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Abstract We present the first comprehensive study of a
hemispherical nano-dimer interacting with an optical field.
We characterize the optical response of the hemispherical
dimer numerically using the finite-element method. The
qualitative insight gained through the numerical analysis
is enhanced with a derivation of an analytical approxima-
tion for the polarizability of a symmetric hemispherical
dimer by invoking the dipole-dipole approximation. The
results explain the effects of inter-particle spacing and the
polarization of external excitation on the extinction spectra.
Considering three configurations of hemispherical dimers,
we show that both the frequency and the strength of plasmon
resonances in each configuration are highly dependent on
the inter-particle distance and the state of polarization of the
incident light. We also show that, in the case of longitudinal
polarization and an edge-to-edge orientation, the hemisphe-
rical dimer provides much better near-field confinement and
produces much more enhancement of the electric field than
a spherical dimer of the same volume. This result should
prove useful for sensing and SERS applications.
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Introduction

The astounding capability of nanoparticles in confining and
enhancing applied optical fields of certain frequencies has
attracted a considerable attention of researchers over the last
few decades [1]. This phenomenon, which resulting from
coherent oscillations of surface electrons in the presence
of an external electromagnetic field, has found applications
in diverse fields varying from bio-optics to nanophotonics
[2–5]. With the advancements of nano-fabrication methods
and plasmonic theories, the growing interest in integrating
nanoparticle ensembles has led to variety of stable nanopar-
ticle structures ranging from nanosphere to nanomatryushka
configurations [4–7]. However, despite its simplicity, the
hemispherical shape of nanoparticles is rarely employed in
plasmonics applications. Here, we are highlighting the main
characteristics of such dimers so that researchers may adopt
it for nanophotonic applications.

When nanoparticles are arranged closely, plasmon modes
of solitary particles interact with each other, causing optical
effects that significantly differ from their solitary com-
plements. Properties of such interactions can be tuned by
varying the size, shape, geometrical arrangement, spacing,
and excitation direction to realize a specific behavior of
interest [5, 6, 8]. Indeed, in many novel applications of
nanophotonics, an ensemble of nanoparticles are manipu-
lated to obtain a variety of characteristics such as frequency
shifts, splitting of resonance modes, and field enhancements
[5, 8, 9].

The interaction of an electromagnetic field with nanopar-
ticles is often modeled using quasistatic approximation
owing to its capability of predicting results with high accu-
racy and adequacy for a wide range of nanoparticle ensem-
bles [10, 11]. The theory assumes that the time-dependent
electromagnetic field has a constant phase throughout the
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nanocluster, and thus provides a simplified analytical solu-
tion for structures with dimensions considerably shorter
than the wavelength of the incident field. When the size of
a particle becomes comparable to electron’s mean free path,
electron-surface scattering and spatial dispersion of the
dielectric function increase and become non-negligible with
respect to inherent bulk collision frequency [12, 13]. For a
more rigorous investigation, one must take into account for
these effects using nonlocal or quantum theories [7]. Since
such effects become crucial only for dimensions below
5 nm, classical theory based on Maxwell’s equations can be
used for larger dimensions provided material properties are
taken into account through experimentally measured bulk
permittivity or through the Drude model with appropriate
parameters [14].

The mutual interaction between localized surface plas-
mon resonances of nanoparticles placed in proximity can
be explained with a well-established model based on a
molecular hybridization process, as pioneered by groups of
Nordlander [8, 15] and El-Sayed [5]. By mimicking two
atoms combined to form a molecule, it was predicted that
plasmon modes of two closely spaced nanoparticles undergo
either in-phase or out-of-phase coupling to form new
resonance modes. The technique has shown good agree-
ment with experimental data obtained for various shapes
of nanoparticles [16–18]. Nonetheless, numerical simula-
tions are generally required to identify and explain salient
features associated with different geometries. Computa-
tional techniques, such as the finite-difference time domain
method, the discrete dipole approximation, the finite ele-
ment method (FEM), and the finite integration technique,
are imperative in this realm [19–22].

In this article, we report on a comprehensive analysis
of hemispherical dimers. We study two vertically aligned
arrangements and one horizontal arrangement such that
all of them are symmetrical to the x–z plane. We first
derive the orientation and polarization-dependent polariz-
ability of the dimer in the quasistatic approximation using
the dipole-dipole interaction model (DDIM). We then use
it to obtain analytical expressions for the absorption and
scattering cross sections. By analyzing the results of the
analytical model and the numerical simulations based on
the finite element method, we show that optical proper-
ties of hemispherical dimers are highly dependent on the
polarization of the incident field, the inter-particle separa-
tion, and the geometrical configuration. In all nanoclusters
that we studied, the plasmon resonance shows a profound
shift to lower frequencies as the junction becomes nar-
rower when the field is polarized parallel to the junction.
On the other hand, in the case of orthogonal polarization,
change in the frequency of the plasmon resonance is in the
opposite direction and its magnitude is much smaller com-

pared to the parallel polarization case. This behavior can be
attributed to the better coupling between plasmon modes in
the case of parallel polarization. By comparing the results
obtained with the two methods, we demonstrate that the
DDIM projections are sufficiently precise for wide gaps, but
fail in identifying salient orientation dependent features for
smaller separations.

Among all the cases that we studied, the largest fre-
quency shift and field enhancement in the junction were
observed in the edge-to-edge orientation for parallel excita-
tion when the nanoparticles were separated by 2 nm. Indeed,
the electric field enhancement factor in the above configura-
tion was larger than that of an equal volume spherical dimer
with the same gap and polarization. Our results suggest that
the simple hemispherical-shape nanocluster studied here
would be highly useful for surface enhanced Raman scat-
tering (SERS) and other sensing applications. Moreover, we
show that rounding of hemisphere edges does not affect
the qualitative behavior of interacting plasmon modes in
the dimer, although such a rounding produces quantitatively
non-negligible effects.

Orientation-dependent Polarizability
of Hemispherical Dimers

To elucidate the dependance of optical characteristics on
hemisphere orientation, we primarily consider three con-
figurations shown in Fig. 1. In part (b), we illustrate the
edge-to-edge configuration. In the case of side-by-side ori-
entation, we study two cases. In one case shown in part (c),
flat surfaces of hemispheres face each other (D′-D orienta-
tion), while in the second case shown in part (d), spherical
surfaces face each other (D-D′ orientation). The follow-
ing analysis is limited to structures symmetrical to the x–z
plane. The nanoensembles with inclinations in between are
not studied here. Also, hemispherical dimers with size and
composition disparity are beyond the scope of the paper. We
first find the polarizability of a single hemisphere and then
approximate the interaction of plasmon modes associated
with two hemispheres using the DDIM.

In previous attempts on calculating the dipole moment
of a hemispherical nanoparticle [23, 24], the potential was
expressed in spherical harmonics, limiting the range of polar
angle θ from 0 to 90◦ in applying boundary conditions
(see Fig. 1a). However, due to the sharp termination of the
curved surface at the base of the hemisphere, spherical har-
monics are an imperfect basis to model hemispheres [25].
Their use requires a large number of base terms in the poten-
tial expansion, which increases computational complexity
[23]. Here, we consider hemispheres with rounded edges
and follow the method used by Kettunen et al. [26] to derive
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Fig. 1 a Geometry and the
notation used for a
hemisphere-shape nanoparticle.
b–d Three dimer arrangements
symmetrical to the x–z plane
that were analyzed in our study

a b

c

d

the polarizability. This method provides a simple approach
to get analytical expressions for shapes with rotational sym-
metry such as spheres, cylinders, and hemispheres. With
this approach, we solve Maxwell’s equations, both analy-
tically and numerically, with the quasistatic approximation.

Polarizability of a Single Hemisphere

In deriving the polarizability of a single hemisphere, we
assume the particle to be oriented symmetrically around the
z axis, as illustrated in Fig. 1. For a particle placed in a
source-free electric field, the scalar potential satisfies the
Laplace equation [27],

∇ · D = ∇ · [ε(−∇φ)] = 0, (1)

where D is the electric displacement field, while ε and φ

represent the permittivity and the scalar potential, respec-
tively. The potential inside and outside the particle is
denoted as φin and φout, respectively. The latter can be
expressed in spherical coordinates (r, θ, ϕ) as

φout(r, θ, ϕ) = φ0 + P(r, θ, ϕ)

4πε0a2
, (2)

where φ0 is the excitation potential that relates to applied
electric field E0 as E0 = −∇φ0 and P represents the dipole
moment of the hemisphere. Furthermore, ε0 and a denote
the permittivity of free space and the distance from the
center of the hemisphere, respectively.

In solving Eq. (1) for φin and φout separately, symmetric
properties of the hemispherical geometry were employed.
Since the hemisphere is placed with a rotational symmetry
around the z axis, the potential functions can be separated as

∇φ(r, θ, ϕ) = φ(r, θ)φ′(ϕ), (3)

and the Laplace equation can be simplified by using the
cylindrical coordinates ρ and z as

∂

∂ρ

(
−ρε

∂

∂ρ
φ(ρ, z)

)
+ ∂

∂z

(
−ρε

∂

∂z
φ(ρ, z)

)

+ ε

ρ
φ(ρ, z) = 0. (4)

This simplified equation can be written in the form of the
following Helmholtz equation:

∇ · (−c∇u) + au = f, (5)

where the coefficients c, a, f are obtained from Eq. 4.
Equation 5 was solved numerically with finite-element

method (FEM), which was implemented utilizing the sym-
metry properties of hemisphere seen in Fig. 1a. This
enhanced the accuracy of calculation by allowing the use
of finer mesh, while maintaining a low computational com-
plexity. Furthermore, since we are interested in the dipole
effect of the nanoparticle, the boundary condition related to
the continuity of the normal derivative of the background
potential was defined in the far field. Therefore, in numer-
ical simulations, the boundary of the host medium was set
relatively far from the hemisphere boundary [26]. How-
ever, the background potential varies with the polarization
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direction of the incident field and can be written as

φoutz (r, θ, ϕ) = −E0r cos θ + P cos θ

4πε0a2
, (6a)

φoutx (r, θ, ϕ) = −E0r sin θ cos ϕ + P sin θ cos ϕ

4πε0a2
, (6b)

where φoutz and φoutx are the scalar potentials corresponding
to the short axis (z axis) and the long axis (x axis) polariza-
tions. The far field boundary was taken as spherical in shape
with a radius of R′. Hence, the normal derivative of these
potentials can be obtained by taking partial derivative with
respect to r and this can be further simplified as

∂

∂r
φoutz (r, θ, ϕ) = −2

r
φoutz (r, θ, ϕ)−3E0 cos θ, (7a)

∂

∂r
φoutx (r, θ, ϕ) = −2

r
φoutx (r, θ, ϕ)−3E0 sin θ cos ϕ. (7b)

Adhering to the symmetry of a hemisphere along the short
axis, the boundary conditions to solve Eq. (4) can be then
derived in cylindrical coordinates as [26]

∂

∂n
φoutz (ρ, z) = − 2

R′ φoutz (ρ, z) − 3E0

R′ z, (8a)

∂

∂n
φoutx (ρ, z) = − 2

R′ φoutx (ρ, z) − 3E0

R′ ρ, (8b)

where n is the unit vector normal to the boundary. These
equations can be implemented using finite element method
with the “Flux/Source” boundary condition

−n · (−c∇u) = g − qu. (9)

The preceding set of equations were solved numerically
for frequencies ranging from 450 to 900 THz in 2 THz steps.
The dipole moment along the axis of interest for each fre-
quency was then obtained by the volume integration of the
polarization along that axis. The dipolar polarizability; α is
related to the dipole moment as

p = ε0εmE0α, (10)

where εm represents the host medium relative permittivity.

Polarizability of a Hemispherical Dimer

In the case of a dimer, the electric field experienced by one
particle is modified by the field originated from the induced
potential of the other particle. Therefore, the polarizability
of one particle depends not only on the external perturbation
but also on the scattered electric field of the neighboring par-
ticle. To include these effects, we employed dipole-dipole
interaction theory, which is known to be accurate for sub-
wavelength structures when separation between particle is
on order of a particle size or higher [28, 29]. In this frame-
work, induced dipole of the hemisphere is approximated to

a point dipole placed in the center of the nanoparticle. As a
result, the electric fields on two hemispheres i and j placed
in proximity can be expressed as,

Ei = E0 + Pj

4πε0εm|ri − rj |3 β (11a)

Ej = E0 + Pi

4πε0εm|ri − rj |3 β (11b)

where Pi denotes the dipole moment and ri denotes the
position of particle i, respectively (with same notations used
for particle j ). The orientation factor β reflects the effects
of dipole direction on the polarizability [30] and takes the
form

β = 3 cos θi cos θj − cos(θi − θj ), (12)

where θi is the angle of the polarization vector for particle
i from the inter-particle axis. The dipole moment of each
particle can then be found using

Pq = αqε0εmEq, (q = i, j), (13)

where αi being the polarizability of the particle i. Seeing
that the total dipole moment of the system is Pi + Pj , the
polarizability of the hemispherical dimer can be obtained
from

αd = Pi + Pj

ε0εmE0
. (14)

Since our study is limited to identical hemispheres, Pi = Pj

and Eq. (14) can be simplified as

αd = 2α

1 − α�
, (15)

where we have introduced

� = β/[4πε0|ri − rj |3]. (16)

Once the polarizability of the composite is determined,
absorption and scattering cross sections for various orien-
tations and polarizations of the incident field are obtained
using [31]

Cabs = 2π

λε0
Im(αd), Csct = 8π3

3πε2
0λ

4
|αd |2. (17)

The extinction cross section of hemispherical dimer is then
given by

Cext = Cabs + Ccst. (18)

Numerical Modeling for Symmetric
Hemispherical Dimers

The response of the hemisphere ensembles to an external
electromagnetic field was simulated numerically with FEM
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using CST microwave studio frequency domain analysis
[21]. The integration domain was in the form of a three-
dimensional box containing one or more nanoparticles
inside it with a symmetry to the x–z plane. Hemispheres
with a radius of 20 nm were used in our calculations while
the inter-particle distances were varied from 2 to 50 nm.
Also, a rounding radius of 3 nm was employed for com-
paring simulated results with theoretical observations. The
size of the box was changed according to the orientation
of hemispheres and the direction of field polarization, to
minimize reflection or scattering at the box boundaries. A
tetrahedral mesh was employed for discretization because it
models rounded shapes more accurately than a hexahedral
mesh [32]. Furthermore, the size of elementary cell was kept
the same in all simulations for proper comparison. We took
full advantage of the electric and magnetic field symmetries
in accordance with the polarization direction to reduce the
computational complexity.

Noble metals are often used as plasmonic materials as
their plasmon modes fall in the visible frequency range
[1]. The reason is that localized surface plasmon reso-
nances are only viable in materials with a large negative
value of the real part of the dielectric function such that
−Re[ε] � Im[ε], a condition satisfied by noble metals.
Among gold, silver, copper, and aluminium, we chose sil-
ver for our analysis since we found that it was possible to
excite a broad range of frequencies and obtain higher elec-
tric field enhancement for hemispherical dimers in the case
of silver. The complex dielectric function of the nanoparti-
cles was obtained from experimental data of Palik [33], and
a fourth-order interpolation technique was used to derive
dielectric functions for frequencies that were not available
in the data. In all cases, unless specified otherwise, we con-
sidered the background material to be air and set the host
medium permittivity as one.

We illuminated the dimer with plane waves of similar fre-
quencies that were used in analytical model and calculated
various optical properties for the longitudinal and transverse
polarizations of the electric field. The polarization that was
parallel to the line connecting centers of the hemispheres
was defined as longitudinal, or parallel polarization, while
transverse polarization was considered to be normal to this
axis. Numerical results for absorption, scattering and extinc-
tion cross sections were obtained by setting up the near field
and far field monitors for each excitation frequency.

Orientation-Dependent Extinction Properties
of Nano-hemispherical Dimers

Before discussing the results for a hemispherical dimer, we
first briefly consider the major plasmon modes of a sin-
gle hemisphere. Figure 2 shows the extinction spectra of

a

b c d
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Fig. 2 a Polarization-dependent extinction cross section of a single
hemisphere as a function of excitation wavelength. The plasmon reso-
nance modes resulting from short and long axis excitation are marked
as S1, S2, S3, and L1, L2, L3, respectively. b–g Snapshots of elec-
tric field profiles for these six plasmon mode. The arrows indicate the
polarization direction

a single hemisphere for polarization along the long and
short axes, respectively. In the long-axis case, the maximum
occurs at 401 nm, while slight shoulder-like features
(marked L1 and L2) occur at 365 and 380 nm, respectively.
These plasmon modes result from dipole oscillations of
bound electrons located primarily in the corners of the hemi-
sphere. When the excitation is along the short axis, three
substantial plasmon modes can be identified (marked as S1,
S2, and S3) at 333, 351, and 375 nm, respectively. As seen
from the electric field profiles, the short-wavelength reso-
nance S1 is a consequence of the dipole oscillation which
is oriented along the short axis, while S2 and S3 are split
dipoles for which electron concentration is primarily on the
edges of the hemisphere.

Generally, the addition of a new particle boosts the total
extinction of a composite. When new particles are included,
the absorption strength of the ensemble dramatically ampli-
fies due to increase in number of electrons, which facilitate
enriched coupling with electromagnetic energy [8]. Further-
more, nanoensembles have larger surface areas than solitary
particles thus receive an enhanced contribution from the
scattering cross section. However, the absorption dominates
over the scattering in small nanoclusters, hence effect of
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the former is profound [34]. The tunneling of electrons
between nanoparticles was found to be negligible for junc-
tions widths larger than 0.5 nm and is not considered in our
analysis [35].

Figure 3 shows the extinction cross section of nanoclus-
ters containing hemispheres of 20 nm radius and assembled
in edge-to-edge configuration for different inter-particle dis-
tances. Extinction spectra of a single hemisphere is also
shown as a dotted line for comparison. With the addition
of the second particle, plasmon modes of individual par-
ticles interact with each other, resulting in new resonance
modes. Analogous to the various shapes of nanoparticle
dimers [16, 36–38] studied before, the coupling process of a
hemispherical dimer in parallel polarization (Fig. 3a) mainly
depends on the inter-particle distance d, as evident by the
prominent shifts in the extinction spectrum for various gaps
compared to that of a single particle. When d is large (order
of the hemisphere radius or more), the interaction between
plasmon modes becomes weak, thus resulting in minor fre-
quency changes. Nevertheless, only the L3 resonance mode
appears to be involved in hybridization, while the weak edge
modes at 365 and 382 nm are not strong enough to interact
effectively, as manifested by unchanging resonance values
for the dimer.

In the case of transverse polarization (Fig. 3b), the res-
onance peak exhibits a blue shift as the inter-hemisphere
gap is reduced. The change of frequency is very small, and

the extinction spectrum is essentially a linear superposition
of the single-hemisphere spectra. These characteristics of
the hemispherical dimer can be understood by the diagrams
shown in Fig. 3c, d for parallel and transverse polarizations,
respectively. In the dipole-coupling model, hybridization of
individual plasmon modes removes the degeneracy for both
polarizations, resulting in higher and lower energy compo-
nents. In the case of parallel polarizations, the orientation
of individual plasmon modes are in-phase, and induced
charges on each particle at the edge facing the junction are
opposite to each other. For instance, in the lowest branch of
Fig. 3c, negative charges of the left hemisphere are facing
positive charges of the right hemisphere. The attraction
between these charges decreases the restoring force created
by solitary particles against an external field, reducing the
resultant resonance frequency [39]. With a lowering of spa-
tial separation, this attraction increases further and the res-
onance frequency shifts to even longer wavelengths. On the
other hand, in the anti-bonding situation, individual dipole
moments are oriented out-of-phase with each other, hence
the reaction in the junction is repulsive and supports to the
restoring force. Therefore, the plasma resonance frequency
of the dimer increases. However, in symmetric dimers, these
equal and opposite dipole moments get canceled and are
not visible in spectral diagrams [8]. Similarly, in the case of
transverse excitation of a symmetric dimer, both bright and
dark modes are possible. However, as seen from Fig. 3d, the
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Fig. 3 Simulated extinction spectra for edge-to-edge configuration
with a parallel and b transverse polarizations for different inter-
hemisphere separations d. Schematic diagrams illustrating the
hybridization phenomenon, respectively, for c parallel and b transverse

polarizations. e Comparison of resonance peak shifts obtained from
DDIM with FEM simulations for various junction widths. Horizon-
tal and vertical arrows indicate parallel and transverse polarizations,
respectively
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in-phase interaction is repulsive here, therefore we can only
observe a distinct blue shift in the extinction spectrum when
the separation distance is reduced. The change of frequency
in this polarization is much smaller in compared to parallel
polarization due to weak interaction between the charges
that are relatively far apart.

The Fig. 3e illustrates a comparison of the plasmon reso-
nance shift obtained from the numerical simulations and
the analytical model in terms of junction width. In the
case of parallel polarization, the displacement of resonance
peak estimated from simulations shows an almost expo-
nential variation with the junction width. This is consistent
with the results obtained for dimers of other shapes (such
as nanoprisms [36], nanorods [16], nanospheres [37], and
nanoshells [38]) calculated using different methods. How-
ever, predictions of the analytical model diverge consi-
derably from simulation results for small junction widths
ranging from 2 to 20 nm. This is apparent from a 38 nm dif-
ference between the projected displacements of two meth-
ods for 2 nm inter-particle distance. The main cause behind
this behavior is the higher separation of dipoles in the ana-
lytical model [16]. Nevertheless, both results converge when
the separation is increased, coinciding for inter-particle dis-
tances greater than 40 nm. Note that the agreement is much
better in the case of orthogonal polarization. The analytical
and numerical results agree when the separation is 10 nm
or more, and the difference for shorter separations is around

1 nm. Since the dipoles are far apart from each other for this
polarization, the point dipole approximation is much more
relevant for orthogonal polarization compared to parallel
excitation.

Extinction properties in the case of the second configu-
ration in which the hemispheres are placed side-by-side
are illustrated in Fig. 4. In part (a), where results are
shown for D′-D orientation, the S1 plasmon mode shows a
strong hybridization, moving the resonance frequency from
333 nm at an inter-particle distance of d = 50 to 346 nm at
d = 8 nm, and then to 354 nm at d = 2 nm. The coupling
of the S2 mode is much weaker compared to the S1, while
the S3 mode is not involved in hybridization at all, resulting
no change in the plasma resonance frequency. As seen from
Fig. 2c, the field distribution of the S2 is mainly concen-
trated in outer spherical region and edges. Whereas, in the
case of S1 mode, concentration is high along the flat surface
and is spread towards the neighboring particle. Therefore,
even though S2 is the dominant plasmon mode for a sin-
gle hemisphere, coupling is stronger for the S1 mode in
the case of a D′-D ensemble, consequently possessing a
larger red shift. For smaller separations, the change of the
S1 becomes excessive and interferes with the hybridized S2
mode, featuring an enhanced extinction. With further reduc-
tion of the spatial gap, spectrum of the hemispherical dimer
converges to that of a single sphere of the same radius.
This spectrum is calculated with Mie theory and shown

a

c d e

b

Fig. 4 Longitudinal excitation on two side-by-side configurations in
which extinction cross section dependency on spatial gap d is shown
in (a) for D′-D and (b) D-D′ orientations. Orientation-dependent
coupling process based on DDIM model for (c) D′-D and (d) D-D′,

when an external perturbation is applied in the direction of arrows.
e Comparison of DDIM and numerically predicted resonance peak
position change as a function of spatial gap
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by a dashed blue line in Fig. 4a, assuring the accuracy of
simulated results.

In the second D-D′ case shown in Fig. 4b, the S1 mode
does not interact as the E-field is confined to the outer
region, and linear superposition of plasmon modes occurs at
333 nm. Similarly, for all distances, resonance at 375 nm is
invariant in terms of frequency and coincides with solitary
particle condition. From Fig. 2, it can be seen that the S3
mode is the weakest peak in the case of short-axis polariza-
tion; thus, even though the field distribution is high along
the spherical side, it is not strong enough for the interac-
tion to occur. In contrast, the coupling of S2 mode is strong
for short separations, and it moves the resonance peak from
351 to 411 nm for a 2 nm separation, causing a 60 nm shift.
The main cause behind such a large frequency shift is (i) the
large concentration of electric field lines at the junction and
(ii) the high intensity of mode S2, which paves the path to
an enhanced plasmon interaction. Consequently, when com-
pared to the D′-D orientation, magnitudes of the resonance
peaks are quite similar in spite of a large shift. Parts (c) and
(d) of Fig. 4 show, respectively, the hybridization process
of the S1 mode in D′-D orientation and of the S2 mode in
D-D′ orientation. Analogous to the edge-to-edge configura-
tion, the in-phase oscillation results in low energy in both

cases, resulting a red-shifted hybrid mode, while the higher-
energy antisymmetric mode gets canceled out due to the
symmetry of the ensemble. Also, shifts and amplitudes are
much lower here than the edge-to-edge configuration, which
can be attributed to a lower dipole moment due to shorter
displacement of surface electrons.

Changes in the resonance frequencies calculated with
the DDIM method and the FEM simulations for the two
side-by-side configurations are shown in Fig. 4e. As the
polarization of a single hemisphere is manifested by a point
dipole, this method fails in capturing distinct orientation-
dependant behavior for shorter separations. This is evident
by nearly 20 times more displacement predicted by the FEM
results compared to the 3 nm shift projected by DDIM for
2 nm gap in D-D′ orientation. From Fig. 4a, it is evident that
the peak of the hybridized S1 mode becomes more promi-
nent than the S2 mode for junction widths lower than 10 nm.
This feature moves the resonance maximum to higher fre-
quencies from d = 8 to 4 nm, and then as a consequence of
red shifting of S1, the peak moves back to lower frequen-
cies. This behavior is seen in Fig. 4e, where red dotted line
shows a sudden dip and then coincides with DDIM results
for a d = 2 nm gap. Even though the projected shift is the
same for both methods in the case of lowest separation, the

a

c d e

b

Fig. 5 Extinction cross section as a function of excitation wavelength
for a D′-D and b D-D′ arrangements when incident light is polarized
orthogonal to the axis connecting centers of hemispheres (indicated
by an arrow). Schematic diagrams showing plasmon hybridization for

c D′-D and d D-D′ orientations. e Results obtained from DDIM and
FEM simulations are analyzed based on resonance peak shifts as a
function of junction width d
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Table 1 Separation-dependant resonance properties of hemispherical
dimers

Configuration Resonance Validity

peak shift of DDIM

Pronounced red Larger difference

shift as the gap for smaller gaps

becomes narrow

Slight red shift Mostly consistent

with simulations

Larger red shift Error increases

but lower than first exponentially for

configuration narrow gaps

Slight blue shift Consistent with

simulations

Pronounced blue Large errors as

shift for narrow gap narrows

gaps

Minor blue shift Agrees with

simulations

peak of D′-D results from the superposition of red shifted
S1 and S2 modes, while that for DDIM results from only the
coupled S2 mode. Nevertheless, the location of resonance
frequency is quite accurate for up to d = 10 nm sepa-
ration in the D′-D case, whereas it starts deviating from
d = 20 nm in the case of D-D′. However, both simula-
tion results are in good agreement with the analytical model
for larger distances because the point dipole approximation
becomes accurate for such large values of d .

In the case of transverse polarization, extinction spec-
tra are quite similar in both side-by-side orientations when
junction width is relatively large (Fig. 5). With the reduced
separation, the D′-D configuration shows a profound blue
shift, whereas changes in the frequency for D-D′ are fairly
small. Since the electric field lines are gathered at the edges
of the hemisphere for long-axis excitation, the probability
of having hybridized plasmon modes is higher in the for-
mer case. Nevertheless, as illustrated in Fig. 5a, the coupling
only occurs for the L3 plasmon mode, which has the highest
field concentration, and the resultant plasmon mode moves
to higher frequencies. Since the gap between the L1, L2, and
L3 modes are minor (of around 20 nm), the blue shift of the
401 nm peak gets added to high-frequency modes. Because
of this interference, spectral width first increases with low-
ering of the separation and then drops again for shorter gaps
when the resonance shift is higher than the gap between the
original modes. On the other hand, in the D-D′ orientation,
the electric field intensity is less in the junction, and a small
blue shift is visible in the extinction spectrum.

The hybridization diagrams in Fig. 5c, d explain
the movement of plasma resonance frequencies for this

polarization. Similar to previous results for edge-to-edge
transverse excitation, the hybridized plasmon modes get
blue shifted owing to the presence of repulsive charges in
close proximity. This change in the resonance peak posi-
tion is highly orientation dependent, as evident from Fig.
5e, which shows a significant deviation of D′-D in compar-
ison to D-D′. Nonetheless, unlike the short axis excitation,
DDIM predictions are compatible for D-D′ orientation for
all distances. As was explained above, the field concentra-
tion is low on the junction side, thus the plasmon modes
are far apart in D-D′, resembling the point dipole in the
DDIM. However, the coupling of high-intensity L3 modes
causes an eccentricity of simulated results from the DDIM
estimation for D′-D orientation. A summary of changes in
the resonance frequency with the inter-hemisphere distance
predicted by the numerical simulations and comments on
validity of the analytical method is presented in Table 1.

Our results indicate that the extinction spectra of a hemi-
spherical dimer exhibit improved characteristics compared
to a spherical dimer of the same volume. A comparison of
the resonance peak shift in the cases of hemispherical and
spherical dimers is shown in Fig. 6 as function of the spatial
gap. The analysis was performed for hemispherical dimers
with radii 20 and 40 nm, and in each case we studied the
behavior of spherical dimers with either equal volume or
radius. The change in resonance frequency was calculated
by comparing it to the corresponding single-particle spec-
trum. In this study, we assumed that the hemisphere edges
are not blended; the effect of blending is discussed later.
The results show that the resonance shift is always higher
for larger-size nanoparticles for all separations, irrespective
of the shape of nanoparticles. In the case of particles with
40 and 20 nm radii, the dipole moment of the former is
much larger than that of the latter because of an eightfold
increase in its volume. When the dimer consists of particles

Fig. 6 Shift in the frequency of plasmon resonance as a function
of junction width for hemispherical and spherical dimers when light
polarization is parallel to the base of hemisphere, as indicated by
arrows. Dashed curves are for hemispherical dimers with radii 20 and
40 nm; solid curves are for spherical dimers of different radii. In all
cases, the inter-particle distance d is 2 nm
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Fig. 7 a Electric field
distribution in symmetric
hemisphere orientations for
parallel (top row) and orthogonal
(bottom row) polarizations.
Field enhancement factor along
the z axis for b parallel and c
orthogonal polarizations. In all
cases, particles are separated by
2 nm

a

b c

with higher dipole moment, it is clear from Eq. 11 that inter-
action between individual plasmon modes is much stronger,
resulting in larger frequency shifts.

Let us compare the resonance shifts of a spherical dimer
to a hemispherical dimer of equal radii. Even though the for-
mer’s volume is twice that of the latter, the resonance shifts
are comparable. On the other hand, a comparison of equal
volume dimers of two shapes reveals that hemispheres have
better performance than spheres. For instance, in Fig. 6 40-
nm-radii hemispheres exhibit a shift that is 20 nm larger
compared to the spherical dimer for the lowest junction
width. This behavior may occur for two reasons. First, since
we consider particles with the same volume, the radius of
the hemisphere is 40 nm, while that of the sphere is 32 nm.
As charges can be displaced more in hemispheres, it is not
surprising that their dipole moment is larger. Second, the
concentration of the electric field lines near the edges of
a hemisphere is more pronounced due to sharp boundaries
(the lightning-rod effect). Since this feature increases the
strength of the electric field, it improves the hybridization
process. The main point to emphasize is that a hemispheri-
cal shape of dimers is likely to be more useful for chemical
sensing applications [40–42].

Electric Field Enhancement of Hemispherical
Nano-dimers

Electric field hot spots—areas with enhanced electric
fields in nanoscale structures—have attracted considerable
attention in recent years because of their applications in

surface-enhanced Raman scattering [43–45]. When metallic
nanoparticles are placed in proximity, a dramatic enhance-
ment of the local electric field occurs that can amplify weak
Raman signals by many orders of magnitude, a phenomenon
useful for the detection of single molecules. In the case
of nano-hemispherical dimers, we find that the local field
enhancement factor (defined as FE = |E|/E0|) is strongly
influenced by the orientation and interfacial separation.

Figure 7 presents the electric field profiles at the res-
onance peak for the three orientations considered in this
paper when the inter-particle gap is 2 nm, a value for
which maximum enhancement occurred. Top and bottom

Table 2 Summary of the orientation and polarization-dependent fea-
tures of hemispherical nano-dimers based on Figs. 3, 4, 5, and 7

Configuration

Peak extinction Peak

Wavelength Extinction Electric field

(nm) (nm2) enhancement

factor

453 18,630 272

354 7546 11

411 6246 106

351 3764 3

400 13,604 16

401 14,084 5
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rows show the cases of parallel and transverse polarizations,
respectively. Because of improved plasmon hybridization in
the case of parallel excitation, the electric field intensity
considerably increases in the junction region between the
two particles. However, the first and third orientations in
Fig. 7 show much larger values of FE than the second
orientation. The largest enhancement occurs for the edge-
to-edge configuration with 272 times more electric field at
the center of the gap compared to the incident field. On
the other hand, the change of orientation to D-D′ results in
an enhancement factor of 106. This behavior is evident in
Fig. 7b which shows variations of FE along the z axis in
the case of parallel excitation. The primary causes behind
a large enhancement in the edge-to-edge configuration are
its larger dipole moment and higher plasmon concentration.
Despite the fact that the extinction cross section is nearly
the same in both orientations of the side-by-side configura-
tion (illustrated in Fig. 4), they have a huge difference in the
field enhancement factor. The electric field is spread along
the flat surface in the D′-D orientation, whereas field lines

are crowded in the top of the spherical surface in the D-
D′ case, consequently generating a larger electric field in
the junction. In the case of transverse polarization, signifi-
cant hot spots in the junction appear only near the edges in
the D′-D orientation therefore, as seen in Fig. 7c, the field
enhancement factor is fairly small compared to the parallel
excitation.

The extinction cross section and electric field enhance-
ment at the resonance peak are summarized in the Table 2
for all three configurations. In the case of parallel polariza-
tion, the peak cross section occurs for the lowest spatial gap,
while it occurs when hemispheres are far apart in the case of
transverse polarization. For this reason, we chose d = 2 nm
and d = 50 nm for these two polarizations, respectively.
Moreover, for spatial gaps from 2 to 50 nm, the maximum
electric field in the junction is observed only for 2 nm; thus,
the field enhancement factor is given only for this value.

Since the coupling between the plasmon modes is the
strongest for the edge-to-edge orientation in the case of par-
allel (longitudinal) polarization, we used this orientation for

Fig. 8 Electric field enhancement factor variations along x-axis and electric field profiles for longitudinal polarization of equal volume spherical
and hemispherical dimers as a function of the junction width. The resonance frequency and inter-particle distance are denoted by λ and d,
respectively
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comparing hemispherical and spherical dimers. We found
that the field enhancement in the junction region is quite
large for a hemispherical dimer compared to that of a spheri-
cal dimer of same volume. To elucidate this feature further,
Fig. 8 shows the field enhancement factor and field-intensity
profiles of spherical (two left columns) and hemispherical
(two right columns) dimers for five different particle sep-
arations. In both cases, light frequency coincides with the
frequency of extinction peak. In all electric field profiles,
the ratio of maximum electric field compared to the incident
field was kept at 75 to help comparison. Furthermore, as the
nanoparticles with smaller dimensions provides higher field
enhancement [46], we used hemispheres with 20 nm radius
and spheres of equal volume.

It is evident from Fig. 8 that the field enhancement at
the center of the junction is considerably higher for hemi-
spherical dimers. More quantitatively, FE for hemispheres
with 2 nm spacing is twice that of spheres, and about 1.5
times larger for other spacings. These numbers agree with
previous results obtained for similar arrangements of spheri-
cal dimers [47]. Note also that FE at the center of the gap of
a spherical dimer with 2 nm spacing is slightly lower than
that of a hemispherical dimer with 3 nm spacing, and this
pattern applies for other spacings as well. As explained ear-
lier, such enriched properties of hemispherical dimers are
a consequence of (i) their higher polarizability and (ii) the
lightning-rod effect that results in intense coupling of the
plasmon modes and much stronger electric-field enhance-
ment. In our opinion, hemispherical dimers would provide
better performance than spherical dimers when used for
sensing and SERS applications. Analogues to the extinc-
tion properties, spacing between the two nanoparticles of a
dimer also affects the field enhancement. As this spacing
increases, the electric-field enhancement drops steeply. For
example, the enhancement factor FE drops from 272 for
d = 2 nm to 98 for d = 4 nm to 55 for d = 6 nm.

Effects of Edge Blending on the Optical Response

Despite the advanced and sophisticated fabrication tech-
niques employed to make nanoparticles, it is inevitable
to have some variations in their geometrical shapes [48].
Clearly, such unintentional variations will cause discrepan-
cies between the experimental data and the analytical or
numerical predictions. For this reason, an analysis of possi-
ble deficiencies is essential to enhance the applicability of
a theoretical model. To this end, we analyze in this section
the effects of edge rounding on the extinction cross section
and the field enhancement for hemispherical dimers. We
focus on the case of parallel polarization and the edge-
to-edge configuration since this case offers the most field
enhancement and the largest extinction cross section.

Figure 9a shows changes in the peak-resonance fre-
quency as a function of junction width for three values of the
edge rounding radius a. With an increase in the blending,
the resonance peak shifts to higher frequencies for similar
gaps. The blending-induced blue shift for lowest separa-
tion is around 30 nm for a = 3 nm in comparison to sharp
edge spectra. This shift increases to 50 nm for a = 5 nm.
Several causes may be responsible for these shifts. First,
when an edge is blended, the volume of the hemisphere is
reduced, causing a reduction in number of electrons that
may couple with the external field. As a result, the absorp-
tion and scattering cross sections are lower in hemispheres
with blended edges [34]. Second, as a increases, the radius
of hemispheres is also reduced, which enhances the oscil-
lation strength of localized surface plasmons, which in turn
results in a higher resonance frequency. Third, the spac-
ing between the two hemispheres of a dimer gradually
increases with edge rounding, resulting in a reduced interac-
tion between the plasmon modes of two hemispheres [48].
The reduced attraction between nanoparticles results in a
higher restoring force and the corresponding blue shift of
the resonance frequency. Nevertheless, in accordance with
the predictions of DDIM model, the plasmon resonance
frequency of the nano-dimer with blended radii decreases

a

b

Fig. 9 Influence of edge rounding of hemispherical dimers on a
extinction properties and b electric field enhancement. The inset of b
illustrates the variation of field enhancement as a function of blend
radii
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exponentially as the spacing between the two hemispheres
is reduced. For this reason, rounding of the edges does
not affect the qualitative behavior of plasmon interaction in
nano-hemispherical dimers. Figure 9b shows the impact of
edge blending on the field enhancement factor by varying a

from 0 to 6 nm. It is evident from the figure that increasing
a causes a reduction in the SERS enactment factor. Physi-
cally, a reduced localization of charges results in a change in
hot-spot positions and a widening of the electric-field distri-
bution in the vicinity of particles. From the inset of Fig. 9b,
which shows how the maximum electric field enhancement
along x–z plane is reduced with increasing blend radius a,
we see that FE decreases almost linearly with a for a hemi-
spherical dimer. For example, FE decreases from 227 to 111
as a increases from 1 to 4 nm.

Conclusions

In this paper, we have carried out a comprehensive study
of the interaction of an electromagnetic wave with hemi-
spherical nano-dimers. We discussed the dependency of
optical response of such a nano-dimer on the dimer con-
figuration, on the polarization direction of the incident
field, and on the inter-hemisphere distance using an ana-
lytic description based on the dipole-dipole interaction and
numerical simulations based on the FEM. More specifically,
we first derived the polarization-dependant dipole moment
of a single hemisphere invoking quasistatic theory and then
employed the dipole-dipole interaction model (DDIM) to
obtain polarizability of the nano-dimer. A comparison of
the extinction spectra obtained from DDIM and numerical
simulations reveals the competency of the analytical model
in providing qualitative insight to the hybridization process
of each hemispherical ensemble. However, for small inter-
particle distances, charges of hemispheres lie in proximity,
resulting in pronounced shifts in the frequency of plasmon
resonances. Although DDIM estimations are fairly accurate
for large spacings, they deviate considerably from numer-
ical simulation when two hemispheres are brought closer.
In addition, we found that the DDIM is inadequate for
characterizing the orientation-dependent optical response of
hemispheres placed side-by-side because of its use of the
point-dipole approximation.

Our investigations show that extinction properties of a
hemispherical nano-dimer and the extent of electric field
enhancement vary considerably with the dimer configura-
tion. Among the three configurations considered in this
paper, the edge-to-edge orientation provides much better
field enhancement in the junction region and much larger
shifts of the resonance frequency when incident light is
polarized parallel to the inter-hemisphere axis. Due to a
larger displacement of surface plasmons in this arrangement

compared to side-by-side orientations, dipole moment is
higher in the edge-to-edge orientation. Also, in the case of
light polarization along the inter-hemisphere axis, plasmon
modes of solitary particles lie closer compared to the case
of transverse polarization, resulting in much stronger cou-
pling. Nevertheless, transverse excitation of a D′-D ensem-
ble results in better optical properties than the other two
configuration when two hemispheres are closer due to the
interaction of high-intensity electric fields along the edges
of hemispheres. A comparison of field enhancement fac-
tors of hemispherical dimers with equal volume spherical
dimers, in the case of edge-to-edge orientation and paral-
lel polarization, reveals that it is possible to achieve quite
large electric fields at the hot spots for the former, which
makes this configuration more efficient for SERS appli-
cations. Moreover, rounding of hemisphere edges cause
non-negligible effects on optical properties of hemispheri-
cal dimers. We found that for 20 nm radius hemisphere, the
edge rounding resulted in a nearly liner drop of the electric
field enhancement at the hot spots.
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