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The coupling of the resonances of spherical particles embedded near the surface of a metal and the surface
plasmon is investigated by calculations using a multiple scattering formalism. The system we considered is a
periodic array of glass spheres buried just beneath the surface of an Ag substrate. The calculated absorption
spectra show features that can be traced to the resonance frequency of the microsphere cavity or the surface
mode of the metal. In general, the absorption peaks for both the cavity and the surface mode are relatively
weak when their resonance frequencies are far from each other. However, if the system is designed such that
the cavitylike mode and the surface mode have almost the same frequency, the coupling of the resonances will
lead to enhanced frequency-selective absorption. Such systems can be employed to modify or control thermal
emission.
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A structured surface is useful in many important applica-
tions, and the majority of them, such as gratings, are employ-
ing the interference of the electromagnetic waves scattered
by the surface structure. A structured surface can also
yield some rather amazing phenomena through the excitation
of resonances. For example, the recent experimental obser-
vation of enhanced optical transmission through metal
films with periodic subwavelength holes, presumably en-
abled by the excitation of surface plasmons, has attracted
considerable interest in the optical properties of such struc-
tures due to their numerous plausible applications in optics
and optoelectronics as well as the rich physics behind the
phenomenon of transmission enhancement �1–3�. Textured
surfaces can also give “structural color” effects as observed
in many animals in nature �4� and can be used to manipulate
thermal radiation characteristics of emitting bodies �5�. The
high transmittance of light through periodic arrays of sub-
wavelength apertures has also received detailed theoretical
analysis �6�. In this paper, we investigate a model system in
which two resonances, namely the spatially localized cavity-
like resonances of microspheres and the spatially extended
surface plasmon of a metal, are coupled together and to the
external light field via Bragg scattering. We will see that the
coupling leads to strong resonances and absorption at some
particular frequencies, depending on the size of the micro-
spheres and how they are arranged. Since dielectric micro-
spheres of various sizes �for example, silica spheres� are
readily available, and the techniques to assemble and to con-
trol these spheres are increasingly sophisticated, such sys-
tems or their variants can be used to control the optical prop-
erties of a surface, leading to selective absorption or
engineered thermal emission. We note that there has been
some recent interest in employing photonic crystals �7� to
engineer the thermal emission of materials. According to
Kirchhoff’s law, the emissive power is proportional to the
absorbing power. A surface with frequency-selective absor-
bance will also give frequency-selective emittivity. Thus, the
results of this paper are also relevant for the manipulation of

the thermal radiation properties of surfaces. The coupled
resonance system we consider may as well be a simpler al-
ternative to photonic crystals as far as engineered thermal
emission is concerned.

The model system we considered is a layer of dielectric
�glass� microspheres embedded in a metal �Ag� substrate
very close to the surface. The glass microspheres are ar-
ranged in a periodic triangular lattice, as sketched in
Fig. 1. The nearest-neighbor distance between the spheres
will be denoted as �. The thickness of the cover layer dc
�see Fig. 1 for definition� is chosen to be smaller than the
skin depth so that external light can excite the resonances in
the glass microspheres. In our calculations, the permittivity
of the glass is set to be a constant with no absorption, �sph
=1.96, and that of the silver �Ag is taken to be a Drude metal
with plasma frequency �p�=9.2 eV and ��p��−1=0.02, as
generally used in the literature. The radius of the glass sphere
is taken to be S=0.1 �m. Other parameters, such as the
nearest-neighbor distance between the spheres ��� and
the thickness of the cover layer dc, are varied so that we
can observe the trend. The size of the spheres and the
distance between them are chosen so that the frequency-
selective absorption behaviors are observed in optical
frequencies.

FIG. 1. A schematic sketch of the system we are investigating.
Dielectric spheres of �=1.96 and radius 0.1 �m are embedded near
the surface of an Ag host. The spheres are arranged in a triangular
lattice with an intersphere distance of �. The distance between the
top of the spheres from the slab surface is given by dc.
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One particular advantage of considering this simple
system is that it is rich in physics, and yet it can be solved
essentially exactly via a multiple scattering formalism. The
cavitylike mode of a dielectric sphere embedded inside a
metal can be solved analytically, and so is the dispersion of
the surface plasmon. So, the basic resonances of the system
have analytic solutions and they can be compared with the
multiple scattering calculations to provide a clear picture of
the coupling effect. More complex model systems, such as

one with a corrugated Ag cover layer, would have qualita-
tively the same physics, but will make the interpretation of
the results considerably more difficult.

Let us consider a single dielectric sphere embedded inside
silver. There are some resonance frequencies, where some
spherical harmonic electric modes can be excited if light can
be coupled into the microsphere �8�. The resonance frequen-
cies for each spherical harmonic can obtained from the peaks
of coefficients Tl

E��� �9�, which can be written as

Tl
E��� = � jl��sphr�
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where c is the velocity of light in vacuum, and jl and hl are,
respectively, spherical Bessel and Hankel functions, �sph
=��sph� /c and �Ag=��Ag� /c. In this work, the radius of the
glass sphere will be kept fixed throughout. Figure 2�a� shows
the value of Tl

E��� for several spherical harmonic electric
modes, labeled by the angular momentum index l. These
coefficients give the ratio between the incident wave and the
scattering wave for each angular momentum channel. A big
value of the coefficient means a strong scattering, and if this
coefficient diverges for some real values of �, it implies an
eigenmode. We have an open and dissipative system in
which the energy can couple in and out of the spherical cav-
ity into the vacuum and into the surface mode, and energy
can also be dissipated due to the imaginary part of the di-
electric function. We cannot have true eigenmodes in the
cavity, and thus a big value of the coefficient indicates a
resonance, and the width of the resonance is related to the
quality factor of the resonance. Figure 2�a� will be useful in
identifying cavitylike resonances in the coupled systems, as
we shall see in the next section. From Fig. 2�a�, we see that
the strongest resonance comes from the lowest frequency
l=1 mode. The resonance becomes weaker and shifts to
shorter wavelength as l increases.

Now we consider the surface plasmon on the air-metal
interface. For a flat metal-air interface, the surface plasmon
has the dispersion relation

ksp
2 =

�2

c2 � �Ag

1 + �Ag
� , �2�

where ksp is the in-plane wave vector of the surface plasmon.
The surface wave cannot be excited directly by an incident
plane wave if the interface is perfectly flat, but it can be
excited by evanescent waves, or by scattering centers near
the surface. In particular, if there are periodic modulations on
the surface, the Bragg scattering can fold the plasmon dis-
persion back into a free space light cone so that surface
waves can be excited by incident plane waves. If there is a

periodic surface modulation, the surface plasmon can couple
with external propagating plane waves at the frequencies that
satisfy

ksp = k0 sin �0 ± pb1 ± qb2, �3�

where k0 is the wave vector of the incident light in free
space, �0 is the angle of incidence, b1 and b2 are the recip-
rocal lattice vectors of the periodic surface, and p and q are
integers. The surface plasmon can be viewed as an electro-
magnetic state confined near the air-metal interface, which
can be excited by an external plane wave if the momentum
conversation, as specified in Eq. �3�, is satisfied. Among the
surface waves that can be excited by an external plane wave,
the strongest resonances �as measured by the absorption co-
efficient� are typically those with the lowest frequency, and
the wave vector is equal to one of the reciprocal vectors of
the lattice. For normal incidence, the lowest frequency sur-
face plasmon that can be excited has a frequency given by

2	

�
=

�3

2

�

c
� �Ag

1 + �Ag
, �4�

where �Ag is the dielectric function of silver and � is the
nearest-neighbor distance between two spheres in the trian-
gular array.

While Eqs. �3� and �4� gives the kinematic conditions and
the frequencies of allowed surface plasmon excitation, the
coupling strength and the absorbance can only be determined
by numerical computations. The multiple scattering method
is particularly useful. The mathematical details of the method
can be found in the literature �10–12�. This method expands
the electromagnetic waves in terms of vector spherical har-
monics centered on spherical scattering objects and is par-
ticularly suitable for systems that have spherical scatterers
and flat interfaces; as a frequency-domain method, it can
handle systems with dispersion and absorption as specified in
the complex and frequency-dependent dielectric functions of
the components. These are precisely what are needed in the
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calculations. The convergence of the spherical wave expan-
sion is controlled by the maximum value of the angular mo-
ment index, which will be called Lmax. The convergence cri-
terion is found numerically by increasing the value of Lmax
until the results do not change. The convergence requirement
for the system under investigation is rather demanding, es-
pecially when the spheres become close to each other. For
this reason, we restrict our calculations to �
3S. By nu-
merical convergence tests, we found that we need to use
vector spherical harmonics with an angular momentum index
as large as Lmax=19 to obtain reliable results for the most
demanding case of the convergence, which corresponds to
the smallest lattice constant and smallest thickness of the
cover layer.

Figures 2�b�–2�e� show the results of the calculated absor-
bance as a function of the free-space wavelength ��= 2	c

�
� for

a series of intersphere distances. The cover layer thickness is
fixed at dc=5 nm. We will focus our attention on the lowest

frequency absorption peaks, labeled by S and C, respectively,
in the figure. Figure 2�b� corresponds to the case in which
the embedded glass spheres are 0.6 �m apart from each
other. In this panel, the absorption peak labeled C�l=1� can
be traced to the l=1 cavitylike mode of the embedded dielec-
tric sphere. The fact that this is an l=1 mode can be identi-
fied by varying the maximum angular momentum index used
in the multiple scattering calculations from one progressively
to higher values. This l=1 cavitylike mode has nearly the
same frequency as the cavitylike resonance frequency of a
sphere embedded in bulk Ag, shown by the solid line in Fig.
2�a�. The lower frequency peak labeled S is due to the exci-
tation of the surface plasmon on a periodically modulated
metal-dielectric interface, which has frequency given ap-
proximately by Eq. �4�. The Bragg scattering is enabled by
the periodic array of spheres. When the lattice constant is
relatively large, so that the microspheres are far away from
each other ��=0.60 �m�, the two resonance frequencies are
far from each other, and both peaks are low and narrow �as
shown in Fig. 2�b��, and their origins can be easily identified.
Figure 2�c� shows the situation when the spheres are closer
together, at �=0.55 �m. The cavitylike resonance remains at
about the same frequency, as expected, while the plasmon
peak moves to higher frequencies. When the distance be-
tween the spheres is progressively decreased, we see from
panels �b�–�d� that the l=1 cavitylike mode remains more or
less in the same position, while the plasmon peak increases
in frequency and crosses the cavitylike mode. When the cavi-
tylike resonance and the surface plasmon resonance are close
in frequency, the coupling increases the absorbance of both
resonances, as the absorption peaks become higher and
wider.

We see from Fig. 2�d� that when the two resonance fre-
quencies are about the same, at �=0.48 �m, both peaks
reach the highest value. At that particular configuration, the
assignment to cavitylike or plasmonlike resonance is some-
what difficult, and we will defer to the next paragraph to
explain why we label the lowest frequency resonance as the
cavitylike resonance, and the second lowest as the surface-
plasmon-like resonance. If we further decrease the lattice
constant, the resonance frequency of the surface mode be-
comes higher than that of the cavity. At �=0.40 �m �Fig.
2�e��, the surface-plasmon resonance is between l=1 and l
=2 cavity mode and the coupling leads to the enhancement
of the absorption of both of the cavity resonances. We also
note that the plasmon peak at �=0.48 �m is actually stron-
ger than at �=0.40 �m. From these figures, we see the syn-
ergistic effect of coupled resonances. At higher-frequencies,
some small peaks can be traced to higher-order cavity reso-
nances �l=2 and l=3� and higher-order surface-plasmon
modes. However, these modes are closely spaced in fre-
quency and the coupling between the cavity mode and the
surface-plasmon mode makes the assignment to plasmonlike
or cavitylike resonances somewhat difficult. In Fig. 3, we
consider the effect of the value of the parameter ��p��−1 for
the case of �=0.55 �m, in which the plasmon and the cavi-
tylike resonances are clearly separated. A higher value of
��p��−1 indicates higher absorption. The quality factor of the
resonance, as reflected by the width of the absorption peak,
is partly due to dissipation and partly due to coupling to

FIG. 2. �a� Tl
E��� �see text for definition� for several values of

the angular momentum index l. The absorbance calculated for
various lattice constants � from 0.6 to 0.4 �m are shown in
panels �b�–�e�. The value of the cover layer thickness is fixed at
dc=5 nm. The symbols S and C label surface-plasmon-like and
cavitylike resonances, respectively.
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other modes such as the radiative modes in the vacuum. By
varying ��p��−1 from 0.02 to 0.10, we see that the peak de-
rived from the surface plasmon �labeled S� is affected more
than the peaks due to the cavitylike resonance of the spheres
�labeled C�. For the cavity-derived peak, higher values
��p��−1 lead to a higher and broader peak; both are natural
consequences of the higher dissipation �and absorption� in a
localized mode. The surface-plasmon peak becomes weaker
as ��p��−1 increases. The surface-plasmon excitation of a
precise and specific value of the parallel momentum requires
an infinite periodic array to excite. When the dissipation is
increased, the coherence length of multiple scattering is lim-
ited in real space, and the decrease of coherence leads to a
corresponding uncertainty in momentum and thus a weaker
and broader peak.

Since the glass microspheres are embedded, the thickness
of the cover layer of the metal affects the coupling between
the incident plane wave and the cavity mode, as well as that
between the cavity mode and surface-plasmon mode. Figure
4 shows the splitting of the resonance mode for various
thicknesses of the cover layer at the lattice constant of �
=0.47 �m. The two dominant peaks are between 400 and
500 nm. We note that the higher-frequency peak at about
420 nm stays essentially at the same frequency, while the
lower-frequency resonance shifts to lower frequencies as the
top layer distance dc decreases. We expect that the micro-
sphere resonance frequency should depend more sensitively
on the top layer distance, which is smaller than the skin
depth, while the surface-plasmon frequency is a property of
the silver surface, and will not be affected much. It is for this
reason that we have labeled the lower-frequency resonance

as the cavity resonance and the higher-frequency peak as the
surface-plasmon-like resonance in Fig. 2�d�. In Fig. 5, we
show the wavelengths of the lowest and second-lowest ab-
sorption peaks as a function of � for various covering layer
thickness dc. The cavitylike mode l=1 resonance and the
lowest frequency surface-plasmon resonance �as given by
Eq. �4�� are plotted as dotted and solid lines, respectively, in
Fig. 4. Far away from the crossing point of the dotted and
solid line, the assignment of the resonance to plasmonlike or
cavitylike is visually obvious. When the solid and dotted
lines cross, the two resonances are of the same frequency, but
the coupling splits them and the splitting is larger for a thin-
ner cover layer. This is also evident in Fig. 4. We also see
that the position of the resonance peak corresponding to the
cavity mode depends more sensitively on the thickness of the
cover layer. This is quite understandable since the cavitylike

FIG. 3. The calculated absorbance for a fixed lattice constant
�=0.55 �m with various values of ��p��−1. The x axis is labeled by
the free-space wavelength.

FIG. 4. The absorbance for a fixed lattice constant
�=0.47 �m with various thicknesses of the cover layer dc. The x
axis is labeled by the free-space wavelength.

FIG. 5. The free-space wavelengths of the peaks at the lowest
and second-lowest frequencies for several thicknesses of the cover
layer are plotted as a function of the interparticle distance �. As a
reference, the wavelength of the surface-plasmon resonance is
shown as a solid line and that for the cavity �dielectric sphere em-
bedded in bulk Ag� is marked by a dashed line.
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resonance frequency depends on the boundary condition, and
in this case, it depends on the leakage of the mode into the
vacuum. In Fig. 5, the dotted line marks the l=1 resonance
for a glass sphere inside a bulk Ag. The numerically calcu-
lated cavity mode resonance frequency here deviates from
that value since it is covered by a thin cap on the top, rather
than surrounded by bulk Ag on all sides. The surface-
plasmon peaks approach the analytic value at larger separa-
tions of the spheres.

If we take a look at Figs. 2�d� and 2�e� again, we see that
the coupling of the resonances leads to very high absorption
at some particular frequencies. These systems will thus have
structural color, and they will have frequency-selective ab-
sorption and emissivity. The thermal emissivity of these sur-
faces will have selective emissive bands and deviate strongly
from that of a black or white body. There is also another way
that we can view Fig. 5 if we focus on one particular value of
the top layer thickness, say at dc=5 nm. Since �	1/� and
�	1/k, Fig. 5 can be viewed as a dispersion diagram for the
surface mode, and due to the coupling with the localized
resonance of the microsphere, a surface wave spectral gap is
opened at the cavity resonance frequency of the embedded
microsphere. This surface wave band gap is somewhat dif-
ferent from the usual photonic band gap, which is derived
from Bragg scattering, in which the gap frequency is deter-
mined by the lattice constant. Here, the surface wave gap is
derived from localized resonances, with its gap frequency
pinned at the cavity resonance frequency, and the role of
Bragg scattering is to provide a mechanism to couple to the
surface waves.

We have been focusing on the case of normal incidence.
When light is incident at an angle, we find that the resonance
peak due to the cavity mode is almost unchanged. The
surface-plasmon peak position can be predicted by Eq. �3� as
long as the frequency is far away from the microsphere
modes. At normal incidence, a set of reciprocal vectors hav-
ing the same length will satisfy the same kinematics condi-

tions, leading to one single absorption peak. For example, in
the triangular lattice we have considered, the set of six
symmetry-related reciprocal vectors ±b1 , ±b2 , ± �b1−b2�
fold the plasmon band back to the same point at the zone
center, leading to one single plasmon absorption peak. How-
ever, if incidence is not normal, then each one of these re-
ciprocal lattice vectors can couple the external light to a dif-
ferent ksp, leading to a multiple of absorption peaks. So,
instead of the single dominant plasmon peak, such as the one
labeled S in Fig. 2, the surface-plasmon resonance would
split into a few peaks, and the amplitude of these split peaks
will depend on polarization of the E-field. The situation is
thus rather complex. However, when the cavity mode and the
plasmon modes are close together, the coupling will lead to
mutual enhancement, as in the case of normal incidence.

In summary, we used the multiple scattering method to
calculate and understand the absorption characteristics of a
metal surface with an array of embedded microspheres. This
model system has the advantage that the numerical calcula-
tions can be carried to a high precision by the multiple scat-
tering method, and the physics can be traced and understood
to great detail. The coupling of the localized cavitylike reso-
nances and extended surface wave resonances leads to strong
frequency-selective absorption, and these configurations are
also plausible candidates for controlled thermal emission sur-
faces. Lastly, we note that the focus of this paper is on the
theoretical analysis of a model system, which is chosen for
the convenience of theoretical treatment. However, with the
rapid advance in nanoscience techniques �13� and in the fab-
rication and ordering of metal-coated spheres, systems with
configurations similar to those described in the paper may be
realizable in laboratories. In fact, subsequent to the submis-
sion of this paper, a system similar to that modeled by us was
made using electrochemical methods �14�.
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