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ABSTRACT

The goal of our paper was to investigate the impact of the necking phenomenon on the optical properties of two
gold nanoparticles characterized by a large value of the imaginary part of the refractive index m. Our results
show that the difference between various neck types is small, therefore, for the modeling process, we recommend
the most simple one, i.e. the cylindrical connector. When a connection between two primary particles is caused
by the overlap factor Cov , and not by the neck size parameter Ycon , the results can be much more erroneous
and the possible error should be at least taken into consideration. The position of the extinction peak in a
function of the connection size Cov is dependent on the value of the complex refractive index m. Additionally,
the applicability of the DDA (Discrete Dipole Approximation) method for measuring the extinction cross section
Cext of gold structures was studied.
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1. INTRODUCTION
The analysis of the optical properties of various structures, e.g. fractal-like aggregates, is a commonly used
technique to approximate their morphological parameters.1–5 Aggregates are commonly modeled as assemblies
of touching spheres.6 Moreover, many available codes are not capable of simulating the amount of the light
scattered by different structures.7, 8 Although connections may have significant impact on the optical properties
of aggregates (e.g. the extinction cross section Cext ), they are usually neglected. In our work we reveal the
relative error Erel of such approach and suggest a necking model that can improve the quality of generated
structures. Our simulations were performed with the DDScat program, based on the DDA (Discrete Dipole
Approximation) theory, which is capable of performing light scattering simulations by any structure decomposed
into a sufficient number of volume elements (dipoles).9, 10 In our study we used two gold nanoparticles. This
material reveals a strong plasmonic effect in the visible spectrum11 and even small changes to the neck can cause
significant modifications of its optical properties. Our structures were decomposed into ca. Nd ≈ 250000 volume
elements (dipoles) and averaged over 125 (5x5x5) orientations.12 As a solution method FCDM (Filtered Couple
Dipole Method) was used13 and the incident wavelength was λ = 532nm. The complex refractive index for gold
was based on the work by E. Palik.14, 15 Structures were positioned in vacuum, i.e. the refractive index of the
surrounding medium was 1+0i.

2. GENERATED STRUCTURES
In our work we use two different types of connections. The first one, presented in Fig. 1, is based on the overlap
factor defined by the equation:16
l
Cov = 1 −
,
(1)
2Rp
in which l is the distance between particle centers and Rp denotes the particle radii. Our second model, presented
in Fig. 1, simulates a more realistic neck between two gold particles. The normalized neck size parameter Ycon
is defined as follows:
h
Ycon =
,
(2)
Rp
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Figure 1: A common connection model based on the overlap factor Cov . In the picture two different
cases are presented: A) Particles which are positioned in point contact, i.e. Cov = 0, B) Particles
that tend to overlap, i.e. Cov > 0.

Figure 2: The connection model based on the neck between two primary particles. A) Cylindrical
connection, B) Linear connection, C) Quadratic connection. In all cases the value of the neck size
parameter is Ycon = 0.5.
where h is the distance from the axis of symmetry, i.e. the line on which the centers of the particles are positioned,
to the nearest point localized on the surface. In the most basic approach (Fig. 2A) a simple cylinder is placed
between two particles. More advanced versions are based on a linear (Fig. 2B) and on a quadratic (Fig. 2C)
functions which are rotated around the X axis and then reflected across the YZ plane. Note that Cov and
Ycon can be examined separately and their values vary from 0 (no connection) to 1 (full connection). In our
work detached particles are not considered. Therefore, the overlap factor Cov is always greater or equal 0. In
the literature also different necking models can be found. An interesting example is a model developed by J.
Hellmers which is based on the transformation of Cassini ovals.17 However, the main idea of our connectors
was that they should be easily implemented in large fractal-like aggregate models.6, 18 The use of the mentioned
Cassini ovals can be rather problematic. Therefore, it is contradictory to our goal. The necking model based
on the overlap factor Cov is not new. It has already been used to study e.g. the morphological properties of
fractal-like aggregates16, 19 or the optical properties of soot structures.20 A more detailed description of other
neck models can be found elsewhere.21

3. APPLICABILITY OF THE DDA
The first step of our study was to check whether the DDA method can be applied for material characterized by
large values of the imaginary part of the refractive index (in our case it was m ≈ 0.4526 + 2.4090i).14 The quality
of DDA results increases with the number of volume elements (dipoles). However, such approach significantly
boosts the simulation time. In our mesh the distance between dipoles was estimated as d = 0.8nm what means
that the number of dipoles per wavelength was dλ ≈ 665. The DDScat results were compared to the an alternative
GMM (Generalized Multiparticle Mie-Solution) code by Y. Xu.8 Because of its limitation to non-overlapping
particles only three cases were considered: a single sphere with the radius Rp = 25nm, two touching spheres with
the radius Rp = 25nm and a single sphere with the radius ca. Rp ≈ 31nm (a sphere of an equivalent volume).
The results are presented in Tab. 1. They show that the relative error of the extinction cross section Cext can
reach the value of ca. Eref ≈ 10%. Such error was expected and is comparable to the results of M. Yurkin et
al. for the selected wavelength, i.e. λ = 532nm.22 In further simulations we take this value into account and
include Eref in the resulting charts. Other, more detailed, studies on the applicability of the DDA method can
be found elsewhere.13
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Table 1: Comparison of the extinction cross section Cext calculated with two alternative codes:
DDScat and GMM. The values show that the relative error between two methods can reach the value
of ca. Eref ≈ 10%.
Cext [um2 ]

Scattering code

Cabs [um2 ]

Csca [um2 ]

Single sphere with the radius Rp = 25nm
DDScat

1.305 · 10−3

1.337 · 10−4

1.171 · 10−3

−3

−4

1.058 · 10−3

1.187 · 10

GMM

1.294 · 10

Two spheres with the radius Rp = 25nm in point contact
DDScat

4.145 · 10−3

4.361 · 10−4

3.709 · 10−3

GMM

4.567 · 10−3

5.344 · 10−4

14.036 · 10−3

Single sphere with the radius ca. Rp ≈ 31nm
DDScat

3.154 · 10−3

5.857 · 10−4

2.569 · 10−3

GMM

2.928 · 10−3

5.675 · 10−4

2.361 · 10−3
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Figure 3: Impact of the overlap factor Cov on the extinction cross section Cext and the asymmetry parameter g providing that the particle radius Rp = 25nm is constant. The ”Maximum” and
”Minimum” labels were generated with respect to the reference error Eref estimated in the previous
section. The circular markers denote the simulation points.

4. LIGHT SCATTERING RESULTS
4.1 Constant radius Rp
In this section we investigate the influence of Cov and Ycon on the extinction cross section Cext and the asymmetry
parameter g of two connected gold nanoparticles. The particle radius Rp = 25nm is always constant. Our goal
was to approximate the relative error Erel of the light scattering results when aggregate models are composed
of touching spheres only and connections between primary particles are neglected, i.e. Cov = 0 and Ycon = 0.
When the overlap factor Cov is altered, the total volume of the structure V decreases gradually and at the final
step its initial value is divided in half. The same rule apply to the number of volume elements (dipoles) which
varies from Nd = 255556 to Nd = 131635. The results are presented in Fig. 3. They show that the maximum
value of Cext = 7.068 · 10−3 [um2 ] exists for intermediate necks, i.e. when the overlap factor is close to Cov = 0.4.
The following reduction of Cext can be associated with the changes of the total volume V . On the other hand,
the asymmetry parameter g decreases continuously with every simulation step. It reaches g = 0 when Cov ≈ 0.5.
This means that the overlap factor Cov is capable changing the optical properties of gold particles, after this
point (g = 0) the scattering in the back direction becomes dominant. Next, we studied the impact of the neck
size parameter Ycon . The results are presented in Fig. 4 and in Fig. 5. Sample meshes of volume elements
(dipoles), which size varies from Nd = 255557 to Nd = 319317, can be found in Fig. 6. The results show that
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Figure 4: Impact of the neck size parameter Ycon on the extinction cross section Cext providing that
the particle radius Rp = 25nm is constant. Three different necks are presented. The circular markers
denote the simulation points.
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Figure 5: Impact of the neck size parameter Ycon on the extinction cross section Cext and the
asymmetry parameter g providing that the particle radius Rp = 25nm is constant. The ”Maximum”
and ”Minimum” labels were generated with respect to the reference error Eref estimated in the
previous section. The circular markers denote the simulation points.
the asymmetry parameter g is at its maximum for medium necks, i.e. when Ycon ≈ 0.5. After this point, its
value gradually decreases and reaches g = 0.005 at the final step (Fig. 5C). The extinction cross section Cext is
minimal for similar necks, Ycon ≈ 0.5, and then it increases continuously. Finally, due to the significant increase
of the total volume of the structure V , Cext can be more than 150% larger than its initial value. Fig. 4 shows that
there is almost no difference between the cylindrical and the quadratic connector. The value of the extinction
cross section Cext for the linear connector is slightly larger. However, this type of neck suffers from a sharp
”bend” which occurs in the middle of the connection (see Fig. 2B). Therefore, is slightly less similar to real necks
created, for example, by the sintering process.23

4.2 Constant volume V
Next, we investigated the impact of Cov and Ycon on the optical parameters when the total volume of the structure
V was constant. This assumption can model early stages of the sintering process. When the overlap factor Cov
is considered, the distance between the centers of the particles is calculated and then the size of the structure is
adjusted to meet the constant volume condition. The results for Cov are presented in Fig. 6. In this case, every
mesh is composed of ca. Nd ≈ 250000 volume elements (dipoles). The results are very similar to previous (Fig. 7).
However, the value of the extinction cross section Cext for intermediate and large necks is more significant. This
effect is caused by the conservation of the total volume V . The curve for the asymmetry parameter g reveals
almost identical behavior. In our next step, we investigated the impact of the neck size parameter Ycon . Our
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Figure 6: Sample meshes of volume elements (dipoles). The presented structures are composed of two
gold nanoparticles and a single cylindrical connector characterized by the following size parameter
A) Ycon = 0.50, B) Ycon = 0.75, C) Ycon = 1.00
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Figure 7: Impact of the overlap factor Cov on the extinction cross section Cext and the asymmetry parameter g providing that the volume of the structure V is constant. The ”Maximum” and
”Minimum” labels were generated with respect to the reference error Eref estimated in the previous
section. The circular markers denote the simulation points.
methodology was based on reducing the particle radius Rp and adjusting the size of the neck Ycon accordingly.
The results are presented in Fig. 8 and in Fig. 9. Surprisingly, they are also very similar to the previous data
(see Fig. 4 and Fig. 5). We conclude that, at least when only two particles are considered, the changes to the
total volume of the structure V are not very influential for small and intermediate necks, i.e. Ycon < 0.75. Large
necks can amplify the scattering cross section Cext . The asymmetry parameter g seems to be unaffected by the
size of the structure. The position of the extinction peak, that occurs at ca. Cov ≈ 0.4, is dependant on the
refractive index m. For example, when soot, characterized by a lower value of the imaginary part of the complex
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Figure 8: Impact of the neck size parameter Ycon on the extinction cross section Cext providing that
the total volume of the structure V is constant. Three different necks are presented. The circular
markers denote the measurement points.
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Figure 9: Impact of the neck size parameter Ycon on the extinction cross section Cext and the asymmetry parameter g providing that the total volume of the structure V is constant. The ”Maximum”
and ”Minimum” labels were generated with respect to the reference error Eref . The circular markers
denote the measurement points.
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Figure 10: Relative error Erel of the extinction cross section Cext when no connections are used.
refractive index m is considered, its position is shifted to ca. Cov ≈ 0.2. Moreover, an additional peak at ca.
Ycon ≈ 0.85 appears. When gold particles are studied, such a phenomenon is not observed.21

5. CONCLUSIONS AND OUTLOOK
In our work we investigated the impact of the overlap factor Cov and the neck size parameter Ycon on the
extinction cross section Cext and the asymmetry parameter g of two gold nanoparticles and a single connector.
Two different cases were studied: when the particle radius Rp is constant and when the total volume of the
structure V remains unchanged. Our study show that different connection types, i.e. cylindrical, linear and
quadratic, can be used interchangeably. The quadratic and the cylindrical connector reveal similar behavior.
The results for the linear connector are slightly altered. However this change is not very significant (especially
when small necks, i.e. Ycon < 0.5 are used). When connections between primary particles are not included in
our model, the results can be erroneous. The approximated value of the relative error Erel is presented in Fig.
9. The curves show that for small connections (both Cov and Ycon ) Erel is not very significant. For intermediate
connections it increases rapidly along with Cov and can reach the value of Erel ≈ 95% when the total volume
of the structure V is conserved. When large necks are considered, i.e. Ycon > 0.9, the error can be larger
than Erel = 100%. Additionaly, the position of the extinction peak in a function of the connection size Cov is
dependant on the value of the complex refractive index m. For example, when soot is considered, its position
is shifted from ca. Cov ≈ 0.4 to ca. Cov ≈ 0.2. We hope that our study will help to develop a more realistic
model of gold aggregates, which can be used to study various physical phenomena.24 Additionally, it can improve
the analysis of the extinction results, which can be used to determine the morphological parameters of various
structures.25, 26
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Next step is to check the impact of the necking phenomenon on more complex structures, composed of
much larger number of primary particles. However, the DDA method might be too erroneous or more powerful
computation servers should be used instead.22
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