
 
  

Chalmers Publication Library             

  

  

  

  

  

Copyright Notice  

  

  

This paper was published in Optics Express and is made available as an electronic reprint with the 
permission of OSA. The paper can be found at the following URL on the OSA website: 
http://dx.doi.org/10.1364/OE.19.012856. Systematic or multiple reproduction or distribution to multiple 
locations via electronic or other means is prohibited and is subject to penalties under law.  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

  
(Article begins on next page)  

 

http://dx.doi.org/10.1364/OE.19.012856


Mode-specific directional emission from 
hybridized particle-on-a-film plasmons 

Vladimir D. Miljković,
1,*

 Timur Shegai,
1
 Mikael Käll,

1
 and Peter Johansson

1,2
 

1Department of Applied Physics, Chalmers University of Technology, 412 96 Göteborg, Sweden 
2School of Science and Technology, Örebro University, 701 82 Örebro, Sweden 

*vladimir.miljkovic@chalmers.se 

Abstract: We investigate the electromagnetic interaction between a gold 
nanoparticle and a thin gold film on a glass substrate. The coupling between 
the particle plasmons and the surface plasmon polaritons of the film leads to 
the formation of two localized hybrid modes, one low-energy ―film-like‖ 
plasmon and one high-energy plasmon dominated by the nanoparticle. We 
find that the two modes have completely different directional scattering 
patterns on the glass side of the film. The high-energy mode displays a 
characteristic dipole emission pattern while the low-energy mode sends out 
a substantial part of its radiation in directions parallel to the particle dipole 
moment. The relative strength of the two radiation patterns vary strongly 
with the distance between the particle and the film, as determined by the 
degree of particle-film hybridization. 
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1. Introduction 

The interaction between light and surface supported nanostructures is a central part of the 
nanooptics field and of huge importance for a variety of applications [1–3]. A special case of 
fundamental interest to the plasmonics research area is when an isolated metal nanostructure 
that breaks translational invariance interacts with an extended metal surface. One then have to 
consider the coupling of light to two types of interacting plasmons: the surface plasmon 
polaritons (SPP’s), that is electron density oscillations bound to but free to move along the 
surface [4], and localized surface plasmons (LSP’s) that are confined to a volume close to the 
nanostructure. Early work in this area focused on analyzing interactions between discrete 
metal structures and surfaces mainly through image dipole theory [5–7] and inspired a wealth 
of studies over the years [6,8–21]. Still the directional properties of the light scattered or 
emitted from nanostructures near metal films have received relatively little attention, although 
a number of such studies do exist [22–24]. In this paper, we theoretically address the 
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directional properties of the light scattered from a nanoparticle placed near a metal film as a 
function of photon energy, geometry, and dielectric environment. 

Our starting point is an investigation of the interplay between the particle-film hybrid 
modes and the plasmon dispersion relation of the metal film. The interaction between the 
localized particle plasmons and the surface plasmon continuum of the film typically yields 
spectra with two resonances, one low-energy ―film-like‖ mode and a high-energy mode 
predominantly localized to the particle. We found that these modes have highly characteristic 
scattering patterns, a finding that is both of fundamental interest and could have practical use. 
One possible application is in surface plasmon refractive index sensing. SPP modes are 
extremely sensitive to the dielectric function of the surrounding, which is the basic 
phenomenon behind bio/chemo SPR sensors [25]. However, several studies have focused on 
enhancing the sensitivity even further through coupling with metal nanoparticles [26,27]. 
Similarly, the nanoparticle LSP modes themselves can be highly effective bio/chemo sensors 
[28] but their sensing characteristics are strongly affected by substrate interactions [29–31]. 
Another application is surface-enhanced spectroscopy on molecules embedded in narrow gaps 
between metal surfaces [5,32], which include several recent reports on particle-on-a-film 
structures [33–35]. Understanding the angular emission properties of such hybridized systems 
is highly important from a collection efficiency point-of-view, as we have recently 
demonstrated for SERS active particle aggregates on dielectric interfaces [36]. However, it is 
also possible that the intricate SPP-LSP coupling could be utilized for developing completely 
new analysis methods based on angular emission properties rather than spectra. 

2. Methods 

All calculations involving a spherical nanoparticle are done using Mie theory in the presence 
of a layered background [10], i.e. we primarily calculate the electromagnetic field at the 
surface of the nanoparticle, expressed in terms of vector spherical harmonics which are 
coupled by the interaction mediated by the metal film and glass substrate. The surface 
response of the substrate in this case is dealt with through the layered Green’s function 
method [37]. The maximal angular momentum of the multipoles accounted for was set to lmax 
= 50 to establish a certain safety margin. In the typical cases considered here lmax = 5 yields 
very accurate results for the scattered fields, while lmax = 30 may be required to get very 
accurate results for the near field between the particle and the film. The calculations involving 
nanodisks are carried out using the Green function method [37,38], with a mesh of cubic 
elements with a side of 2 nm. Plasmon dispersion relations are extracted from classical 
calculations of local density of states [39]. 

3. Discussion and results 

We first investigate the interaction between a spherical gold nanoparticle (radius R = 30 nm) 
and gold films with thicknesses, tf = 5, 10, 18 and 50 nm, respectively, resting on a glass 
substrate. The system is illustrated schematically in the inset of Fig. 1(b). The refractive index 
of glass is 1.51 and the frequency-dependent dielectric function of gold is taken from Johnson 
and Christy [40]. A plane wave incident from the air side and polarized in the x-direction 
impinges on the particle and film at normal incidence. 

In order to understand the interaction between the localized particle plasmon and the broad 
film continuum we need to find the plasmon dispersion relations of the gold film. The 
dispersion relations have been determined from the maxima in the density of states obtained 
from the imaginary part of the electromagnetic Green's function of the layered system 
composed of vacuum, thin metal film and glass substrate. This procedure captures all 
contributions to the density of states, from both propagating and evanescent waves. The 
results are shown in Fig. 1(b) for different film thicknesses tf. We distinguish two modes 
(different types of waves), the high-energy leaky mode (associated with an asymmetric charge 
distribution of opposite charges at the two film interfaces) for which the energy shifts are 
rather small as tf is varied, and a low-energy bound mode (associated with a symmetric charge 
distribution in the film). The leaky mode is evanescent in vacuum but propagating in the glass 
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substrate, whereas the bound mode is evanescent in both of the surrounding media and can 
therefore only be excited by a localized source such as a defect or a nanoparticle at or near the 
surface and not by direct excitation by light. For photon energies above 2.4 eV, the plasmon 
dispersion is not shown. In this frequency range plasmons in gold are rather strongly damped. 
The overall behavior of the plasmon dispersion relations is dictated by the interaction between 
the surface plasmons at the air-gold and gold-glass interface, respectively. A thinner film 
leads to a stronger interaction and thereby a stronger level repulsion between the two hybrid 
modes. Hence the low-energy mode moves down, and the high-energy mode (slightly) moves 
up in energy as tf is decreased. 

 

Fig. 1. (a) Calculated scattering spectra for a gold sphere with radius R = 30 nm placed at 1 nm 
distance from the gold film. In addition, spectra for a particle in air and at an air-glass interface 
are shown. (b) Dispersion relations for the gold film on a glass substrate calculated for different 
film thicknesses tf using the same line colors as in (a) for different thicknesses. (c, d) Real parts 
of the electric fields Re{Ex} and Re{Ez} in the xz-plane at 2 eV and 2.4 eV for 10 nm thick 
films revealing the charge distributions for the low-energy and high-energy modes, 
respectively. Insets in (c, d) show glass-side radiation patterns in the substrate-side Fourier 
plane for the two modes. 

Figure 1(a) shows total scattering cross sections for scattering to the glass side for a gold 
sphere illuminated under normal incidence. The black curves show scattering cross sections 
for a gold particle in free space (black solid line) and at an air-glass interface (black dashed 
line). The rest of the spectra show total scattering cross sections to the glass side for a gold 
particle near a gold film on top of a glass substrate, see the inset of Fig. 1(b). The nature of the 
particle-film interaction is primarily governed by the size of the particle and the corresponding 
in-plane wave vector. To get an estimate of this number we assume that the particle diameter 
D is half a wavelength of the characteristic plasmon, thus k|| = 2π / λp = π / D. For a particle of 

radius 30 nm this yields k|| = 5.2 ∙ 10
7
 m

1
. The circle marked S in Fig. 1(b) is placed at the 

energy and characteristic wave vector of this isolated-particle plasmon. 
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With a metal film present, the spectra in Fig. 1(a) typically display two maxima, a low-
energy image-dipole peak and a high-energy particle mode. The position of the low-energy 
peak is very sensitive to the film thickness and, for most of the range of tf values, shifts to 
higher photon energies with increasing film thickness (indicated by black crosses in Fig. 1 
(b)), as does the bound plasmon mode of the film alone. For tf = 5 nm we see a shoulder 
around 1.8 eV which then becomes more marked around 2 eV for tf = 10 nm, and develops 
into a clear peak at 2.1 eV for tf = 18 nm. Meanwhile, the peak position of the high-energy 
mode peak is only weakly dependent on the film thickness, and remains very close to the 
resonance position of an isolated particle. For the thickest film with tf = 50 nm, the two peaks 
have essentially coalesced into a fairly broad feature. It is also instructive to see how the 
intensity of the low-energy peak develops as the film thickness increases. Since the existence 
of this peak relies on the formation of a mode involving coupled electron oscillations in both 
the particle and the film it is natural that the peak is weak for the thinnest films, since in this 
case there are relatively few electrons in the film that can be set in motion. As the film gets 
thicker, the presence of more electrons increases the intensity of the low-energy mode. 
However, for the tf = 50 nm film we see a general decrease in the scattering intensity to the 
glass side since then the film starts to become opaque. 

Figures 1(c) and 1(d) show vector plots of the real parts of the electric fields in the x- and 
z-directions, Re{Ex} and Re{Ez}, in the xz plane for the case of tf = 10 nm. At 2 eV (Fig. 1 
(c)) the electric field is concentrated to the region around the gap between the particle and the 
film, and we see that an image dipole is excited in the metal film. At 2.4 eV (Fig. 1(d)), on the 
other hand, the particle has a dipole moment similar to what one would see on an isolated 
particle. But on top of that the interaction with the film induces additional charges so that also 
a quadrupole moment is formed on the particle. In both cases the charges at opposite sides of 
the particle-film gap are out of phase with each other, while the charges on opposite surfaces 
of the film are in phase with each other, i.e. it is basically only the bound film plasmons that 
are excited. 

Insets in Figs. 1(c) and 1(d) show the far field radiation pattern into the glass side on the 
Fourier plane kx-ky, where kx = kg sin(θ) cos(φ), ky = kg sin(θ) sin(φ) and kg = 2πn / λ is wave 
number in glass, with λ the free-space wavelength. The inner, dashed green circle marks the 
border (k|| = kair) between propagating and evanescent waves in air, while the solid green 
circle marks the same border (k|| = kg) for waves in the glass. (We will sometimes refer to the 
region k|| < kair as the allowed one, and the region kair < k|| < kg as the forbidden one.) At first 
sight the results here may seem surprising given that the incident light is polarized along the x 
direction and excites a dipole moment on the particle in that direction; yet, for a photon 
energy of 2 eV, most of the scattered radiation goes out in a direction along the x axis. 
However, we have to keep in mind that while our image of the Fourier plane just shows the x 
and y components of the wave vector, it indeed has a z component as well, and kx

2
 + ky

2
 + kz

2
 

= kg
2
. Thus the strong maximum along the kx axis near the dashed green circle corresponds to 

radiation into the glass substrate leaving the metal film at an angle somewhat larger than the 
glass critical angle 41.8 degrees. This radiation is generated by oscillating charges on the 
particle close to the metal film that excite an evanescent p-polarized wave on the air side of 
the film that is then converted to a propagating wave in the glass. This mechanism is quite 
naturally much more effective for the low-energy mode than the high-energy mode, since in 
the former case the oscillating charges on the particle are much closer to the metal film, which 
means that the coupling mediated by evanescent waves is stronger. The figure illustrates the 
consequences of this rather nicely. For 2 eV, the glass side radiation pattern shows a strong 
maximum along the x-axis between the two green circles. For 2.4 eV, in contrast, the maxima 
occur along the y-axis, as expected for dipole radiation. Turning our attention to the inner, 
allowed part of the Fourier image, k|| < kair, corresponding to propagating waves in air we see 
that the radiation patterns for the low-energy and high-energy modes are rather similar. Here 
most of the radiation goes out in directions perpendicular to that of the particle dipole 
moment. 
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A radiation pattern similar to the one seen for a photon energy of 2 eV in Fig. 1(c) was 
found also in the early experimental study of Hecht et al. using a SNOM tip as a localized 
light source near a gold surface [22]. The result is also consistent with the findings in terms of 
angular patterns of Kume et al. who used a setup that can be thought of as the reverse of the 
gedanken experiment we suggest here [23]. 

 

Fig. 2. Fourier images showing the radiation pattern into glass at 2 eV (a, b) and 2.4 eV (c, d) 
for x-oriented dipoles positioned in air above a 10 nm gold film at a glass substrate. The 
dipoles are positioned at 1 nm (a, c) and 31 nm (b, d) above the film, respectively. 

We can get a basic understanding of the results in Fig. 1 from a model where a point 
dipole oriented along the x-axis is positioned above a 10 nm thick gold film on a glass 
substrate. The results of this model in terms of Fourier images are shown in Fig. 2, and the 
images in panels a) and d) agree qualitatively very well with those from Fig. 1. In general a 
dipole placed closer to the surface gives more radiation in the forbidden region along the x 
direction, since it interacts more effectively with the evanescent, p-polarized surface plasmon 
waves. A dipole placed further from the surface on the other hand gives more radiation along 
the y-axis because this requires coupling to s-polarized waves. This coupling is suppressed 
near the metal film, especially for the lower photon energy, as a result of destructive 
interference between the dipole and its image in the film. 

In Fig. 3 we investigate how the scattering depends on the distance between the particle 
and the film. Figure 3(a) shows spectra for a gold sphere positioned at different distances d 
above an 18 nm thick gold film and Fig. 3(b) shows the far field radiation pattern into glass in 
the Fourier plane at 2.375 eV. With increasing distance d, the spectrum gradually transforms 
into the spectrum of a particle in air. If the particle is placed far away from the film, its dipole 
moment can oscillate on its own, without interacting strongly with the image dipole of the 
film. This yields a strong radiation intensity, in particular in allowed directions inside the 
inner circle of the Fourier image. At the same time, for large d, the interaction between the 
particle and the film is weak and the low-energy mode is absent from the spectrum in Fig. 3 
(a). When the particle is moved closer to the metal film the interaction with the image dipole 
increases, and this leads to a reduction of the radiation intensity in allowed directions since the 
primary and image dipoles point in opposite directions and thus interfere destructively with 
each other. At the same time the radiation intensity in the forbidden area of the Fourier image 
increases with decreasing d. This can be understood from the discussion above; evanescent 
plasmon waves on the air side of the film play an essential role in mediating this radiation and 
of course this step is more effective for smaller particle-film distances. To summarize, 
changing the particle-film distance here leads to a shift in the directionality of the radiation 
pattern on the glass side from being mainly oriented perpendicular to the dipole direction for 
large separations to being oriented along the dipole direction for smaller d. 
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Fig. 3. (a) Scattering spectra for a gold sphere (R = 30 nm) in air above an 18 nm thick gold 
film on a glass substrate calculated for different particle-film distances d. (b) Fourier images 
showing the radiation pattern into glass at 2.375 eV for different d. We see a characteristic 
change of the pattern as d increases. 

In Fig. 4 we turn to study scattering off a gold nanodisk separated from a gold film by a 
thin glass spacer layer. Figure 4(b) shows the dispersion relation for the layered 
vacuum/glass-spacer/gold-film/glass-substrate system shown in the inset. This plasmon 
dispersion relation is very similar to the one in Fig. 1(b), but a small energy downshift is 
noticeable due to the additional spacer layer. Figure 4(a) shows scattering spectra from a 
cylindrical gold nanodisk with diameter D = 60 nm and thickness t = 20 nm placed in air on 
top of the spacer layer. Here we see a considerable red-shift compared with the free-space 
case already when the nanodisk is placed on a glass substrate, compare the solid and dashed 
black curves. The reason is that the charges on the disk end up much closer to the substrate 
than the charges on the sphere did, and therefore we now have a stronger coupling with the 
image dipole. In the presence of the gold film we get two scattering resonance peaks, just as 
for the sphere. However, the energy split is much larger now for the reasons mentioned above; 
the low-energy mode yields a peak at about 1.2 eV for tf = 5 nm. Increasing the film thickness 
causes both resonance peaks to blue-shift, i.e. these peaks shift in the same way as the bound 
plasmon mode of the film does when changing tf. We also see that the intensity of the high-
energy scattering peak falls off quite markedly as the film becomes thicker, while the 
scattering intensity from the low-energy mode increases to begin with but eventually falls off 
when the film starts becoming opaque (at tf = 50 nm). 
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Fig. 4. (a) Scattering spectra for a gold nanodisk (D = 60 nm, t = 20 nm) placed on a 5 nm glass 
spacer layer on top of a gold film of thickness tf. In addition, spectra for a nanodisk in air and at 
an air-glass interface are shown. (b) Dispersion relations similar to Fig. 1 (b), but with a spacer 
layer on top of the film (inset). (c, d) Real part of the z component of the electric field Re{Ez} 
at energy 1.2 eV and 2.225 eV showing the charge distributions for the low-energy and high-
energy modes for a 5 nm thick film, respectively. (e, h) Polar plots show the angular 
distribution of light scattered in the vertical xz and yz planes for (e) the low-energy and (h) the 
high-energy mode. (f, g) The corresponding Fourier images for (f) the low-energy and (g) the 
high-energy mode. 

Figures 4(c) and 4(d) show the real part of the Z component of the electric field for the 
two scattering resonances at 1.2 eV and 2.225 eV, respectively, with a 5 nm thick gold film. 
The low-energy mode displays a dipole on the disk located towards the film side that induces 
an image dipole in the film. The main feature of the high-energy mode is a dipole located at 
the air side of the disk complemented by weaker charges induced at the bottom of the particle. 
These two figures also give a clue to why the intensities of the two scattering peaks develop 
the way they do as tf increases. If the film is thin compared with the disk, the field from the 
disk will drive the film. Then the charges in the disk will mainly oscillate the same way as in a 
disk in free space, and consequently the ―disk-like‖ high-energy mode will dominate the 
scattering. This is what we see in the tf. = 5 nm spectrum. However, as the film thickness 
increases, the roles are reversed; eventually the field from the charges in the film drives the 
particle instead and the strongly coupled low-energy mode grows in intensity, while the high-
energy mode starts to disappear, in part because it is further blue-shifted into a spectral region 
with stronger damping due to interband transitions. In Fig. 4(a), for tf = 50 nm essentially only 
the low-energy peak remains. Finally, Figs. 4(f) and 4(g) show the radiation patterns in the 
glass-side Fourier plane for the two scattering resonances. These agree very well with what 
we expect in view of the discussion of Fig. 1, the strongly coupled low-energy mode gives 
rise to strong scattering along the x axis into the forbidden part of the Fourier plane, while the 
disk-like high-energy mode yields a dipole-like pattern along the y axis and into the allowed 
part of the Fourier plane. In addition, Figs. 4(e) and 4(h) show polar plots for the scattering in 
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the vertical xz (parallel to the dipole orientation) and yz (perpendicular to the dipole 
orientation) planes, respectively. It is obvious that the difference between the two modes in 
terms of directionality is much more pronounced for the radiation that goes into the glass 
(downwards in these polar plots) than it is for the radiation into air. 

4. Conclusions 

We have presented a theoretical study of elastic light scattering from a gold nanoparticle 
placed closed to a thin gold film on a glass substrate illuminated under normal incidence. We 
are particularly interested in the directionality of the light scattered to the glass side of the 
film. We found that the coupled nanoparticle-metal film system possesses two localized 
modes built up through hybridization between the particle dipolar plasmon modes and the 
evanescent plasmon waves of the film. The high-energy mode mainly gives rise to an ordinary 
―particle-like‖ dipole radiation pattern whereas the low-energy ―film-like‖ mode yields 
substantial scattering into directions closer to the particle dipole axis. The relative strength of 
the two scattering peaks can be modulated by changing the particle-film distance as well as 
the dielectric environment of the nanoparticle. 
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