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Abstract. The possibility of light manipulation at the nanoscale relies on
the efficient coupling of the electromagnetic waves to surface excitations
such as surface plasmon polaritons �SPPs�. We expand on the work by
Pendry, who put forward the idea of spoof surface plasmons in conduct-
ing films as a way to engineer SPP dispersion curves. We find that the
surface texture and geometry can play an important role in determining
the dispersion. We then compare the specific cases of circular versus
rectangular textured surfaces and observe that the plasmon modes are
less tightly bound in the former case. This dependence on geometry can
also be used as a means for defect engineering or fine-tuning the regular
plasmon dispersion. © 2008 Society of Photo-Optical Instrumentation Engineers.
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The field of plasmonics1 is concerned with the manipu-
ation of electromagnetic waves in the subwavelength re-
ime. In addition to new insights into nanoscale optics,
uch as higher than expected transmission in subwave-
ength hole arrays,2 this field has formed the basis for
ensors,3 diagnostics at the single molecule level through
urface enhanced Raman scattering �SERS�,4,5

anolithography,6 directed light sources,7 and higher
fficiency8 light emitting diodes �LEDs�. In devices ex-
loiting plasmonic phenomena, external light �typically, of
M mode polarization9� is coupled to a substrate, and a
ound surface electromagnetic mode, the surface plasmon
olariton �SPP�, is excited. While the exact influence of the
PPs in optical phenomena such as enhanced optical trans-
ission is under dispute10,11 due to possible

ontributions11,12 from Fabry-Perot, waveguide-mode,
avity-mode, and structural13 resonances, with some reports
ven attributing a negative role,14 an investigation of their
henomenology would still yield insight into the localiza-
ion and guiding of electromagnetic energy.15 The SPP
ropagation could be directed and manipulated through
aveguides and couplers.16 However, due to the bound na-

ure of the SPP, there is a momentum mismatch �manifested
hrough a k-vector difference� with the free-space light
hoton, which, as we show in this paper, depends sensi-
ively on the nature of the surface. While this mismatch in
rinciple can be overcome by using external grating
ouplers,17,18 our work is pertinent in that it suggests ways
o engineer the SPP dispersion curves. In light of the recent
ormulation19 and experimental verification20 of designer
urface plasmons on conducting films, constructed through
urface texturing, these possibilities could lead to a whole
ew array of optical devices.
091-3286/2008/$25.00 © 2008 SPIE
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In this paper, we look at the effect of surface geometry
and arrangement on spoof SPP dispersion in more detail
and note that the shape of the fundamental unit can also
play a major role. For example, we find that SPPs are less
tightly bound to a surface patterned with circular holes
compared to a surface comprising square/rectangular holes
due to a smaller momentum mismatch. The dispersion re-
lations for these textured surfaces are formulated in a ca-
nonical plasmonic form,19,21 enabling SPP engineering at
any frequency and contributing to judicious design of
metamaterials.

By solving the Maxwell equations on the surface of a
semi-infinite conducting �M� film, bounded by a dielectric
�D� medium, the SPP dispersion relation of an untextured
conducting film is derived17 as:

kf = k0� �D�M

�D + �M
�1/2

. �1�

Here, k0 and kf are the wave vectors of the electromagnetic
field in vacuum and SPP mode, respectively. The dielectric
constant for the dielectric film is represented through �D,
and the frequency ���–dependent dielectric function for
conducting film is �M =1− ��p

2 /�2� where �p is the plasma
frequency of the conducting film. It is hence observed that
kf is larger than k0 when � is less than �p; consequently,
the electromagnetic field of SPP mode decays exponentially
with distance from the surface. This field is said to be eva-
nescent, and SPP mode is thus bound to the surface. We
now look at the momentum mismatch between k0 and kf as
manifested through the appropriate choice of texture and
material. The rationale, following Pendry,19 is to examine
the plasmon dispersion as a function of subwavelength sur-
face structure. This difference is clearly seen in the �-k
relation �Fig. 1� of textured surfaces in comparison to an

unpatterned conducting film.
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For the case of rectangular holes of dimension a�b
atterned in a conductor �Fig. 2�, the electric field in the
oles due to a plane wave �of wavelength � and frequency
� incident in the z direction has the form19:

= E0�0,1,0�sin��x

a
�exp�i�kzz − �t��,

where 0 � x � a, 0 � y � b, and a,b � � . �2�

his is the fundamental mode, and the electrical field is in
he y direction. �In this paper, we consider only the lowest-
rder mode �TE10�, where the electric field �E� is parallel to
he y axis. In this situation, along the y axis, the magnitude
f E varies sinusoidally �with x� and is zero at both ends
x=0 and x=a�, i.e., along two sides of the hole. A higher-
rder mode �say, TE11� would incorporate sinusoidal varia-
ion along both x and y and would correspond to an E field
f zero on all sides of the hole.

One can describe the response of the composite structure
s an effective medium with dielectric constants ��y� and
agnetic permeability coefficients ��x�. We equate the in-

ident field �E� and energies �E�H� in the bare hole to the
eld and energy in the effective medium comprising the
oles as:

ig. 1 Surface texture affects the details of ��-k� dispersion of the
ound surface plasmons. The plasmon frequency can be tuned by
hanging the geometry and material inside the holes. kf represents
he SPP wave vector of untextured conducting film, k0 the free-
pace light line, and krec the wave vector of rectangular textured
onducting film. �The calculations are for a conducting silver film�.

ig. 2 The geometry of surfaces with rectangular �dimensions
a ,b� and circular �diameter=2R� holes. Electromagnetic radiation
s incident in the negative z direction onto the surface.
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E0
b

D2�
0

a

sin��x

a
�dx = E0

2ab

�D2 = E0�, �3�

�E � H�z =
− kzE0

2

��h�0

b

D2�
0

a

sin2��x

a
�dx

= �E� � H��z

=
− kzE0�

2

��h�x
. �4�

Here, E� is the electric field in the effective medium. From
Eqs. �3� and �4�, we derive the magnetic permeability co-
efficient to be

�x =
8ab�h

�2D2 . �5�

The k vector, in the z direction, is written as:

kz = k0��y�x�1/2 = ��h�hk0
2 −

�2

a2 �1/2
. �6�

We then derive a dielectric dispersion relation for a con-
ducting film with two-dimensional �2-D� periodic rectangu-
lar holes as:

�y =
�2d2�h

8ab
�1 −

�2c2

a2�2�h�h
� . �7�

This expression is analogous to a plasmon-like disper-
sion of the form �1− ��p

2 /�2��, with a plasma frequency
��pr�.

�pr =
�c

a��h�h�1/2 . �8�

�h and �h are the permeability and permittivity of the holes
in the medium. It is seen that surface texturing provides a
waveguide like22 dispersion, and concomitantly, below a
cutoff frequency/wavelength, bound states exist. These
bound states were referred to by Pendry as spoof surface
plasmons. From energy conservation across the interface
i.e., k0

2=krec
2 +kz�

2 , where krec is the wave vector of the sur-
face plasmon in the plane of the rectangular-textured sur-
face and kz�

is the evanescent wave vector into the me-
dium� and Fresnel’s reflection equation17 �i.e., r= �kz�
−�xkz� / �kz�+�xkz�=	�, we derive the dispersion relation:

krec
2 c2 = �2 +

�h

�h

64a2b2�4

�4D4 � 1

�pr
2 − �2� . �9�

If the electrical field is oriented in the x direction, the dis-
persion relation is:

�x =
�2d2�h

8ab
�1 −

�2c2

b2�2�h�h
� , �10�

�pr� =
�c

1/2 . �11�

b��h�h�
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These equations are plotted in Fig. 1. The implication is
hat by varying the hole dimensions, we can tune the
lasma frequency, i.e., decreasing the size, or the refractive
ndex �n= ��h�h�1/2� of the material in the holes, increases
he plasma frequency in accord with Eq. �8�.

We also calculate, using similar methods as outlined ear-
ier, the dispersion relation for the coupling of light onto a
ircular hole textured surface, using a cylindrical �r ,
 ,z�
oordinate system �Fig. 2�. The cylindrical coordinate sys-
em is defined for one single circular hole, in a unit cell of
he entire medium. In this case, the electric field in the
oles has the following form:

r =
E1

r
cos���J1�kcr�exp�i�kzz − �t�� , �12a�

� = E2 sin���J1��kcr�exp�i�kzz − �t��,

where 0 � r � R and R � � . �12b�

1 and J1� represent the first-order Bessel function and its
erivative. E1 and E2 are constants, where E2=−kcE1, kc is
he cutoff wave number, and R is the hole radius. By
atching the electrical field and the incident energy, we

erive the electric fields in the effective medium as:

� =
�E1�2 − 2J0�kcR� − kcRJ1�kcR��

kcD
2 , �13a�

�2 = E1
2��P11�

2 − 1�J1
2�kcR�

4D2

�x

�h
, �13b�

here P11� is the first root of J1�, and kcR= P11� . We also
erive the effective magnetic permeability coefficient and
ielectric constant for the 2-D �x-y plane� circular hole tex-
ured isotropic film by equating the incident field and en-
rgy to the field and energy in the effective medium:

x = �y =
4��2 − 2J0�kcR� − kcRJ1�kcR��2

D2�P11�
2 − 1�J1

2�kcR�kc
2 �h, �14a�

x = �y =
D2�P11�

2 − 1�J1
2�kcR�kc

2

4��2 − 2J0�kcR� − kcRJ1�kcR��2�h�1 −
�pc

2

�2 � .

�14b�

he surface plasma frequency ��pc�, for a circle of radius R
s then given by:

pc =
P11� c

��h�h�1/2
1

R
, �15�

nd the dispersion relation is:

cir
2 c2 = �2 +

�h

�h
�4��2 − 2J0�kcrR� − kcRJ1�kcR��2

D2�P11�
2 − 1�J1

2�kcR�kc
2 	2

��4� 1

�pc
2 − �2� . �16�
he bound nature, and differences, of the surface plasmon
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dispersion in the rectangular and the circular hole textured
surfaces is evident in Fig. 3. The momentum mismatch in
the circular case is smaller, which is closer to the free-space
light vector �k0�. The physical origin of the lower mismatch
arises from a more efficient electromagnetic wave coupling
to a smaller number of dominant modes. It is hence posited
that the surface texture can play a big role in the spoof SPP
dispersion and will have to be reckoned with in plasmonic
applications.

We use a frequency-dependent term, the coupling pa-
rameter �CP�, to calculate the momentum mismatch be-
tween rectangular �rec� and circular �cir� textured surfaces,
untextured conducting film �kf�, and free-space photons k0

as:

�CP�rec,cir 
 �krec,cir − k0� . �17�

The momentum mismatch in electromagnetic wave-surface
plasmon coupling is plotted as a function of frequency in
Fig. 4, and it is concluded that the SPPs on a circular tex-
tured surface are less bound than in any other case consid-
ered. Since plasmonic circuitry consists of geometrical
asperities/features, it would indeed be necessary to consider
these aspects.

In summary, we have shown that the nature of surface
texture in the subwavelength regime can play a significant
role in determining the binding to the surface of the spoof
plasmons. While the coupling efficiency of external light to
the surface is suitably modified, one can also apply these
principles for defect engineering, with the texture playing
the role of the defect. For example, one can create surface
plasmon bands of finite width by fine-tuning the geometry
of the texture i.e., by alternating rectangular and circular
holes. By combining the preceding texture-based dispersion
relations with those of regular surface plasmons, we have a

Fig. 3 A comparison of the ��-k� dispersion for a rectangular �krec�
and a circular �kcir� patterned conducting film. The size of the circular
holes �R=88 nm, D=350 nm� is chosen to match the plasmon fre-
quency of the rectangular patterned surface �a=b=150 nm, D
=350 nm�. We observe that the SPPs for a rectangular patterned
film have a larger momentum mismatch than the circular patterns.
method of tuning surface plasmon frequencies. Experi-

February 2008/Vol. 47�2�3
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ents that explore these ideas will help in elevating the
tudy of plasmon propagation on artificially engineered sur-
aces for nanophotonics and metamaterials applications.
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