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Abstract  

In this scenario, the dielectric properties of single-wall carbon nanotubes encapsulating onions, so-called 
onions peapods, is investigated theoretically with and without spatial dispersion. Our results show that 

the zz element of the energy-loss tensor has the most value when the electric field is in the direction 

z. The dielectric tensor is different in the case of with and without spatial dispersion. The strongest 

reflective index is centered at 7.8 eV with spatial dispersion. The Circular dichroism and birefringence 

coefficient of the C20@C60@(8,8) peapod are of the order of 10-4. Our results show that the optical 

properties strongly depend on their diameter and chirality. Also, we discuss the relevance of our results 

for the C60 fullerens and single-wall carbon nanotubes. 

 
 

1. Introduction 
 
Fullerene peapods, discovered by Smith et al. [1], are a typical example of a one-dimensional crystal 

formed inside single-wall carbon nanotubes (SWNTs). This new solid have interesting electronic [2-

4] and optical [5] properties because of the mixed dimensionality. Peapods structural analysis can 

be performed on a small number of tubes (and even on a single tube), using transmission electron 

microscopy [6, 7] or electron diffraction [8, 9], or on macroscopic assemblies, using Raman 

spectroscopy [10-12] or X-ray scattering [12-14]. In the case of organic molecules, as well as 

fullerenes, π-orbital overlap should lead to new interesting properties. Indeed, in the case of C60 

peapods, theoretical calculations indicate a large modification of π-electron states of C60 due to the 

hybridization of π orbitals of C60 and nearly free electron states of SWNTs [15]. Under electron 

irradiation [16,17] or thermal treatment under pressure [18], it has been seen experimentally that the 

fullerene molecules fuse and rearrange to form an inner tube. The encapsulation process is easily 
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understood on thermodynamic grounds, being driven by van der Waals attractions which are 

maximized when the fullerenes are inside the nanotube and regularly spaced [19]. The highly 

symmetrical structure of carbon onions suggests that this material has unique properties with various 

significant potential applications. The structural stability of carbon nano-onion C20@C60@C240 has 

been investigated by performing molecular dynamics computer simulations. Calculations have been 

realized by using an empirical many-body potential energy function for carbon [20]. Spherical and 

icosahedral nanoparticles have studied theoretically using various models.  The smallest possible 

cage structure of carbon, C20, the most stable cage structure of carbon at room temperature, C60, and 

the onion-like structure of these two carbon nanoballs, C20@C60, is considered in the present 

theoretical study. The rest of the paper is arranged as follows. In Sec. 2, we present our calculation 

methods. In Sec. 3, calculation results presented and discussed in detail the dielectric properties of 

C20@C60@(8,8). Finally, a short synopsis will be given in Sec. 4. 

2. Theoretical model 

The Hamiltonian of a n-atom fullerene Cn or (n,n) carbon nanotube is described in the tight-binding 

(TB) approximation with one 𝜋𝜋 orbital per site [21, 22] 

𝐻𝐻𝑛𝑛 = −𝑡𝑡𝑛𝑛 ∑ (𝑐𝑐𝑖𝑖𝑖𝑖
†

<𝑖𝑖 ,𝑗𝑗>,𝑖𝑖 𝑐𝑐𝑗𝑗𝑖𝑖 + 𝐻𝐻. 𝑐𝑐. ) .                                                                                                       
(1) 

where 𝑐𝑐𝑖𝑖𝑖𝑖
† (𝑐𝑐𝑖𝑖 ,𝑖𝑖) is the creation (annihilation) operator of the 𝜋𝜋 electron at the site 𝑖𝑖 with spin  𝑖𝑖, the 

sum is taken over nearest-neighbor pairs < 𝑖𝑖, 𝑗𝑗 >. Also, 𝑡𝑡𝑛𝑛  is hopping integral between nearest 

neighbor 𝑖𝑖𝑡𝑡ℎ and 𝑗𝑗𝑡𝑡ℎ sites of the ideal system. It is worth recalling that a simple tight-binding 

Hamiltonian for 𝜋𝜋 orbitals reproduces extremely well the order and degeneracies of electronic levels 

near the Fermi energy as obtained in more sophisticated molecular orbital calculation. The tight-

binding Hamiltonian for onions peapods becomes that of the isolated layers with an inter-layer interaction 

term 
𝐻𝐻onions peapods = ∑ 𝐻𝐻𝑛𝑛𝑁𝑁

𝑛𝑛 + 𝑡𝑡⊥ ∑ (𝑐𝑐𝑖𝑖
†𝑐𝑐𝑗𝑗 + 𝑐𝑐𝑗𝑗

†𝑐𝑐𝑖𝑖)<𝑖𝑖𝑗𝑗>                                                                                      (2) 

where site 𝑖𝑖 belongs to a inner tube, and site 𝑗𝑗 is its NN or NNN on the adjacent outer layer and 𝑡𝑡⊥ is the 

hopping between pairs of the NN and NNN between layers [23]. For the determination of the complex 

optical dielectric tensor 𝜀𝜀𝑖𝑖𝑗𝑗  , we obtain the element of the internal or local field coefficients using local 

field and Ewald method that it fully described in Ref. [24-27]. In the principal dielectric axis of the 

C20@C60@(8,8) peapod, we can define the complex refractive index as, 
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𝑁𝑁𝛿𝛿�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � = �𝑛𝑛𝛿𝛿�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � + 𝑖𝑖𝑘𝑘𝛿𝛿�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ �� = �𝜀𝜀𝛿𝛿�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ �                                                                

(3) 

where  𝜀𝜀𝛿𝛿�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � is the complex dielectric function of the 𝛿𝛿th principal dielectric axis, 𝑛𝑛𝛿𝛿�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � is 

the real part of the refractive index and 𝑘𝑘𝛿𝛿�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ �is the imaginary part of the refractive index. Also, 

the reflectivity of the C20@C60@(8,8) peapod is given by, 

𝑅𝑅𝛿𝛿 = �1−𝑁𝑁𝛿𝛿�𝜔𝜔 ,𝑘𝑘�⃗ ,𝐵𝐵�⃗ ��
2

�1+𝑁𝑁𝛿𝛿�𝜔𝜔 ,𝑘𝑘�⃗ ,𝐵𝐵�⃗ ��
2 = �1−𝑛𝑛𝛿𝛿�𝜔𝜔 ,𝑘𝑘�⃗ ,𝐵𝐵�⃗ ��

2
+𝑘𝑘𝛿𝛿�𝜔𝜔 ,𝑘𝑘�⃗ ,𝐵𝐵�⃗ �

2

�1+𝑛𝑛𝛿𝛿�𝜔𝜔 ,𝑘𝑘�⃗ ,𝐵𝐵�⃗ ��
2

+𝑘𝑘𝛿𝛿�𝜔𝜔 ,𝑘𝑘�⃗ ,𝐵𝐵�⃗ �
2                                                                                        

(4) 

The magneto–optical properties of solids in the presence of the magnetic field 𝐵𝐵�⃗ , are theoretically 

described by birefringence coefficient, 𝜃𝜃, and the circular dichroism, CD. These are given using the 

terms of real 𝑛𝑛±�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ �and the imaginary 𝑘𝑘±�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ �, for left and right polarizations in the plane 

perpendicular to the magnetic field, by the following equations: 

𝜃𝜃�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � = 𝜔𝜔
2𝑐𝑐

[𝑛𝑛+�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � − 𝑛𝑛−�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ �].  

and 

𝐶𝐶𝐶𝐶�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � = 𝜔𝜔
2𝑐𝑐

[𝑘𝑘+�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � − 𝑘𝑘−�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ �].                                                                                        

(5) 

For the magnetic field in the direction 𝑧𝑧, the real and imaginary parts of refractive indices for left and 

right polarizations are determined from the following equations: 

[𝑛𝑛±�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � + 𝑖𝑖𝑘𝑘±�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ �]2 = 𝜀𝜀±�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ �                                                                                          
(6) 

 

and 

 𝜀𝜀±�𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � = 𝜀𝜀𝑥𝑥𝑥𝑥 �𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � ± 𝜀𝜀𝑥𝑥𝑥𝑥 �𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ �                                                                                             
(7) 

Here, 𝜀𝜀𝑥𝑥𝑥𝑥 �𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � and 𝜀𝜀𝑥𝑥𝑥𝑥 �𝜔𝜔, 𝑘𝑘�⃗ ,𝐵𝐵�⃗ � are the 𝑥𝑥𝑥𝑥 and 𝑥𝑥𝑥𝑥  elements of dielectric tensor in the presence 

of a magnetic field, respectively. The frequency and magnetic field-dependent dielectric tensor must 

be determined for calculating these parameters. 

3. Results and discussions 

Optical absorption characterization of thin films of nanotubes and peapods has carried out by Kataura 

et al. [28]. It has been recently shown that individual semiconducting nanotubes can be isolated from 

bundles in surfactant micelles and show characteristic signatures in UV-vis absorption and 
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fluorescence spectra [29]. Efforts to isolate peapod samples for optical characterization are still in 

progress, so the effect of filling on optical behavior of individual nanotubes remains unknown. In order 

to take into account the effect of the curvature of the shell for the various fullerenes, we consider the 

hopping parameter tn to be a function of the mean radius Rn of the (nearly) spherical shell of n C 

atoms and the mean inter-atomic distance dn ( 𝑡𝑡𝑛𝑛 = 𝑡𝑡[1 − 1
2
�𝑑𝑑𝑛𝑛
𝑅𝑅𝑛𝑛
�

2
]) [30]. The value t = −2.73 eV is 

a suitable hopping for graphene. We calculated the mean radius of the shell is the main geometrical 

variable, with the mean inter-atomic distance being approximately constant and hopping integral for 

the various fullerenes Cn and carbon nanotube. Our results summarized in Table I. 

 

 
TABLE I: Mean interatomic C-C distances, mean radii and hopping integral for the single-wall  
icosahedral fullerenes and carbon nanotube. 
 

The calculated real and imaginary parts of the 𝑥𝑥𝑥𝑥,𝑥𝑥𝑥𝑥 and 𝑧𝑧𝑧𝑧 elements of the dielectric tensor that are 

denoted by 𝜀𝜀𝑖𝑖𝑗𝑗1  and 𝜀𝜀𝑖𝑖𝑗𝑗2 , respectively, are shown in figures 1(a)-1(c) and figures 2(a)-2(c) for the 

C20@C60@(8,8) peapod with (Real[CK]= Real [C𝐾𝐾𝑥𝑥]= Real [C𝐾𝐾𝑥𝑥]= Real [C𝐾𝐾𝑧𝑧]=2 eV)  and 

without spatial dispersion. Our calculations indicate that the 𝜀𝜀𝑥𝑥𝑥𝑥 �𝜔𝜔,𝐾𝐾��⃗ ,𝐵𝐵�⃗ � and 𝜀𝜀𝑥𝑥𝑥𝑥 (𝜔𝜔,𝐾𝐾��⃗ ,𝐵𝐵�⃗ ) spectra are 

almost same and are different with 𝜀𝜀𝑧𝑧𝑧𝑧 (𝜔𝜔,𝐾𝐾��⃗ ,𝐵𝐵�⃗ ) spectra. Then, the dielectric tensor elements vary 

depending on the C20@C60@(8,8) peapod orientation relative to the electric field of light. We 

calculated the average imaginary (𝜀𝜀𝑎𝑎𝑎𝑎1 , 𝜀𝜀𝑎𝑎𝑎𝑎 = 𝜀𝜀𝑥𝑥𝑥𝑥 +𝜀𝜀𝑥𝑥𝑥𝑥 +𝜀𝜀𝑧𝑧𝑧𝑧
3

) and real (𝜀𝜀𝑎𝑎𝑎𝑎2 ) parts of the elements of the 

dielectric tensor and our results are shown in figures 1(d) and 2(d). The imaginary part of the 

dielectric tensor could exhibit the pronounced peaks at the specific frequencies, as shown in Figs. 

2(a)–(d). Such peaks are due to the single-particle excitations of the band-edge states. On the other 

hand, the real part of the dielectric tensor exhibits drastic changes there. The intertube atomic 

overlaps, which lead to the overlaps of valence and conduction bands, account for the complicated 

excitation spectrum. In Figs. 1(a)-1(c), the first peak of the dielectric tensor centered at 𝜔𝜔 = 1.03 

(1.33), 1.03(1.33) and 2.04(1.33) eV for the C20@C60@(8,8) peapod without (with) spatial 

dispersion  when the electric field is in the directions 𝑥𝑥, 𝑥𝑥 and 𝑧𝑧, respectively. Our results show that 

the zz element of the dielectric tensor has the lowest value when the electric field is in the direction z. 

In the imaginary part of the dielectric tensor the observed peaks indicate the direct interband 
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transitions between the Van Hove singularities of the density of states. The loss function measured in 

an electron energy-loss spectroscopy experiment is a direct probe of the collective excitations of the 

system under consideration. Thus, by definition, all peaks in the measured loss function should be 

considered as plasmons. These peaks can, however, have different origins such as charge carrier 

plasmons, interband or intraband excitations. From the q-dependence of the loss function, one can 

distinguish directly between features arising from localized or delocalized electronic states. Localized 

states give rise to a vanishingly small dispersion of peaks in the loss function as has been observed, 

for example, for the features related to the interband excitations and both the 𝜋𝜋 and 𝜋𝜋 + 𝑖𝑖  plasmons 

of C60 [31]. On the other hand, excitations between delocalized states generally exhibit a band 

structure dependent dispersion relation. Bearing these points in mind, the identification of excitations 

between localized and delocalized states in SWNTs is straightforward. Thus, in combination with the 

well-known one-dimensionality of nanotubes the nondispersive peaks in the loss function can be 

attributed to excitations between localized states polarized perpendicular to the nanotube axis and 

thus resemble molecular interband transitions such as those of C60. In contrast, the 𝜋𝜋-plasmon (at 

5.2 eV for low q), represents a plasma oscillation of delocalized states polarized along the nanotube 

axis. The dispersion relations of both the 𝜋𝜋 and the 𝜋𝜋 + 𝑖𝑖 plasmons in SWNTs and graphite are very 

similar, which confirms the graphitic nature of the axial electron-system in carbon nanotubes. The 

energy-loss tensor (=𝐼𝐼𝐼𝐼[− 1
𝜀𝜀𝑖𝑖𝑗𝑗 (𝜔𝜔)] ) for the C20@C60@(8,8) peapod is shown in Figs. 3(a)-(d). 

There are very sharp structures in the energy –loss tensor corresponding to the energy locations 

where 𝜀𝜀(𝜔𝜔) vanishes. In Fig. 3(d), the major structures of spectrum are centered at1.63, 3.34, 3.6, 

4.26, 5.25, 6.98 and 7.99 eV without spatial dispersion. Also, the major structures of spectrum are 

centered at 1.54, 3.10, 4.97, 6.74 and 7.64 eV with spatial dispersion in Fig. 3(d). The broader 

peak centered at 6.98 (6.74) eV   without (with) spatial dispersion are also evident. These peaks 

can be fitted by a Gaussian form with a full width at half maximum 0.5 eV. These broad peaks may 

come from a collective excitation of the layered electronic charges of the C20@C60@(8,8) peapod. 

Our results show that the zz element of the energy-loss tensor has the most value when the electric 

field is in the direction z.  The optical transitions are extremely well defined and intense due to the 

presence of van Hove singularities in the density of states for both the occupied and unoccupied 

states. Also, the optical transition energies strongly depend on the nanotube type (metallic or 

semiconducting) and helicity(or diameter). . Pichler et al. [32] measured the loss function of purified 

SWNTs for various momentum transfers q and low excitation energies. The spectra show peaks 
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corresponding to excitation from the valence bands to the conduction bands as well as plasmon peaks. 
The latter are at 5.2 eV (𝜋𝜋-plasmon) and 21.3 eV (𝜋𝜋 + 𝑖𝑖-plasmon), somewhat lower compared to the 
corresponding values for graphite (6 and 27 eV) because of curvature effects in nanotubes. The 𝜋𝜋- and 
𝜋𝜋 + 𝑖𝑖-plasmons show strong dispersion (dependence on the wavevector q). The peaks observed at 0.85, 
1.45, 2.0 and 2.55 eV are dispersionless and can be attributed to 𝜋𝜋 − 𝜋𝜋∗ interband transitions of different 
nanotubes. For dipole transitions, these energies are equal to the separation between the mirror spikes of 
the electronic DOS. Using theoretical predictions for the electronic band structure of the nanotubes, the 
observed peaks can be assigned to nanotubes with certain diameters and chiralities [33]. We next 

calculate the refractive index and reflectivity with the obtained dielectric tensor for C20@C60@(8,8) 

peapod using the mentioned model. Figures 4(a)-(b) represent the refractive index and reflectivity, 

respectively. We have the strongest reflective index at low energy (in 𝜔𝜔 = 1.32(1.02) eV) and 

diminution in the oscillator strengths of peaks with increasing energy with (without) spatial dispersion. 

Using Equation (5), we have calculated the Circular dichroism  and birefringence coefficient for non-

zero magnetic field. Figure 5 represents the Circular dichroism and birefringence coefficient for the 

magnetic field in the direction z with strength equal to 2T. Circular dichroism and birefringence 

coefficient are of the order of 10-4 for the C20@C60@(8,8) peapod. In general, the optical conductivity 

of these sp2 conjugated carbon systems show peaks due to transitions between the (𝜋𝜋/𝑖𝑖) and the 

(𝜋𝜋∗/𝑖𝑖∗) electronic states. In C60 these peaks are very pronounced which is consistent with the high 

symmetry of the molecule and the weak, van der Waals interactions in the solid state [34], making 

C60 a prototypical zero-dimensional solid. In graphite three broad features are observed at 

4.56±0.05, 13±0.05, and 15±0.05 eV. Their breadth is an expression of the bandlike nature of the 

electronic states in the graphite plane. For the SWNTs we also find three broad features at energies 

slightly lower than those in graphite-i.e. 4.3±0.1, 11.7±0.2, and 14.6±0.1 eV. Importantly, the optical 

conductivity of the SWNTs also exhibits additional structures at low energy [35]. 

 

4. Concluding remarks 

 

Based on the TB Hamiltonian, we studied in detail the dielectric properties of C20@C60@(8,8) peapod. 

The theoretical results are well consistent with the numerical observations. The size, geometry and spatial 
dispersion affect the dielectric properties. Carbon nanotubes support both excitations between 

delocalized and localized electronic states. The 𝜋𝜋-plasmon exhibits significant q-dependence, with a 

dispersion relation similar to that of the graphite plane, demonstrating the graphitic nature of the 

nanotube electron system along the tube axis. The intertube atomic overlaps would largely reduce the 

plasmon strength, produce more plasmon modes, and make acoustic plasmons change into optical 
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plasmons. The optical plasmons are directly related to free holes in valence bands and free electrons 

in conduction bands. Our results show that the strongest reflective index centered at low energy.  

 

 

 

 

 

 
Figure 1. Calculated real part of the (a) 𝑥𝑥𝑥𝑥, (b) 𝑥𝑥𝑥𝑥, (c) 𝑧𝑧𝑧𝑧 elements of the dielectric tensor, and (d) average of 

the dielectric tensor for the C20@C60@(8,8) peapod without spatial dispersion(          Real [CK]=0.0 eV) and 

with spatial dispersion (          Real[CK]=2.0 eV). 
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Figure 2. Calculated imaginary part of the (a) 𝑥𝑥𝑥𝑥, (b) 𝑥𝑥𝑥𝑥, (c) 𝑧𝑧𝑧𝑧 elements of the dielectric tensor, and (d) 

average of the dielectric tensor for the C20@C60@(8,8) peapod without spatial dispersion(          Real 

[CK]=0.0 eV) and with spatial dispersion (          Real[CK]=2.0 eV). 

 
Figure 3. The (a) 𝑥𝑥𝑥𝑥, (b) 𝑥𝑥𝑥𝑥, (c) 𝑧𝑧𝑧𝑧 elements of the energy-loss tensor, and (d) average of the energy loss 

tensor for the C20@C60@(8,8) peapod without spatial dispersion(          Real [CK]=0.0 eV) and with spatial 

dispersion (          Real[CK]=2.0 eV). 
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Figure 4. The (a) refractive index and (b) reflectivity of the C20@C60@(8,8) peapod without spatial dispersion(          

Real [CK]=0.0 eV) and with spatial dispersion (          Real[CK]=2.0 eV). 
 

 
 

Figure 5.  Circular dichroism (         ) and the birefringence coefficient (         ) at magnetic field 2T for the 

C20@C60@(8,8) peapod.  
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