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Abstract
In this work, we study the electromagnetic scattering characteristics of asymmetric carbon nanotube (CNT) dimers with rigorous computational experiments. We show that the configurational asymmetry in the CNT dimer assembly creates a unique field distribution in the vicinity of the dimer, which in turn generates two distinct resonances representing the bonding and anti-bonding modes. The sensitivity of these two modes towards CNT lengths, orientations, and shapes, is studied. We also show the ability of asymmetric CNT dimer for the contactless detection of nanoparticles (NP). The presence of a NP in the vicinity of the CNT dimer perturbs the dimer’s field distribution and causes unequal shifts in the bonding and anti-bonding resonances depending on the NP location, material, size and shape. By studying the differences in these resonance shifts, we show that the relative location and orientation of the NP can be reconstructed. The computational experiments performed in this work have the potential to guide the use of asymmetric CNT dimers for novel sensing applications.
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1. Introduction
Nano-dimers, which are nanoscale systems composed of two nanoparticles (NPs), are receiving rising interest in several nanoscale sensing applications [1-4]. Nano-dimers made of plasmonic materials can produce strong near-field enhancement, which leads to potential applications such as surface-enhanced Raman scattering (SERS), photoluminescence, nano-antennas for energy harvesting, and linear and non-linear spectroscopy [2, 5-6]. The unique complex permittivity of noble metals such as gold and silver make them the preferred material for field enhancement in nano-dimer in the visible range. The evidence of inter-particle near-field coupling in plasmonic nano-dimers was found in early 2000s and since then it has continued as a hot topic of research [7-13]. Theoretical works such as [7-10], give a clear explanations of plasmon hybridization, whereas the experimental works strongly validate the theoretical claims [11-13]. In contrast to a single NP, a nano-dimer experiences non-linear shifts in resonant frequencies as the dimer-gap varies [14-15], which has led to several interesting nanometric ruler/sensor applications [1,3-4]. The shape, size and mutual alignments of the NPs in the dimer configuration directly impact the dimer resonances [8-9]. Configurational asymmetries in dimer cause plasmon hybridization, and split the dimer resonance into two distinct resonances, termed as the anti-bonding mode (lower energy mode/ dark mode) and bonding mode (higher energy mode/ bright mode) [8-9]. Halas et. al (2010) showed experimental validation of anti-bonding and bonding mode resonances in asymmetric nano dimer [13]. Haran et. al. (2011) carried out experimental validation of anti-bonding and bonding mode resonances in asymmetric nano trimer [11-12]. However, all these studies were mainly focused on optical range plasmonic resonances and deals with gold or silver nano-structures. 
Our goal in this present paper is to the draw attention of the research community towards the potential use of asymmetric carbon nanotube (CNT) dimers for novel sensing applications. Our extensive computational experiments show that anti-bonding and bonding mode resonances can be excited in asymmetric CNT dimer starting from far-infra-red (FIR) frequencies. Carbon nanotubes (CNTs) are one-dimensional (1D) hollow cylindrical tube-like structures of carbon atoms and usually grown to very high aspect ratios (length/radius) [16]. Using infrared spectroscopy experiments, Slepyan et al. (2010-12) have shown evidences of localized surface plasmon resonances (LSPR) in CNT composites and proposed an effective conductivity model for CNTs [17-18]. Using transmission spectroscopy Zhang et. al. (2013) have shown that plasmonic resonances exist in metallic as well as in semiconducting single walled CNTs (SWCNTs) ranging from terahertz (THz) to ultraviolet (UV) frequency spectrum [19]. These resonance peaks are caused by the unique complex conductivity profile of CNTs and can be tuned by varying the CNT’s length [18, 20], radius [21], waviness [22-23], and environment [24-25]. These factors have been used in devising CNT-based infrared detectors, emitters, polarizers, THz absorbers, electromagnetic shields, field-effect transistor, transparent conductive films etc. [26-32]. 
CNTs show manifold advantages over conventional plasmonic materials, e.g. chirality dependent tunable conductivity profile [16] that in turn control transmission bandwidth, length dependent tunable plasmon resonances that traverse from THZ to UV [19-20], and flexibility in complex shape realization and manipulation with recent fabrication technologies [16, 33-38]. The first experimental evidence of dimerization effects in CNT was reported in 2006 by Wang et al. [39]. By using chemical vapour deposition (CVD) technique suspended SWCNTs were grown to millimeter length across a (100 μm x 1 mm) slit structure and was illuminated by white light with ~ 2 μm2 spot size. The Raleigh scattering spectroscopy showed clear spectral differences between isolated SWCNT and bundled SWCNTs. The inter-tube coupling effect was interpreted by dielectric screening mechanism. Raleigh energy peaks of isolated SWCNT were noticeably redshifted in bundled form. Besides that new hybridized plasmonic modes were generated due to inter-tube coupling effects as can be observed in figure 2. of [39]. 
In the present work, we have investigated the tube-tube interaction in SWCNT dimer assembly with rigorous computational experiments. We have verified the existence of anti-bonding resonance (ABR) and bonding resonances (BR) in SWCNT dimers with two independent full-wave electromagnetic solvers. The dependence of ABR and BR on different configurational factors such as dimer gap, asymmetry in CNT lengths, shapes, orientations, and mutual alignments are studied in detail. The creation of ABR and BR has been explained elaborately with near-field distribution analysis. It is also demonstrated that the presence of an external nano-particle (NP) in the vicinity of the CNT dimer perturbs the near-field distribution and cause unequal red-shifts in ABR and BR. These unequal red-shifts in resonances show noticeable dependency on the NP location, orientation, shape, size, and material properties, which can be translated into useful information about the NP characteristics as well as its relative location and orientation with respect to the CNT-dimer. These findings indicate that the asymmetric CNT dimer has a great potential in a wide range of nanometric sensing applications.
2. SWCNT-Dimer study
In the context high aspect ratio arbitrarily oriented CNTs different full-wave electromagnetic solvers have been used in the literature based on thin-wire modeling, such as thin-wire time domain integral equation (TDIE) [40], thin-wire FDTD [41], and method-of-moment for arbitrarily thin wire (MOM-ATW) [23, 42] etc. In our present study, considering the high aspect ratio of SWCNTs, we modeled them as equivalent one dimensional arbitrary-shaped thin wires (ATW) and solved the electromagnetic scattering problem with our in-house full-wave method of moment (MOM) algorithm. The mathematical development of the MOM-ATW procedure is given in appendix A, where the final output is the extinction cross section () which is the sum of absorption cross section and scattering cross section. The accuracy of the MOM-ATW model for CNTs has been verified heavily in [23, 42]. We have again verified its accuracy and computational efficiency against commercial three dimensional MOM solver in section 2.2. 
In the following subsections, we have studied the effects of different configurational factors of the SWCNT-dimer assembly, such as dimer gap, symmetry and asymmetry in shapes, orientation, and alignment, which show noticeable influence on the bonding and anti-bonding mode resonances appearing in  spectrum. All the SWCNTs studied in this paper are metallic CNTs with (9, 9) armchair chirality having a radius of a = 0.61 nm. The conductivity of all CNTs is set according to the Drude approximation detailed in Appendix A.[image: ]
Figure 1. (a) Two identical straight single walled CNT (SWCNTs) in side-by-side arrangements (length, L = 96 nm, and radius, a = 0.61 nm) with varying center-to-center distance (x) is excited by an incident plane wave polarized along the length of the CNTs. (b) Plasmon hybridization in side-by-side equal length CNT dimer resonating only in symmetric coupling mode with blue-shifted bonding resonance (BR). As the dimer gap is decreasing following x = 314, 158, 80, 41, 22, 12, 7, 5, 4, 3 nm, the bonding mode near-field interaction is increasing causing gradually blue-shifted bonding resonance (BR). (Calculated by MOM-ATW given in appendix A)


2.1 Dimer gap
We start our analysis by studying the simplest case of SWCNT-dimer configuration, which consists of two identical straight CNTs in side-by-side arrangement as shown in figure 1(a). Both the CNTs are 96 nm long and separated by a variable centre to centre distance designated by x nm, also known as the dimer-gap. The dimer is excited by a normally incident plane wave  with the electric field polarized along the length of the CNTs as shown by the green arrow in figure 1(a). 
In a plasmon resonance, the incident field exerts a force on the free charges of the nano-particle leading to a separation of positive and negative charges [43]. This separation creates a dipolar charged distribution whose strength is determined by the polarizability of the nano-particle [43]. Several factors affect a particle’s polarizability such as its shape, size, and material properties of the nano-particle and its environment [43]. The near-field excited by the dipolar charge distribution can be expressed in terms of the polarizability of the particle by using the quasi-static approximation, or it can be calculated accurately using full-wave numerical calculations. In general, the excited near-filed decays proportional to 1/r3, where r is the distance from the center of the nano-particle [7, 9-10, 43]. Therefore, the near-field is large in the vicinity of the nano-particle, and it decays rapidly with distance r. 
When a nano-particle exists in isolation, it only senses the incident electric field. However, when two nano-particles are placed in close proximity, to create a dimer, each nano-particle experiences two fields: (i) the incident field and (ii) the near-field generated by the other nano-particle. This additional field can cause the resonance frequencies of the dimer to shift from the resonance frequencies of the individual nano-particle [7, 10]. Since the near-field decays rapidly with distance, each nano-particle will only sense the other nano-particle if the gap between them, x, is small. The near-field coupling between the two nano-particles can also lead to the hybridization of the dipolar plasmon resonances of the individual nano-particles leading to bonding and anti-bonding combinations [8-9]. In both the bonding and anti-bonding combination, the charge distribution is dipolar. But in the bonding combination, the dipoles of both nano-particles have the same polarity, whereas for the anti-bonding combination, the nano-particles have opposite polarity [8-9]. If the two nano-particles in the dimer are identical, the opposite polarities of the anti-bonding combination cancel out, leading to effectively zero net charge. In this case, the resonance corresponding to the anti-bonding combination disappears and is typically termed a dark mode [8-9]. However, if asymmetry exists between the two nano-particles, an effective non-zero net charge emerges in the anti-bonding combination, and the corresponding resonance can be detected [8]. For small x values, the bonding and anti-bonding combinations are very sensitive to changes in x, causing significant shifts in the corresponding resonance frequencies with slight variation in x. This can also be attributed to the cubic dependence of the near-fields excited by each nano-particle. For large x values, the near-field exerted by each nano-particle on the other becomes negligible, causing the response of the dimer to be the simple superposition of the response of the individual isolated nano-particles [7, 43].  
In figure 1(b), the dimer-gap (x) has been decreased in the following order: x (in nm) = 314, 158, 80, 41, 22, 12, 7, 5, 4, 3, and corresponding total extinction cross-section () of the dimer assembly is computed. For reference, we also plot the   response of a 96 nm long, isolated CNT, shown in the black dashed curve in figure 1(b), which resonates at 22.54 THz. It is observed that when x > 158 nm, the CNT dimer resonates almost at the same frequency of the single CNT resonance. The CNT dimer resonant frequency () starts to exhibit blue-shifts relative to the isolated single CNT resonant frequency () when the dimer-gap (x) falls below 158 nm. This is one of the interesting features of plasmonic materials that allows building reliable tools for high-precision nanometric plasmon ruler [3-4]. Recently A. I. Dolinnyi has proposed a unified plasmon ruler equation using gold nanoparticle pairs [4]. The proposed equation consists of two exponential terms explaining the dependency of fractional plasmonic resonance shifts in gold nano-dimers with different sizes of gold nanoparticle (diameter: 8 - 80 nm) and different dimer-gaps (0.1 – 120 nm). Following this work, we have carried out a similar study with CNT dimers and established a common relation between the fractional shift in plasmonic resonances with varying CNT lengths (48 - 800 nm) and a wide range of dimer-gaps (3 - 1000 nm). Unlike [4], we keep dimer-gap (x) > 1 nm, to avoid the occurrence of non-local or quantum effects. The general expression of the curve fitted exponential model that agrees well with the resonances given below, [image: ]
Figure 2. Exponential curve fitting model for MOM-ATW generated fractional resonance shift data () versus dimer-gap () for different CNT lengths, (a) , (b) , (c) , (d) , which indicates that with increasing dimer-gap, the fractional resonance shift decays faster in short CNT dimer compared to long CNT dimer, the fractional resonance shift decays to zero when dimer-gap exceeds approximately 1.5 times the length of the CNTs (L), and for a fixed value of dimer-gap (x < 1.5L) long CNT dimer gives higher fractional resonance shift compared to short CNT dimer. These observations indicate that choosing a longer CNT dimer would be the better choice for building plasmon rulers to achieve higher sensitivity over a wide range of separation.
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The coefficient values (with 95% confidence bounds) are as follows, 



 
 
The goodness of fit is given by sum square of residuals (SSE): 0.005947, correlation coefficient (R-square): 0.9934, Adjusted R-square: 0.9932 and root mean squared error (RMSE): 0.007526 which justify the high accuracy level of (1). Figure 2(a)-(d) plot the calculated fractional shift in plasmonic resonances  using (6) versus the dimer-gap (x) for four different values of CNT length (): (a) 96 nm, (b) 192 nm, (c) 400 nm, and (d) 800 nm, respectively, and compares them against the proposed exponential curve fitting model. The observations are as follows: 1) with increasing dimer-gap, the fractional resonance shift decays faster in short CNT dimer compared to long CNT dimer, 2) the fractional resonance shift decays to zero when dimer-gap exceeds approximately 1.5 times the length of the CNTs (L), 3) for a fixed value of dimer-gap (x < 1.5L) long CNT dimer gives higher fractional resonance shift compared to short CNT dimer. These observations indicate that choosing a longer CNT dimer would be the better choice for building plasmon rulers to achieve higher sensitivity over a wide range of separation. 
So far we have studied CNT dimers with identical CNT lengths and therefore, only a bonding resonance (BR) is observed in the extinction cross-section. Asymmetry in this dimer configuration of various kinds will help exciting both anti-bonding and bonding resonances as discussed in the following subsections. 
2.2 Length asymmetry
Figure 3(a) shows length asymmetry in the CNT-dimer configuration. The longer CNT with 96.0 nm length is marked as CNT1 and the shorter CNT with 86.4 nm length is marked as CNT2. Figure 3(a) also shows the two possible charge distributions that arise by breaking the symmetry. There is only a maximum of two possible charge configurations for a plasmonic dimer: (i) one where the charge distribution of both nano-particles have the same polarity, the BR, and (ii) one where the charge distribution of both nano-particles have opposite polarity, the ABR [8]. All other parameters except the CNT lengths are the same as in figure 1(a). Figure 3(b) (top) shows the  spectrum for four different values of the dimer-gap (x = 3, 5, 12, 158 nm). Interestingly, now two distinct resonances are observed for each of these four cases, i.e., the blue-shifted bonding resonance (BR) and red-shifted anti-bonding resonance (ABR) similar to [8-9]. The individual isolated CNT resonances are also plotted in figure 3(b) (bottom) for a better comparison. Figure 3(c) summarizes the variations in the ABR and BR with increasing dimer gap (x). Figure 3(c) shows that both the ABR and BR frequencies become constant after a dimer gap of 50 nm or greater. The reason the plots in Figure 3(c) become flat for x > 50 nm can be explained by considering the resonances of a large dimer gap, such as the purple curve of figure 3b (top) which corresponds to x = 158 nm, and comparing it with the resonances of the isolated CNTs in figure 3(b)(bottom). It is clear that the dimer ABR appears exactly at the resonant frequency of the larger CNT1 and the dimer BR appears exactly at the resonant frequency of smaller CNT2. This is because, when the dimer gap becomes larger than 50 nm, the near-field coupling between the two CNTs becomes negligible and they start behaving as isolated CNTs. The dimer extinction cross section then just become the sum of the individual extinction cross sections of CNT1 and CNT2. Therefore, the ABR and BR become insensitive to x, flattening the curve in Figure 3(c) for x > 50 nm.  [image: ] Figure 3. (a) (top) Asymmetric side-by-side SWCNT dimer with different CNT lengths excited by an incident plane wave polarized along the length of the CNTs, (a) (bottom) the schematic diagrams showing the nature of charge distribution along the CNTs at ABR and BR. (b) (top) Splitting of plasmonic resonance into blue-shifted bonding resonance (BR) and red-shifted anti-bonding resonance (ABR) in asymmetric CNT-dimer with variable dimer-gap (x), (b) (bottom) resonances of CNT1 and CNT2 in isolated condition. (c) Comparison of ABR and BR as calculated by MOM-ATW vs FEKO [44]. Decreasing blue shift in BR and decreasing red-shift in ABR with increasing dimer-gap (x). For x > 50 nm ABR saturates to isolated longer CNT1 resonance and BR saturates to isolated shorter CNT2 resonance.    


To provide an independent validation of our in-house implementation of the MOM-ATW implementation, we re-simulated the above CNT dimer configuration in FEKO[footnoteRef:1], a surface equivalent principle (SEP) based three dimensional (3D) full-wave electromagnetic solver [44]. FEKO’s reliability in solving penetrable objects at optical frequencies has been verified in several publications such as [45]. In FEKO, the CNTs are modeled as explicit three-dimensional (3D) cylinders with Drude like complex conductivity (see appendix A). FEKO’s 3D MOM solver uses the Rao-Wilton-Glisson (RWG) basis functions which discretize 3D objects with triangular surface mesh elements. We simulated 3D CNT dimers in FEKO for four different dimer gaps: x = 3 nm, 12 nm, 90 nm and 158 nm.  A comparison between MOM-ATW and FEKO in terms of mesh size requirements, single frequency computation time, and convergence of the resonances is shown in Table 1. Table 1 shows that the FEKO resonances exhibit a small red-shift with respect to the MOM-ATW resonances. This red-shift decreases from ~ 4% to ~2% when the number of meshing elements in FEKO was approximately doubled from 7,700 to 13,222. Table 1 also shows that, since our MOM-ATW implementation represents each CNT as an equivalent 1D wire, it only requires a fraction of the computational time required by a 3D electromagnetic solver. The accuracy and efficiency of our in-house MOM-ATW solver have also been validated rigorously in our previously published papers [23, 42]. [1: Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.
] 

Table 1. Comparison between two independent method-of-moment solutions.
Electromagnetic Solvers 
Total number of mesh elements
Time taken for solving one frequency (seconds)
Average Red-shift in ABR with respect to MOM-ATW
Average Red-shift in BR with respect to MOM-ATW
MOM-ATW
46
0.322
--
--
FEKO 1
7700
178.47
4.13%
4.00%
FEKO 2
13222
639.805
2.47%
2.40%


[image: ]
Figure 4.  CNT-dimer with identical CNT length (L = 100nm) but inclined at an angle of θ. (a) Side view and (b) Top view. Shifts in ABR and BR for an angle of (c) θ =, (d) θ =, (e) θ =, (f) θ =. At θ = two equal length CNTs form a side-by-side dimer and only excites blue-shifted BR, but for non-zero θ the ABR also gets excited. As θ increases, CNT1 couples less to the incident electric field and its near-field interacts less to the near-field of CNT2, thus blue-shifts in BR and red-shifts in ABR decrease gradually with increasing θ. 



The resonance splitting phenomena in asymmetric CNT dimer can also be explained in terms of current distribution and near-filed distribution as discussed later in section 2.4 and in section 3.
2.3 Orientation or alignment mismatch 
We consider two identical 100 nm long straight CNTs as shown in figure 4(a)-(b), whose axes are making an angle θ. The projected dimer-gap is x = 6.1 nm as depicted in the top view (figure 4(b)). As it is seen by the incident electric field, CNT1 appears shorter in length than CNT2. This is because the CNT2 is aligned with the incident electric field whereas CNT1 makes an angle of θ with it. We studied four different cases of alignments in figure 4(c)–(f). As explained earlier, for θ = , i.e., when two identical CNTs are aligned to incident electric field, only the BR is expressed near 25.5 THz and the ABR remains unexpressed as shown in figure 4(c). The ABR appears only when the symmetry is broken by introducing alignment mismatch. For θ =  (figure 4(d)), we see a small but finite peak for the ABR near 18 THz. The BR undergoes a little red-shift and resonates near 24.5 THz. Increase in the angle (θ) in successive steps (figure 4(e)-(f)) decrease the red-shifts in ABR and decrease the blue-shifts in BR. Moreover, the ABR gets stronger in magnitude with increasing θ. When θ =  CNT1 becomes perpendicular to both CNT2 and the incident electric field. In that situation, CNT1 neither couples to incident electric field nor can influence the induced current on CNT2. The outcome is the disappearance of both BR and ABR and only CNT2 resonates at 21.78 THz. 
[image: ]
Figure 5.  (a) CNT dimer with identical CNT lengths (L), dimer-gap (x) = 6.1 nm and a fixed mutual angle between CNT axes θ = . (b) Normalized shifts in ABR and BR with varying CNT lengths (L) while keeping the mutual angle constant at θ = , which shows that increasing CNT length causes increasing blue-shift in BR and increasing red-shift in ABR until the CNT lengths exceeds a value of 100 nm.  

[image: ]
Figure 6. (a) Shape anisotropy in CNT-dimer. (b) Equally strong expression of ABR and BR in extinction cross section. (c) In-phase and out-of-phase current on CNT-dimer with nearly equal magnitude (d)  component of near-field calculated just above the CNT-dimer at ABR and (e)  component of near-field calculated just above the CNT-dimer at BR. The dipolar charge distribution is indicated schematically in both ABR and BR, showing out-of-phase nature of ABR and in-phase nature of BR. 


Another interesting feature is studied in figure 5, where we keep the mutual angle between CNTs fixed at θ =  and vary the length of both the CNTs equally and symmetrically about their centers. To facilitate the comparison between the different lengths we have normalized the dimer resonance () to the resonant frequency of a single isolated CNT () of the corresponding dimer. Figure 5 shows that for a fixed angle (θ) between the CNTs in the dimer, the difference between the ABR and the BR frequency increases with increasing CNT length. However, beyond the CNT length of 100 nm, this difference saturates to a value of   (1.14 - 0.83) = 0.31.
2.4 Shape anisotropy
From the previous subsections, we can conclude that to excite both ABR and BR, CNT-dimer should have configurational asymmetry. But the previous results in figure 4 and figure 5 show that, in most cases, the ABR has a lower peak amplitude than the BR. However, to make both the BR and ABR of equal amplitude we can introduce shape anisotropy to manipulate the induced currents on both the CNTs. Figure 6(a) shows one such dimer configuration where both CNTs are 100 nm long, but they differ in shape and have center-to-center distance (x) = 2.44 nm. CNT1 is perfectly straight and CNT2 has the shape of a quarter circle. The incident electric field is polarized along the x-axis, which is perpendicular to the length of CNT1 and thus couples minimally to CNT1. However, due to the curvature of CNT2, a significant amount of incident electric field can couple to it. Figure 6(b) compares the anisotropic CNT dimer resonances with isolated CNT2 resonance. We find that the anisotropic CNT-dimer produces equally strong ABR and BR. This observation can be explained with figure 6(c), where we compare the induced current on both CNTs at both resonances. It shows that the magnitude of induced current in ABR and BR are almost the same and thus the corresponding resonant peaks in are equally strong. For better insight, we have also computed the real part of the z-directed electric field strength () at both resonances just above the CNT-dimer as shown in figure 6(d)-(e). The normal componentgives an indirect measure of the charge distribution over the CNT surface. At the ABR (figure 6(d)), the upper half of CNT1 has positive  (red) and the lower half has negative (blue) and it is the opposite for CNT2, which cause out of phase characteristics. On the contrary, at the BR (figure 6 (e)), the upper halves of both CNTs have negative  (blue) and the lower halves of both CNTs have positive (red), which shows in-phase characteristics. 
So far we have analysed different configurational asymmetries in CNT-dimers and studied how the bonding and anti-bonding modes react to those changes. We have shown that dimer-gap, CNT length, shape, and orientations or alignments can be used to tune the positions and strengths of the ABR and BR. In the following section, we will show how these two resonances can be used as sensing tools to locate a nano-particle in the vicinity of a CNT-dimer.
3. Sensitivity analysis of SWCNT-Dimer assembly in the presence of external scattering objects
To perform the sensitivity analysis we chose a very simple case of a length-asymmetric CNT-dimer. In figure 7(a), a 96 nm long straight CNT1 is shown lying in the xy-plane, aligned along the x-axis, and is excited by an x-polarized incident electric field. In addition to this configuration, in figure 7(b), there is another straight CNT2 in the same xy-plane, having a shorter length of 86.4 nm, and placed parallel to CNT1 at a distance of 12.21 nm. First, we have solved both these scattering problems using our in-house MOM-ATW algorithm and the corresponding  responses are shown in figure 7 (c), where the blue curve corresponds to the single CNT1 resonance at 22.5 THz and the orange curve corresponds to the CNT-dimer which has ABR at 20.7 THz and BR at 26.1 THz.
To give a better understanding of the plasmonic resonance hybridization phenomena we present an in-depth analysis of the near-field distribution in the vicinity of the CNT-dimer and how that differs from an isolated CNT. We simulated the near-field distribution in the xy-plane for the defined scattering problems of figure 7(a)–(b) at their respective resonant frequencies using the FEKO MOM solver [44]. The reason for choosing FEKO is to generate smoothly interpolated highly accurate near-field distribution. Also later in this section, we have studied the sensitivity analysis of CNT-dimer in presence of a 3D scatterer for which FEKO has been used again. To finely capture the geometrical variation of CNTs we use an average mesh triangle edge length of 5 nm. With this set up the 96 nm long CNT1 was discretized with 4048 triangular mesh elements and the 86.4 nm long CNT2 was discretized with 3652 triangular mesh elements.
Figure 7(d)–(f) show the FEKO simulated  component (magnitude, real part, and imaginary part) of the near-field distribution for the isolated CNT1 in figure 7(a) at 22.5 THz. The direction of electric field is highlighted by black arrows within figure 7(e) and (f) and corresponding polarity of charges at CNT edges are highlighted by +/- signs. It is clear that the near-field magnitude is varying along the CNT length, highest at the middle of CNT and decreases towards either edges. Due to the charge discontinuity the direction of the electric fields gets reversed at both edges of CNT. The field direction also reverses when we switch from real to imaginary, typical of dynamic time-varying analysis. Similar field distributions have been plotted for the CNT-dimer of figure 7(b) at ABR (20.7 THz) and at BR (26.1 THz) and they are shown in figure 7(g)-(i) and in figure 7(j)-(l) respectively. Significant differences are observed when we compare the near-field patterns of isolated CNT1 against the CNT-dimer ABR and BR near-fields. 
For an isolated CNT1, the near-field strength is symmetric for y > 0 and y < 0 (figure 7(d)-(f)), but the symmetry does not prevail in the ABR of CNT-dimer (figure 7(g)-(i)). At ABR the dimer’s near-field around CNT1 shows stronger magnitude than that of CNT2 and a clear null zone is observed along the dimer axis between the two CNTs. This can be explained by figure 7(h), which shows the real part of the x-component of the electric field, Real(Ex). In figure 7(h), the CNT-dimer has the ABR dipolar charge distribution where CNT1 has a positive charge on its right end and a negative charge on the left end whereas CNT2 has negative charge on its right end and a positive charge on its left end. As a result of this charge distribution, we can see that the fields around CNT1 are stronger and opposite in direction to the fields around CNT2, thus they cancel each other in the dimer gap. The same explanation can be applied for the imaginary part of the x-component of the electric field in figure 7(i) but with reversing the polarity of charges, typical of dynamic time-varying analysis. [image: ]
 [image: ]
Figure 7. (a) A 96 mm long CNT is excited with incident electric field polarized along the length of CNT. (b) A length-asymmetric side-by-side CNT-dimer is excited with incident electric field polarized along the length of CNTs (c) Comparison of extinction cross-section for the configuration in (a) and (b) as calculated by in-house MOM-ATW algorithm. (d)  for isolated CNT1 at 22.5 THz, (e)  for isolated CNT1 at 22.5 THz, (f)  for isolated CNT1 at 22.5 THz, (g)  for CNT-dimer at ABR (20.7 THz), (h)  for CNT-dimer at ABR (20.7 THz), (i)  for CNT-dimer at ABR (20.7 THz), (j)  for CNT-dimer at BR (26.1 THz), (k)  for CNT-dimer at BR (26.1 THz), (l)  for CNT-dimer at BR (26.1 THz), as calculated by FEKO 3D full-wave MOM solver [44]. (Please follow section 3 for detailed explanation)


On the other hand, at the BR (figure 7(j)-(l)), the near-field around CNT2 is stronger in magnitude than the near-field around CNT1 but both are in same direction, thus a strong magnitude is seen at dimer gap as well as around both CNTs. This can be explained by figure 7(k), which shows the real part of the x-component of the electric field, Real(Ex). In figure 7(k), the CNT-dimer has the BR dipolar charge distribution where CNT1 has a positive charge on its right end and a negative charge on the left end and also CNT2 has a positive charge on its right end and a negative charge on its left end. Hence, the charge distributions of both CNTs have the same polarity enhancing the field in the gap between the two CNTs. The same explanation can be applied for the imaginary part of the x-component of the electric field in figure 7(l) but with reversing the polarity of charges. [image: ]
Figure 8. (a) Asymmetric CNT dimer along with a PEC nano-wire placed at the center of the dimer gap excited with a x-polarized normally incident plane wave, (b) Schematic view of five different parallel locations of the PEC nano-wire on the dimer plane. (c) Varying position of PEC nanowire induce varying shifts in ABR and BR. The shift in ABR and BR is proportional to the corresponding unperturbed near-field intensity of CNT-dimer at the location of PEC nanowire.
Table 2. Shift in anti-bonding and bonding resonances relative to unperturbed dimer due to external nano-particle.
Position of NP
Shift in anti-bonding resonance
Shift in bonding resonance
1
-0.19%
-4.00%
2
-1.94%
-3.84%
3
-0.39%
-6.15%
4
-3.10%
-2.45%
5
-1.36%
-5.38%



These clear directional differences in the near-field distribution corresponding to ABR and BR of CNT-dimer makes it a potential candidate for sensing applications, such as detection of foreign nano-particle (NP) in the vicinity of dimer by sensing the perturbation in the near-field distribution. To demonstrate the idea we start with a simple NP, a 50 nm long straight nano-wire made of perfect electric conductor  (PEC), which is ~50 % smaller than the CNT lengths in the dimer. We first place the NP in the dimer gap along the dimer axis parallel to the CNTs (figure 8(a)) and then vary its position symmetrically in the vicinity of the CNT-dimer as shown schematically in figure 8(b). The corresponding responses are shown in figure 8(c) and the percentage shifts in the ABR and BR are listed in table 2 relative to the unperturbed CNT dimer resonances. The choice of a PEC nano-wire as a NP allowed us to study the effect of the near-field distributions regardless of the material of the NP to be detected. Also, the 50 nm long PEC wire in free-space produces its first resonance near 300 THz, which is far beyond our operating range and guarantees that the PEC nano-wire resonance is not interfering with the ABR and the BR of the CNT-dimer. Since the NP is aligned in x-axis it couples maximum to the incident excitation as well as it influences the  component of the CNT-dimer near-field distribution (figure 7(g) and 7(j)) to its maximum.
As observed in figure 8(c) and table 2, when the NP is placed in Position 1 (figure 8(b)), it produces almost no shift in the ABR but a large red-shift in the BR. This is because, in the middle of the dimer-gap, the anti-bonding mode has a vanishing near-field (figure 7(g)) whereas the bonding mode has a strong near-field (figure 7(j)). Moving the NP from Position 1 to Position 2, i.e. close to CNT1, where the strength of anti-bonding near-field increases (figure 7(g)) causes an increasing red-shift in the corresponding ABR. The bonding resonance shift decrease by a little amount following the relative change in the near-field magnitude between Positions 1 and 2 (figure 7(j)). The opposite is observed when we move the NP from Position 2 to Position 3, i.e. near CNT2. In this case, at the ABR the NP experiences a relatively weak near-field (figure 7(g)) near CNT2 and thus the magnitude of the red-shift in the ABR decreases significantly. At the BR, the NP experiences a relatively strong near-field (figure 7(j)) near CNT2 and thus the magnitude of the red-shift in the BR position increases significantly. If the NP is not in the dimer gap and is approaching CNT1 from outside (like in Position 4) we see a slightly larger relative red-shift in the ABR compared to the BR. The opposite happens when the NP is approaching CNT2 from outside as shown in Position 5. In this case, we see a much larger relative red-shift in the BR compared to the ABR. This behavior is also in accordance with the near-field distribution in figure 7(g) and 7(j), which show that at the ABR the near field is strong on the outer side of CNT1 compared to the outer side of CNT2, but at the BR the near field is strong on the outer side of CNT2 compared to the outer side of CNT1. The conclusion to summarize from figure 7(g)-(l), figure 8(c), and table 2 is that the ABR and BR exhibit red-shifts according to the unperturbed near-field intensity magnitudes at that particular location where the NP is being placed. Moreover, the shift in ABR follows a different pattern than that of the BR with the varying position of the NP. We investigate further to understand the nature of the relation between the NP position and the relative shifts in resonances. For this purpose, we translate the NP in figure 8(a) along the y-axis, within y = ± 15 nm, and captured the  response (using in-house MOM-ATW algorithm) for 100 equally spaced points on y-axis. The percentage shift in the ABR and BR for each of these 100 y-positions of NP are plotted in figure 9. The percentage shift in ABR is shown in the red curve and that for the BR is shown in the blue curve. The positions of CNT1 and CNT2 along the y-axis are shown schematically by two cylindrical structures in figure 9. In addition to that, five vertical lines are drawn in figure 9 at y = (-9, -3, 0, 3, 6, 9) nm which corresponds to the five different y-positions of the NP that were shown schematically in figure 8(b). Now it is easier to correlate the percentage shift values in ABR and BR between table 2 and figure 9. The insights of figure 9 are as follows: 1) the percentage shift in ABR and BR vary non-linearly with NP distance on either side of CNT1 and CNT2, 2) the percentage shift in ABR (red curve) shows similar trend exhibited by the near-field magnitude of the unperturbed CNT-dimer assembly at the ABR along the y-axis (figure 7(g)), 3) the percentage shift in BR (blue curve) shows similar trend exhibited by the near-field magnitude of the unperturbed CNT-dimer assembly at the BR along the y-axis (figure 7(j)), 4) the percentage shift in the ABR (red curve) and its rate of change with varying y-location is different from that of BR (blue curve). This information can be potentially used to create a lookup table for locating the NP positions as well as to detect the direction of NP movement. As discussed in section 2, there are many ways to control the near-field of the dimer modes, such as by varying the CNT shape, orientation, dimer gap, and conductivity. Optimization of these parameters can result in more unique near-field distribution around the CNT-dimer and can enhance the sensitivity and accuracy of the NP tracking mechanism mentioned above. [image: ]
 Figure 10. Percentage shift in CNT-dimer resonances in the presence of external three-dimensional nano-particles (NP) with same volume but different shape and material. The dimer resonances experience maximum shift due the presence of a metal NP (infinite permittivity), since a metal NP scatters maximum electromagnetic field. The % shift in dimer resonances decreases for decreasing value of permittivity as well as increasing curvature of NP, due to reducing capacitive coupling with CNT-dimer. (Solved in FEKO [44])

[image: ]
Figure 9. The non-linear variation of the % shift in the CNT-dimer resonances due to varying y-position of the PEC nanowire on the dimer plane. The % shift in ABR follows the near-field intensity variation along y-axis as given in figure 7(g). Similarly, the % shift in BR follows the near-field intensity variation along y-axis as given in figure 7(j). 

Next, we perform a sensitivity analysis of CNT-dimer towards NP shape and material. For ease of comparison, we keep the CNT-dimer configuration the same as in figure 8(a), but now the PEC nano-wire is replaced by a 3D NP and the whole system is solved with the FEKO 3D full-wave MOM solver [44]. Figure 10 plots the percentage shifts in the ABR and BR along the y-axis, versus a series of equal volume 3D nano-scatterer of different shapes and materials, labelled as ‘A’ through ‘E’ along the x-axis. The top surface of each 3D NP is exactly  below the dimer plane. For case A, the 3D scatterer is a gold nano-cube of side length 25 nm. For case B, the NP is a dielectric nano-cube with relative permittivity  and side length of 25 nm. This value of  is chosen as an intermediate value that describes the properties of inorganic materials and metals in the terahertz and infrared frequency ranges. For case C, the NP is a dielectric nano-ellipsoid with relative permittivity, major axis = 17.275 nm, and minor axis = 12.5 nm. For case D, the NP is a dielectric nano-sphere with relative permittivity and radius = 15.508 nm. For case E, the NP is identical to the dielectric nano-cube in ‘B’ but rotated in such a manner that only one corner of the cube faces the dimer. Though all the 3D NPs are of equal volume, we find a decreasing percentage of red-shift in the ABR and BR starting from A through E (figure 10). From A to B, the decrease in percentage redshift in resonances is due to the change in NP material from highly scattering gold to less scattering dielectric. From C through E, the decrease in percentage redshift in resonances is due to the increase in curvature of the top surface of the NP that causes a decrease in the effective area of interaction between the CNT-dimer and the NP and a reduction in capacitive coupling. This study proves that an asymmetric CNT-dimer responds differently to different materials and shapes of nanoparticles placed in its vicinity.
4. CNT-dimer experimental fabrication and manipulation
So far, in our computational experiments we studied a variety of CNT shapes with different orientations and alignments showing the sensing potential of these complex configurations. Recently, fabrication techniques have advanced to allow the fabrication of a wide range of CNT configurations with high precision and repeatability. In this section, we review recent advances in CNT fabrication and manipulation techniques that can be used to fabricate the CNT-dimer configurations described in this work to achieve the previously described sensing capabilities.
CNTs alter their characteristics depending on their structures/chirality which can lead to outstanding material properties. The numerous structure-dependent applications of CNTs have provided strong motivation for the structure-controlled fabrication of pure CNTs with a specific structure and chirality. The CNT-dimers considered in this work were assigned a specific chirality. Therefore, the first step in fabricating similar dimers, is to fabricate and/or isolate SWCNTs with a specific chirality. In a nutshell, there are three major aspects in fabrication of CNTs with a specific chirality: structure-controlled growth, post-synthesis sorting, and purity checking. A detailed review on these three aspects can be found in [16]. 
Once two CNTs with a specific chirality are achieved, they need to be assembled into the dimer configuration by manipulating the shape, position, and orientation. In general, there are two main techniques for CNT manipulation: (i) dielectrophoretic forces and (ii) Atomic Force Microscopy (AFM) [33-38]. The dielectrophoretic technique is popular for fast batch fabrication and manipulation, and it is the method of choice for the fabrication of bundled CNTs or for array CNT production [35, 36]. On the other hand, AFM is a minute, time consuming technique that can manipulate the shape and location of a CNT with high precision on the order of fractions of a nanometer [33-35, 37-38]. In our present discussion of CNT dimers, manipulation using AFM would be the appropriate choice for fabrication.
Exemplary works in this field have been documented by a group of researchers in the IBM Research Division [33]. They manipulated SWCNTs position at room temperature by applying lateral forces of the appropriate magnitude with the tip of an AFM. Manipulating CNT shapes using AFM to devise nano-rings, as well as introducing sharp bends were also demonstrated by the same group. Besides that, they also highlighted the strong van der Waals interactions between the CNTs and the supporting substrate that is able to deform CNTs radially and axially. This van der Waals interaction may eventually help in breaking symmetry but sometimes can also alter CNT properties [33]. Thus fabrication of real sensor should counteract these challenges of CNT-substrate interactions.  Another interesting study is documented in [35], where they used dielectrophoretic force to deposit a CNT bundle on top of a gold nano-dimer and then applied AFM to push and align the CNT bundle into the 25 nm wide dimer gap to probe hotspots of plasmon-enhanced Raman scattering. 
In practical sensing devices the CNTs will be supported by a substrate, such as silicon/SiO2, mica etc. [33-38], and will be illuminated by electromagnetic radiation. The output of the sensor will be the extinction cross-section where the ABR and BR will be monitored. The extinction cross-section is typically measured by illuminating the CNTs with an incident wave from one side and collecting the transmitted signal to the other side, commonly known as spatial modulation spectroscopy (SMS) [46-47].  However, due to the nanotube-substrate interactions CNT-dimer response will deviate from ideal/free-space condition [47]. As reported in [47], the extinction cross-section resonances of an individual SWCNT supported on silicon substrate and illuminated with light polarized parallel to the CNT axis, show noticeable broadening and red-shifts in CNT resonances, and their relative peak amplitude were also modified as compared to freely suspended SWCNTs. These deviations in CNT response can be attributed to the multiple reflections, transmissions, and absorption in the finite-thickness substrate which typically has a relative permittivity () and a loss tangent (). To achieve a response similar to the free-space conditions reported herein, the substrates should be low in permittivity and nearly lossless. If the substrate properties are known accurately, the exact effects on ABR and BR can be calculated beforehand using several computational electromagnetic techniques such as, for example, the Multi-layered Green’s function based MOM-ATW technique [25].     
5. Conclusion
The characteristics of CNT dimers have been investigated thoroughly with rigorous computational experiments and its use in nanometric sensing applications has been demonstrated. It is found that the dimers with identical CNTs in side-by-side arrangement exhibit single plasmonic resonance which shifts to a higher frequency when the dimer-gap < 1.5 times the CNT length. A two-term exponential curve fitting plasmon ruler formula is developed in this case, which can estimate the fractional shift in plasmonic resonance for any CNT lengths between 48 - 800 nm and a dimer-gap between 3 - 1000 nm. The sensitivity of this plasmon ruler relative to dimer-gap significantly increases with an increase in CNT length. As an example, a 400 nm long CNT-dimer with a 67 nm dimer-gap experience ~ 5 % blue-shift in resonance, whereas an 800 nm long CNT-dimer with the same dimer-gap experience ~ 10 % blue-shift in resonance. When configurational asymmetries are introduced in CNT-dimer, it undergoes resonance splitting phenomena that produce blue-shifted bonding resonance (BR) and red-shifted anti-bonding resonance (ABR) in infrared frequencies similar to optical domain plasmonic nano-dimers. CNT-dimers can produce sharp, narrowband and easily distinguishable ABR and BR according to the value of the relaxation time.  The relative shift between ABR and BR and their magnitudes can be tuned by adjusting the dimer’s gap, CNT length, shape, and orientation. Next, we analysed the near-field distribution of an asymmetric parallel CNT-dimer, where the CNTs differ in length. It is observed that the near-field at ABR is dominated by the longer CNT but at BR the near-field is dominated by the shorter CNT. Using this unique near-field distribution of ABR and BR, we have shown how an asymmetric CNT-dimer can be used to sense and locate external nanoparticles (NPs) in its vicinity. We observed that in the presence of an external NP, ABR and BR exhibit different red-shifts. The variation of redshifts in ABR and BR relative to NP location has a direct link to the near-field intensity distribution. Besides, we found that the shifts in BR and ABR are sensitive to the NP shape, size, and material. Through this study, the asymmetric CNT-dimer emerges as a potential candidate for nano-sensing applications. This study also helps to understand the complex interactions between CNTs nearby, which can be considered as the first step towards modeling and predicting the electromagnetic response from more complex agglomerated configurations.
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Appendix A
Considering a SWCNT in free space with contour length (L), radius (a) is excited by an incident plane wave[footnoteRef:2] () with free space wavelength. The one-dimensional Arbitrary Thin Wire model can be applied to CNT only when it satisfies the following necessary condition [48],  [2:  All vector quantities mentioned in this paper are denoted by boldface.] 
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This guarantees the accuracy of the electromagnetic scattering model for CNTs, which assumes that the current excited on the CNTs will flow only in the axial direction and will not have any circumferential variation. We denote this axial current in CNTs by . 
All the CNTs are modeled with Drude-like surface conductivity as follows [49],
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where  is the static DC conductivity,  is the angular operating frequency, is the relaxation time,  is the electronic charge,   is the Fermi velocity, and  is Plank’s constant divided by 2π. The axial surface conductivity in (A2) is only valid in the microwave and terahertz range for metallic CNTs with small chirality  [49-50]. The values of and  are similar to the values given in [21]. The CNT complex surface conductivity can be translated into a one-dimensional distributed complex impedance :  
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where  is the Ohmic distributed resistance and  is the kinetic inductance of the CNT [49]. The applicability and accuracy of the above model has been reported several times in the literature [18-19, 51]. This conductivity model holds for any arbitrarily-shaped high aspect ratio CNT as long as the bends are not too sharp [52]. The extinction power of SWCNT is evaluated using [53], 
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where the  notation refers to conjugate transpose. The extinction power is the sum of scattered and absorbed power by the CNTs. The normalized total extinction cross-section () is then expressed as,
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where  is the free space intrinsic impedance. The final extinction cross section () is the summation of the absorption cross section and scattering cross section. 
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