
odes of the structure with a PIM cap layer. The parameters are

he same as that in Fig. 7. (a) dC=0.6L, �=2.4924; (b) dC=0.5L,
=1.3497; (c) d =0.1L, �=0.3761; (d) d =0.8L, �=2.5958.
C C
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ample II are also almost invariable when ��1.0, which
xhibits the property similar to that in Fig. 7. The electric
elds of four modes in Fig. 9, marked as (a), (b), (c), and
d), are plotted in Fig. 10. In Fig. 10(a), the electric field
ocalized at the interface of the first and second layers of
emi-infinite 1D PC. There is a standing wave with
maller strength in the cap layer. The electric field local-
zed at the cap layer in Fig. 10(b) and decays quickly in
oth directions of the total structure. In Fig. 10(c), a
tanding wave appears in the first period of the semi-
nfinite 1D PC, and the electric field decays quickly to the
ap layer and the semi-infinite periodic structure. In Fig.
0(d), the electric field localized in the cap layer and
orms a standing wave.

At the end of this paper, we discuss the physics mecha-
ism of these surface modes. At the lower frequency
anges, both materials A and B are NIMs with a very-high
egative refraction index. The difference of the refraction

ndex between the materials of 1D PC and the cap layer
r homogeneous medium is great. The EM waves can be
trongly reflected at the interface between the semi-
nfinite 1D PC and its adjacent material. So the strong
esonant surface modes exist at the first period of the
emi-infinite 1D PC, and it appears in the form of stand-
ng wave, such as Fig. 3(d), Fig. 6(d), Fig. 8(c), and Fig.
0(c). Because these surface modes mainly originate from
aterial dispersion, they can be called material resonant

urface modes. In the higher frequency ranges, both ma-
erials A and B are PIMs, and the surface modes sup-

ig. 9. (Color online) Surface modes of 1D PC composed of
etamaterials as a function of the permittivity of the cap layer

t k�=3.0, dC=1.0L. The dashed lines and dotted lines are the
urface modes of samples I and II, respectively.

ig. 10. (Color online) The electric field distributions of surface
odes of the structure with a PIM cap layer. The parameters are

he same as that in Fig. 9. (a) �C=4.0, �=2.6295; (b) �C=5.5, �
1.7543; (c) � =2.04, �=0.3761; (d) � =3.51, �=2.5114.
C C
orted by PIMs have been extensively studied. When the
hickness of the cap layer is increasing, the total struc-
ure can be treated as a dielectric waveguide, which is
ith the cap layer as the core surrounded by the homoge-
eous medium on one side and by the semi-infinite 1D PC
n the other side. In this case, the surface modes behave
ore like a guided mode. The electric fields of the surface
odes form standing waves in the cap layer with a

hicker width because of the cavity resonance such as in
igs. 10(a) and 10(d). These modes can be called struc-

ural resonant surface modes. But for a thin cap layer, the
avity resonance can’t occur [such as in Fig. 6(a), Fig. 6(c),
nd Fig. 8(a)]. In the middle frequency ranges, materials
and B are ENG and MNG materials, respectively. The

hotonic crystals composed of ENG and MNG materials
an support only evanescent waves. The electric fields
how different characteristics due to the interaction of the
vanescent waves, such as in Fig. 3(b), Fig. 6(b), Fig. 8(b),
nd Fig. 10(b). Although the cap layer is thick, the reso-
ance can’t appear in this case, e.g., see Fig. 10(b).

. CONCLUSION
n conclusion, we have studied the electromagnetic sur-
ace modes guided by an interface between a homogenous
edium and semi-infinite one-dimensional photonic crys-

als composed of dispersive metamaterials. We have de-
ived the dispersion relation of the surface mode in the
resence of the cap layer with the help of the transfer ma-
rix method. The surface modes strongly depend on the
tack sequence of the semi-infinite 1D PC. The depen-
ence of the surface modes on the cap layer has also been
nvestigated in detail. Two types of resonant surface

odes can exist in different frequency ranges. The mate-
ial resonant surface modes localized in the first period of
he photonic crystal are not sensitive to the cap layer,
hile the structural resonant surface modes only appear

or a thick cap layer in high frequency ranges. We believe
hat these novel results will be useful for studying
etamaterials and surface modes.
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