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Abstract 

Nanoparticle arrays are the focus of many areas of study because of their interesting 

optical properties. These arrays have been shown to enhance the efficiency in solar cells, 

enhance photodetectors, and image and treat cancer. In this work, we have developed a 

computational tool in Python that simulates nanoparticles and nanoparticle arrays and the 

quantum interactions between them. Using this atomistic approach, we can model optical 

properties of a given array and gain insight into how the individual nanoparticles 

interacting with each other affects these properties. Existing computational tools are also 

used to model optical properties of nanoparticle arrays, but they do not consider the 

quantum effects in the nanogaps of these arrays. We compare results with and without these 

quantum effects to determine the importance of atomistic modeling as well as perform 

analysis of the individual terms in our equations to determine if we can increase the speed 

and efficiency of our program. 
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I. Statement of Purpose 

Metal nanoparticles, which are the focus of this study, are made up of nanometer-

sized pieces of pure metal that have interesting optical properties with diverse applications 

in everyday life. When they are placed in a repeating pattern, making a nanoparticle array, 

and are hit with an electric field, they start oscillating, creating their own oscillating electric 

fields that affect the particles around them. These oscillating fields are called plasmons. 

Plasmons have a variety of applications in chemistry and physics, including enhancing 

efficiency in solar cells, observing molecules undergoing chemistry, and imaging and 

treating cancer. This project’s goal was to develop a free and open-source computational 

tool that describes atomistic effects in nanoparticles and nanoparticle arrays using a 

discrete interaction model and analyze our results against computational tools that do not 

consider atomistic effects. In other computational tools, plasmonic fields are simulated 

using classical electrodynamic modeling software, which often describe the nanoparticle 

as an idealized shape and ignore all of the interacting electric fields. The code we 

developed, A Discrete Interaction Model for Python, or DIMPy, uses modified interaction 

tensors and retardation effects to model nanoparticles and the quantum interactions 

between them and is publicly available, along with documentation, to be used by scholars 

around the globe.   

II. Introduction 

Nanoparticles are particles that exist on a nanometer scale and are the interest of 

many fields of study because they have tunable optical properties that have a wide range 

of applications [1]. When metal nanoparticles are placed in a regular, repeating patterned 
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array, they manipulate light-matter interactions at the nanoscale. These nanoparticle arrays 

generate strong oscillating electromagnetic fields when excited by light, called plasmons. 

One property that makes nanoparticles so interesting is their ability to hold plasmons on 

their surface. An example of a surface plasmon is pictured in figure 1.  

 

Figure 1. The oscillation of the electrons on a nanoparticle surface, known as a surface plasmon 
[2]. 

 
Plasmons have widespread applications, including enhancing efficiency in solar 

cells [3], enhancing photodetectors [4], and imaging and treating cancer [5] because of 

their optical enhancement abilities. Toolghi’s research [3] shows how the electric field of 

surface plasmons can be concentrated to improve light absorption of solar cells, therefore 

increasing their efficiency. The study by Darweesh [4] shows how density in a 

photodetector relates to the total optical enhancement of the device. This enhancement is 

due to plasmonic structures.  Surface plasmon sensors can also be used to quantify 

MicroRNA levels at a much more accurate level than preexisting sensors, which can help 

diagnose and monitor cancer in the early stages [5].  

Over the past couple of decades, chemical and biological sensing methods using 

plasmonics have vastly increased. Raman spectroscopy is a sensing technique to determine 
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the vibrational energy of a molecule. Surface-enhanced Raman spectroscopy (SERS) 

improves Raman spectroscopy by using plasmons to enhance the Raman signal strength 

[6], [7]. SERS can detect and analyze individual molecules and has many applications in 

biological sensing and monitoring technologies.  

One central topic in nanotechnology is the use of quantum dots in sensors, 

detectors, and tv displays. Quantum dots are metal semiconductors a few nanometers in 

diameter that emit light when excited by light or electricity. The intensity of the emitted 

light can be increased by increasing the excitation light. One way to increase the excitation 

light is via plasmonic enhancement. The study by French [8] studies photobrightening of 

quantum dots using plasmonic enhancement and determines that by adding a layer of gold 

nanoparticles on top of a layer of quantum dots and exciting the sample with light, it is 

possible to enhance the photobrightening effect, leading to more effective quantum dot 

technologies.   

Recent research has also focused on the subnanometer gaps in nanoparticle arrays 

and how manipulating the gap size affects the flow of light through materials [9], [10], 

[11]. The research by Doyle [9] investigates the index of refraction of different 

wavelengths through gold nanospheres with varying nanogaps. Darweesh [10] studies 

double-width plasmonic gratings, arrays of metal structures with different widths, 

separated by a nanogap and the optical enhancement they can result in. Studying the effects 

of varying nanogap size has led to more studies that challenge using the classical 

electrodynamic model to simulate nanoparticle arrays. 
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Many research topics in this area have been hampered due to challenges in 

modeling nanoparticle arrays computationally. Modeling metal nanoparticles and 

plasmonics is important in order to improve the technologies that use them and continue 

research into their properties. Current methods use classical electrodynamics to simulate 

plasmonic fields, which does not account for the quantum interactions between the 

nanoparticles. COMSOL Multiphysics is a simulation software for finite element analysis 

that uses classical electrodynamics to model plasmonic fields [12]. While modeling 

software such as COMSOL are widely used, when the gaps between nanoparticles in 

nanoparticle arrays reach the nanometer and subnanometer scale, the plasmonic response 

varies greatly, and the classical electrodynamic model breaks down. Plasmon-molecule 

interactions often result in complex interference between electric fields, which makes it 

important to develop tools to help us understand these systems and simulate atomistic 

quantum mechanics. Lui [13] investigated plasmonic dimer systems and developed a 

method to characterize strongly coupled plasmonic systems. This method can be extended 

to represent nanoparticle arrays.  

Morton [6] also developed a Discrete Interaction Model (DIM)/Quantum 

Mechanical method for describing the properties of plasmons on metal nanoparticles. This 

method represents the nanoparticles atomistically, considering the quantum interactions of 

local electric fields by using charge-dipole interactions. Previous methods to describe 

optical properties of large nanoparticles, including the discrete dipole approximation 

(DDA), use Maxwell’s equations, treating nanoparticles as an idealized shape, which 

hampers its ability to consider the atomistic details and interactions of the particles. This 
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DIM method uses a discrete interaction model to simulate nanoparticles as a collection of 

polarizable atoms in order to describe the optical properties of molecules near metal 

nanoparticles. While this computational model describes the atomistic details and quantum 

effects, it can only be used to describe single nanoparticles, not nanoparticle arrays.  

Using these ideas, a computational method to model nanoparticle arrays that 

accounts for the quantum interactions and individual atoms in the nanoparticle can be 

developed using the periodic boundary conditions technique [14]. This technique has been 

used extensively to model crystalline-like structures and can be utilized to model a few 

nanoparticles to repeat indefinitely in a regular pattern to create a nanoparticle array in a 

computationally efficient way. 

There are several factors that go into modeling the interactions between atoms in 

nanoparticles. Interaction tensors are used to describe how different atoms interact with 

each other. Modified, or screened, interaction tensors are screened with the error function 

to replace the point charge of an atom with a Gaussian charge distribution [6].  Classical 

electrodynamics describes charges on an electron as points in space, which is not entirely 

accurate. Describing the charge of an atom using a Gaussian distribution allows us to 

represent the atoms more accurately on a quantum level by accounting for the different 

magnitudes of the electric field produced by the electrons at different points in space [15]. 

Phase retardation effects can also be considered, which take into account the phase of the 

light waves that are hitting the nanoparticles. These phases of light become important 

especially for large nanoparticles and nanoparticle arrays because over the length of these 

particles, the light wave changes and affects the nanoparticle or nanoparticle array 
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differently. These quantum effects are very important in closely-spaced nanoparticles in 

nanoparticle arrays, especially as they grow larger. 

This study looks at four different methods, seen in Table 1, static discrete dipole 

approximation (DDAs), dynamic DDA (DDAr), static discrete interaction model (DIMs), 

and dynamic DIM (DIMr). We use the term static to indicate the lack of phase retardation 

effects, while dynamic indicates the use of phase retardation effects. The DDA methods 

use the unscreened tensors, while the DIM methods use the screened tensors. Therefore, 

DDAs uses unscreened tensors and does not include retardation effects, DDAr uses 

unscreened tensors with phase retardation, DIMs uses screened tensors without phase 

retardation, and DIMr uses screen tensors with phase retardation. The equations for DIMr 

have not been used before, so they were derived as a result of this study by Dr. Dhabih 

Chulhai. These four methods are implemented in the code we develop in this study, but my 

focus was on the DIMs and DIMr methods. Table 1 summarizes these four methods 

mentioned above.  

 

Table 1. A description of the four methods used in this study. 
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While much work has been done in plasmonics, and some preliminary results have 

been observed with plasmonics and enhancing sensing and photodetection devices [4]-[7] 

as well as quantum dot photobrightening [8], there is still work to be done in modeling 

these scenarios to further our knowledge of plasmonic and nanoparticle behaviors. Several 

plasmonic-based computational tools, including software like COMSOL, exist [6], but 

developing an open-source Python-based plasmonic model that accurately simulates 

nanoparticles and their properties using interaction tensors and phase retardation effects is 

extremely valuable. Being able to more accurately model nanoparticles and nanoparticle 

arrays using this code will improve the extensive number of technologies that use these 

nanoparticles and facilitate further research in this field. 

III. Methods 

To accurately model nanoparticles and their interactions with each other on the 

quantum level, a computational model that accounts for the quantum effects in nanogaps 

and describes single nanoparticles as a collection of atoms instead of a single idealized 

shape is needed. To accomplish this, we started by converting an existing discrete 

interaction modeling code written in Fortran that describes the quantum effects and 

atomistic details of single nanoparticles into Python, so that it is free and open source [6]. 

We also added the functionality to model nanoparticle arrays, not just single nanoparticles. 

We then added screened tensors and retardation effects to represent the interactions 

between the different atoms in the nanoparticles more accurately. We call our program A 

Discrete Interaction Model for Python, or DIMPy [16]. By converting the code into Python 

in increments and benchmarking each new functionality with the existing code along the 
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way, we verified that the Python code is working as expected. The work on Fortran and 

Python was done via remote access on the Bridges2 supercomputer at the Pittsburgh 

Supercomputing Center [17].  

Our code takes a geometry file that describes a single nanoparticle by defining the 

element that makes up the particle, the shape of the particle, and the number of atoms on 

each border of the particle. By putting this information into an existing script, we can 

generate coordinates for every atom in the nanoparticle. A few of the shapes of 

nanoparticles we can input into the code are shown in figure 2. Figure 2 shows single 

nanoparticles, where each gold sphere is a gold atom. For this study, we used the 

icosahedron shaped nanoparticle, seen in figure 2c, because we can most easily compare 

its properties to spherical nanoparticles, which have the most readily available 

experimental data to compare against. 

 

 

Figure 2. (a) Decahedron (b) Octahedron (c) Icosahedron (d) Tetrahedron and (e) Block shaped 
nanoparticles. 
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This geometry file is used by the program to simulate the given nanoparticle and 

give us an output file that tells us various data about that nanoparticle. This data includes 

the dipole moments in the x, y, and z directions for each atom in the nanoparticle, as well 

as the polarizability, absorbance, scattering, and extinction values, which are useful in 

understanding the overall optical properties of the nanoparticle. Polarizability is the relative 

tendency of a particle’s charges to be distorted from its normal shape, modifying its dipolar 

properties [18]. Absorbance is a measure of the quantity of light absorbed by a sample, 

scattering is the extent in which light interacts with a particle and changes energy or 

direction, and extinction is the addition of the absorbance and the scattering of a material 

[19,20]. These values are good indicators of a particle’s optical properties. The input file 

for DIMPy includes the name of one of these geometry files as well as method parameters 

to define which method to use. A range of frequencies can be included in the input file to 

repeat the calculations over multiple frequencies or wavelengths as well. An example input 

file that we used is shown in figure 3.  

 

 

Figure 3. An example DIMPy input file. 

 

TITLE DIM with retardation 
NANOPARTICLE 

XYZFile Au_5083_ico.xyz 
AtomParam Au exp Au_jc 

ENDNANOPARTICLE 
 
METHOD 

Interaction DIM 
FreqRange nm 400 750 41 
Kdir 1 0 0 

ENDMETHOD 
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To extend this functionality to give us data about nanoparticle arrays, we will be 

adding periodic boundary conditions to the code. Periodic boundary conditions are used in 

computer simulations to essentially repeat a small cell of defined data in all directions 

infinitely, as needed. This is a computationally efficient way to define large nanoparticle 

arrays with many nanoparticles because only the properties of the small defined system 

cell need to be recorded. When one nanoparticle is defined, we can infinitely replicate the 

same properties along the boundaries so when the area of interest “leaves” the given 

nanoparticle area, it essentially reenters to the same simulation cell from the opposite 

direction.  Adding this functionality to the code will increase its usefulness and allow us to 

understand quantum interactions in nanoparticle arrays.  

For the different methods in our code, we use a discrete interaction method with 

screened interaction tensors. This DIM method describes nanoparticles atomistically and 

has been used in the past to model single nanoparticles that are made up of over 1,000,000 

atoms [6]. We started by implementing a DIMs model which includes screened interaction 

tensors but does not account for phase retardation effects, then implemented a DIMr model 

which included screened interaction tensors and phase retardation effects. These interaction 

tensors are calculated between every pair of atoms and describe the interaction between 

them. The modified tensors are screened by the error function to account for the gaussian 

charge distribution of the point dipoles. The screened tensor used for the DIMs model is 

defined in equation 1 below and obtained from Ref. 6.  

 

𝑇!/#	%&'(%)('*#+
(-) = #

3𝑟/𝑟0
𝑑1

−
𝛿/0
𝑑2
) ∙ +𝑒𝑟𝑓(𝑆) −

2
√𝜋

∙ 𝑆 ∙ 𝑒34!4 −
4
√𝜋

∙ 𝑆2 ∙
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𝑒34! 	
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The screened tensor equation used for the DIMr model is defined in equation 2 below.  
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In equations 1 and 2 above, d is the distance between the two atoms, r is the 3D 

vector between the two atoms, while 𝑟! and 𝑟" represent the α or β directions of the 

separation between atoms where α and β are all of the combinations of the x, y, and z, 

directions. 𝛿!" is the Kronecker delta, which denotes the diagonal portions, where α and 

β, the directional (x,y,z) dimensions of the tensor, are equal. S is defined by #
$
, where R is 

the atomic radii distance. For equation 2, k is the wave vector of the incident light on the 

nanoparticle, i is the imaginary number, and c is the speed of light. Our final tensor has 

dimensions [N,3,N,3], where N is the number of atoms in the array. This tensor is used to 

calculate the optical properties of the nanoparticle.  

To code equation 2 for DIMr, we took it term by term, updating the final T2 tensor 

each time we successfully coded a term. Because the code is broken up by term, this 

allowed for further analysis into which terms are important and which ones are not so we 



18 
 

could take out the unimportant terms. The DIMPy code for DIMs and DIMr can be found 

in Appendix A and Appendix B. Using these two methods with different inputs, we were 

able to compare DIMs and DIMr results run on a 5000 atom gold nanoparticle (AuNP), 

DIMr results on a 2000 atom AuNP and a nanoparticle array of those same 2000 atom 

AuNPs as well as perform analysis on the individual terms in our equations to optimize our 

runtime.  

To compare our results to a classical electrodynamics model, we used the finite 

element method (FEM) in COMSOL to model a nanoparticle as well. COMSOL is a 

physics simulation software for finite element analysis that can be used to simulate optical 

effects and properties of nanoparticles and nanoparticle arrays, giving us similar types of 

results as DIMPy. The finite element method is a numerical method for solving differential 

equations in mathematical and engineering modeling and is used by COMSOL to simulate 

optical effects and properties using classical electrodynamics. This is different from 

DIMPy because it does not model each atom in a nanoparticle. Instead, it models the 

nanoparticle as an idealized shape, neglecting quantum effects. Because our code does 

model the individual atoms in the nanoparticle, we are able to compare these results to see 

the differences between the two models.  

IV. Results and Analysis 

For our results, we looked at five different types of DIMPy calculations to compare 

them against each other to gain valuable insight into our program, essentially running our 

program five different times with different inputs. We looked at DIMs run with a 5000 

atom AuNP, DIMr run with the same 5000 atom AuNP, DIMr run again with the same 
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5000 atom AuNP with unimportant terms from our equation 2 excluded, DIMr run with a 

single 2000 atom AuNP, and DIMr run with an array of 2000 atom AuNPs. We also 

included some computational FEM results to compare to DIMPy results. Figure 4a shows 

the 5000 atom AuNP, which is about 5.2 nm in diameter and Figure 4b shows the 2000 

atom AuNP, which is about 3.8 nm in diameter. Figure 4c shows an array of 2000 atom 

AuNPs with a 1 nm gap in between each NP. DIMPy uses periodic boundary conditions 

on this AuNP array to model an infinitely repeating array of these NPs.  

 

Figure 4. (a) A 5000 atom AuNP. (b) A 2000 atom AuNP. (c) A repeating array of 2000 atom 
AuNPs with a 1 nm gap in between each NP. 

 
a. DIMs, DIMr, and FEM 

We will begin by comparing DIMs, discrete interaction model without phase 

retardation effects, DIMr, discrete interaction model with phase retardation effects, and 

FEM results, classical model with phase retardation effects, to see how these different 
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models and effects change the absorbance of the nanoparticle. Phase retardation effects 

were ignored in previous codes because they were thought to be insignificant for small 

nanoparticles [6], so we wanted to investigate how important they are for single 

nanoparticles. FEM models NPs using classical electrodynamics, namely the finite 

element method, simplifying the NP into an idealized shape and not modeling the 

individual atoms, so we also wanted to observe how modeling the NP atomistically 

would affect our results. Table 2 summarizes the effects included in each model 

mentioned above.  

 

Table 2. The effects included in each of the models we used to characterize NPs and NP arrays. 

 

 

For this set of data, we used a single 5000 atom or 5.2 nm AuNP and obtained 

absorbance values for wavelengths of 400 to 750 nm.  
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Figure 5. The absorbance spectrum for (a) DIMs (b) DIMr and (c) FEM for a 5000 atom 
AuNP. 

 

We can see there is a significant difference in DIMs and DIMr, showing how 

important the retardation effects can be. Spherical AuNPs, similar to the ones used in 

this study, are a red color, therefore absorb the complementary color of green. Green 

light has a wavelength between 500 and 650 nm depending on the size and shape of the 

NP, so we expect our absorbance peak to be between 500 and 650 nm [21]. The peaks 

for all three models shown in figure 5 are outlined in yellow. Our DIMs results show a 

very slight peak around 500 nm, DIMr results show a peak around 630 nm, and FEM 

results show a clear peak around 550 nm. The most significant piece of data when 

looking at an absorbance spectrum for a NP is the peak, so being able to clearly see the 
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peak is important. In figure 5, we can see clear peaks for DIMr and FEM, but the peak 

for DIMs is hardly noticeable. From this observation, we can see that phase retardation 

effects make the absorbance peak more pronounced, making these results stronger than 

our DIMs results.  

There is also a shift in the peak between our DIMr and FEM results. While FEM 

does not model the NP atomistically like DIMr, the peak for FEM is closer to the 

expected peak of around 530 nm and experimental results seen in Ref. 22. Our DIMr 

theoretically models NPs more accurately, modeling each atom separately and 

considering their quantum interactions, but this method shifts our peak too far to the 

right. While more work is needed to determine why that is, there may be a few reasons 

for the discrepancy between our FEM results and our DIMr results. Our FEM model 

simulated NPs on a substrate, while DIMPy models NPs in a vacuum. Studies have 

shown that the optical properties can differ when NPs are in different environments 

[22]. Our FEM model also simulates the NP with ligands, particles that share electrons 

with the NP to make the NP more stable, as well as modeling the NP as a perfect sphere, 

slightly different from the icosahedrons used in DIMPy. These slight differences may 

be the cause of the shifted peak, but future work can investigate further.   

b. DIMr with a single AuNP vs AuNP array 

Next, we will compare the effects of simulating a nanoparticle array vs. that of a 

single nanoparticle by looking at DIMr results for each. We are interested in these 

results because we included periodic boundary conditions into our code in order to be 

able to characterize NP arrays, and we wanted to look and see whether the additional 
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computational effort captured any significant effects that are seen in real NP arrays. 

For this set of results, we used a 2000 atom AuNP and used the same AuNP with 

periodic boundary conditions to create a chain of nanoparticles with a 1 nm gap in 

between each particle, shown in Figure 4c. We again plotted the absorbance values on 

a log scale for wavelengths in the range of 400 to 750 nm, as seen in Figure 6. These 

results not only show the difference between a single nanoparticle and a nanoparticle 

array but are also significant because it shows that we were able to successfully 

integrate periodic boundary conditions into our code to extend the functionality of the 

work in Ref. 6 to include characterization of nanoparticle arrays.  

 

 

Figure 6. DIMr results for a single 2000 atom AuNP and an array of 2000 atom AuNP. 
 

We can see the slight difference in absorbance of a single nanoparticle and an array 

of that nanoparticle. The yellow region in figure 6 highlights the points of interest for 

each dataset. There is a peak for a single NP around 630 nm and another slight peak 
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around 700 nm. There is a peak for the NP array around 690 nm. Looking at the peaks 

around 690 and 700, there is a clear shift in this peak when we model an array vs. a 

single NP. These differences are caused by the interaction of the nanoparticles with not 

only the 2000 atoms it is made up of, but also the interactions between the separate 

nanoparticles in the array. Because each nanoparticle interacts with the others, the 

absorbance and other optical properties will be different for an array and a single 

nanoparticle. Being able to model nanoparticle arrays is extremely important because 

of the increased use and interest in nanoparticle arrays for electronic, optical and sensor 

applications.   

c. Term analysis 

While looking at our code, we realized that some of the terms in our DIMr equation 

(equation 2) did not seem to be significant enough to make a difference in our final 

values of polarizability, absorbance, scattering, and extinction. We ran DIMr nine times 

with the 5000 atom AuNP used above, with one term excluded each run to determine 

which terms gave us equivalent results so we did not end up performing unnecessary 

calculations, taking up extra time and memory. We determined that terms 1, 3, 4, and 

7 did not affect our final result, as seen in Figure 7. This also gave us insight into which 

terms were the most important—terms 2, 6, and 9, which varied the most from the data 

plot with all of the terms included. Terms 5 and 8 affected the magnitude of the result 

slightly, but because their results were not insignificant, we kept them in our equation 

for any further program runs.  
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Figure 7. DIMr absorbance results for a 5000 AuNP with one equation term excluded. 
 

 
To optimize our code, we ran DIMr again with the same nanoparticle with terms 1, 

3, 4, and 7 excluded from the calculation and plotted our results for absorbance, 

polarizability, scattering, and extinction to ensure these four unimportant terms did not 

affect any of those four results. Figure 8 plots both the data for the DIMr equation with 

all of the terms, as well as DIMr with the four terms excluded. For all four graphs, the 

plots are directly on top of each other, meaning excluding all four of these terms gives 

us equivalent values for all four properties. This tells us we could exclude these four 

terms from our equation for any further program runs to optimize runtime and memory 

usage.  
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Figure 8. DIMr results for (a) absorbance, (b) polarizability, (c) scattering, and (d) extinction 

compared to DIMr results with terms 1, 3, 4, and 7 excluded. 
 

d. Runtime and memory 

DIMPy is a computationally heavy program, so we wanted to look into how well 

our code was performing. To do this, we pulled out runtime and memory usage data 

from our program. Runtime values in hours for each of the results explained above are 

shown in figure 9a. Figure 9b shows the memory usage for the T2 tensor as well as the 

total memory usage of the program.  
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Figure 9. (a) Total time and (b) total memory usage for DIMPy run with different inputs. 
 

As seen above, the run that took the longest was the DIMr run with all of the terms 

included with the 5000 atom AuNP, taking about 6.5 hours. When the unimportant 

terms were excluded from the calculation, about a half of an hour was cut off the 

computation time, taking only 5.9 hours, an almost 8% decrease in time. This is 

significant because as the nanoparticles get bigger or nanoparticle arrays are used, this 

difference in runtime will continue to increase, making for a much more efficient 

program. Our DIMs run took the least amount of runtime at 0.6 hours, with the DIMr 
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run with the 2000 atom nanoparticle close behind, at 0.89 hours. This is expected 

because they are less computationally heavy calculations. DIMr run on a 2000 atom 

NP array took slightly longer than a single NP—about 1.2 hours, because it has to 

calculate the effects of the other NPs in the array.  

For the memory usage, we were interested in the T2 memory usage and the total 

memory usage of the program. The run that used the most memory was the DIMr run 

with the 5000 atom AuNP and all of the terms included, using a total of 8,779 MB of 

memory. DIMs with a 5000 atom AuNP took a total of 7,419 MB of memory. Running 

DIMr with a 2000 atom AuNP and 2000 atom AuNP array uses significantly less 

memory, 1,239 MB and 2,382 MB, respectively. For these runs, we are only storing 

data for 2000 atoms, even for the NP array due to how we use periodic boundary 

conditions to model a repeating array of the same nanoparticle. Excluding the 

unimportant terms from our equation 2 decreased the T2 memory usage by 1,572 MB, 

a 20% decrease in memory usage. We see the same 1,572 MB memory savings in the 

total memory usage, showing that all of the memory savings come from how we 

recoded the T2 tensor to exclude the four unimportant terms, as discussed above. This 

shows how valuable excluding these terms can be, especially for runs on larger data.  

V. Conclusion 

In this study, we developed a program in Python to characterize nanoparticles and 

nanoparticle arrays using atomistic methods to model the nanoparticles and their 

interactions with each other at the quantum level. In previous models, nanoparticles have 

been modeled using classical electrodynamics, which simplifies the particle, decreasing 
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the accuracy in the results we get from those models. By including screened interaction 

tensors and phase retardation effects into our methods, we were able to model these 

nanoparticles and their quantum interactions. We used a discrete interaction model with 

screened interaction tensors with and without phase retardation effects to understand the 

importance of including these effects. We also used a modeling software, COMSOL, to 

model a similar nanoparticle using FEM and classical electrodynamics. By comparing 

these methods, DIMs, DIMr, and FEM, we saw that by running DIMr and including the 

phase retardation effects, the peak absorbance of the nanoparticle was more pronounced 

than DIMs run without phase retardation effects. FEM gave us a slightly different peak that 

was closer to previous experimental results, and future studies will look deeper into why 

that occurred. We were also able to include periodic boundary conditions in our code to 

extend the modeling of single nanoparticles to the modeling of a repeating array of 

nanoparticles. Comparing the absorbance of a single nanoparticle and nanoparticle array 

displayed the differing effects due to the interaction between each nanoparticle in the array.  

For further optimization of our code, we looked into each term in our DIMr tensor 

equation to determine which terms did not affect our results and therefore could be 

excluded from the calculation. After this analysis, we were able to exclude four terms from 

our program, decreasing the runtime by almost 8%, and decreasing the memory usage by 

20%. These optimizations are just the beginning of the possible optimizations of this code 

but show how small changes can impact runtime and memory. Future steps for DIMPy 

include further optimization, namely looking more closely at the code and picking out any 

improvements we can find there, as well as further benchmarking to determine how much 



30 
 

memory and execution time is needed for much larger nanoparticles and nanoparticle 

arrays.  

Our computational model accounts for the quantum effects in the nanogaps, 

describes nanoparticles as a collection of atoms instead of an idealized shape, and describes 

nanoparticle arrays. By developing this comprehensive computational tool that describes 

all the essential physics in the nanoparticle arrays, further research is facilitated. Further 

research projects using this tool could include using the code to study how the type, shape, 

and spacing of nanoparticles influence the strength of the electric field in the nanogap and 

using the electric fields in nanogaps to study how different types of light technologies are 

enhanced.  

VI. Reflection 

The goal of this project was to develop an open-source computational tool in Python 

that (1) includes quantum effects in modeling nanoparticles; (2) describes the interactions 

between atoms and nanoparticles; and (3) can describe both nanoparticles and nanoparticle 

arrays. We successfully developed our code, DIMPy, to do all of these things. We 

incorporated quantum effects by using a discrete interaction model with screened 

interaction tensors as well as phase retardation effects and included periodic boundary 

conditions into our code so we could model nanoparticle arrays. I implemented never 

before used screened interaction tensors with phase retardation equations in Python. 

Because these equations had never been used before, I had some difficulties trying to figure 

out the best way to write the equations but breaking the equation up term by term proved 

to be the easiest way to implement it incrementally. This term-by-term method also allowed 
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for further optimization by taking out unimportant terms that didn’t affect our results. After 

implementing these equations and using these models, we were able to obtain some very 

interesting results comparing different methods used with different inputs that allowed us 

to visualize how different quantum effects changed different optical characteristics of 

nanoparticles and nanoparticle arrays.  

Developing this open-source code is very important because of the importance of 

nanoparticles and nanoparticle arrays and their variety of uses. Previous computational 

models use classical electrodynamic modeling to characterize these nanoparticles but 

having a tool that accounts for the quantum effects and nanogaps and describes 

nanoparticles as a collection of atoms instead of an idealized shape allows for more 

accurate modeling that can lead to more accurate and useful technologies. Developing this 

code in Python and publishing it on GitHub makes it easily accessible to researchers around 

the world to use for a wide variety of projects.  

This project was a perfect combination of the research I have been doing with Dr. 

Herzog since my freshman year and my software engineering degree. I was able to work 

on coding in Python while applying my previous knowledge about nanoparticles and 

nanoparticle arrays and learning more about the chemistry aspects by working with Dr. 

Chulhai. This was a very rewarding and educational project that I really enjoyed taking a 

part in, and I am very happy with the outcome.  

 
  



32 
 

References 

[1] Morton, S.M., Silverstein, D.W., & Jensen, L. (2011). Theoretical Studies of 
Plasmonics using Electronic Structure Methods. Chemistry Review, 111 (6), 
3962–3994.  

[2] Image source: nanoComposix, https://nanocomposix.com/pages/the-science-of-
plasmonics 

[3] Tooghi, A., Fathi, D., & Eskandari, M. (2020). High-performance perovskite solar 
cell using photonic–plasmonic nanostructure. Scientific Reports, 10. 
https://doi.org/10.1038/s41598-020-67741-9  

[4] Darweesh, A.A., Bauman, S.J., French, D.A., Nusir, A., Manasreh, O., & Herzog, 
J.B. (2018). Current Density Contribution to Plasmonic Enhancement Effects in 
Metal–Semiconductor–Metal Photodetectors. Journal of Lightwave Technology. 
36, 2430-2434. 

[5] Xue, T., Liang, W., Li, Y. et al. (2019). Ultrasensitive Detection of miRNA with 
an Antimonene-Based Surface Plasmon Resonance Sensor. Nature 
Communications, 10.  

[6] Morton, S.M. (2012). Electrodynamic and Electronic Structure Methods to Model 
Surface Enhanced Spectroscopy and Molecule–Metal Nanoparticle Optical 
Coupling. (Doctoral Dissertation, The Pennsylvania State University). 

[7] M. Klenke, M., Brawley, Z.T., Bauman, S.J., Darweesh, A.A., Debu, D.T., & 
Herzog, J.B. (2018). Dataset for SERS Plasmonic Array: Width, Spacing, and 
Thin Film Oxide Thickness Optimization. Data, 3 (3), 37. 

[8] French, D.A. (2018). Plasmonic Enhancement of Photoluminescence and 
Photobrightening in CdSe Quantum Dots. (PhD Dissertation) Physics, University 
of Arkansas. 

[9] Doyle, D., & Charipar, N. (2017). Tunable Subnanometer Gap Plasmonic 
Metasurfaces. ACS Photonics, 5, 1012–1018. 
https://doi.org/10.1021/acsphotonics.7b01314  

[10] Darweesh, A.A., Bauman, S.J., & Herzog, J.B. (2016). Improved Optical 
Enhancement Using Double-Width Plasmonic Gratings with Nanogaps. Photonics 
Research, 4, 173–180. https://doi.org/https://doi.org/10.1364/PRJ.4.000173  

[11] Zhu, W., Esteban, R., Baumberg, J.J., Nordlander, P., Lezec, H.J., & 
Aizpurua, J. (2016). Quantum Mechanical Effects in Plasmonic Structures with 



33 
 

Subnanometre Gaps. Nature Communications, 7 (1). 
https://doi.org/https://doi.org/10.1038/ncomms11495  

[12] COMSOL Multiphysics [Computer Software]. https://www.comsol.com/. 

[13] Liu, P., Chulhai, D.V., & Jensen, L. (2019). Atomistic Characterization of 
Plasmonic Dimers in the Quantum Size Regime. The Journal of Physical 
Chemistry. 123 (22), 13900-13907. 10.1021/acs.jpcc.9b02812 

[14] Makov, G., & Payne, M.C. (1995). Periodic Boundary Conditions in Ab 
Initio Calculations. Physical Review B Condensed Matter. 51 (7), 4014-4022. 
10.1103/PhysRevB.51.4014 

[15] Ling, S. J., & Moebs, W. (2016). Applying Gauss's Law. In University 
physics. (Vol. 2). essay, OpenStax College Rice University. 

[16] D.V. Chulhai; M. Magee; “A Discrete Interaction Model for Python” 
GitHub 2020, https://github.com/dchulhai/DIMPy  

[17] Bridges-2. PSC. (n.d.). Retrieved March 21, 2022, from 
https://www.psc.edu/resources/bridges-2/ 

[18] Polarizability. ChemEurope. (n.d.). Retrieved March 24, 2022, from 
https://www.chemeurope.com/en/encyclopedia/Polarizability.html. 

[19] The International Union of Pure and Applied Chemistry (IUPAC). (n.d.). 
Scattering (S05487). IUPAC. Retrieved March 24, 2022, from 
https://goldbook.iupac.org/terms/view/S05487 

[20] PDF Test. NanoHybrids. (n.d.). Retrieved March 24, 2022, from 
https://nanohybrids.net/pages/pdf-test  

[21] A.R. Shafiqa et al. (2018). Nanoparticle Optical Properties: Size 
Dependence of a Single Gold Spherical Nanoparticle. J. Phys.: Conf. Ser. 1083.  

[22] nanoComposix. (n.d.). Gold nanoparticles: Optical properties. 
nanoComposix. Retrieved March 31, 2022, from 
https://nanocomposix.com/pages/gold-nanoparticles-optical-properties 

  



34 
 

APPENDIX A – DIMs Python Code 

If interested in the static discrete interaction model (DIMs) code in Python, please contact 
Dhabih V. Chulhai at UIndy. 

 

APPENDIX B – DIMr Python Code 

If interested in the dynamic discrete interaction model (DIMr) code in Python, please 
contact Dhabih V. Chulhai at UIndy. 


