
Chin. Phys. B Vol. 21, No. 8 (2012) 084202

Plasmon resonance coupling in strongly coupled gold

nanotube arrays with structural defects∗
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We theoretically investigate the transmission spectra and the field distributions with different defects in the gold

nanotube arrays by using the finite-difference time-domain method. It is found that the optical properties of the

nanotube arrays are strongly influenced by different defects. When there are no defects in the central nanotube, the

values of peaks located at both sides of the photonic band gap have their maxima. Based on the distributions of electric

field component Ex and the total energy distribution of the electric and the magnetic field, we show that mainly a

dipole field distribution is exhibited for the plasmon mode at the long-wavelength edge of the band gap but higher order

modes of the composite are excited at the short-wavelength edge of the band gap. The plasmon resonant modes can

also be controlled by introducing defects.
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1. Introduction

The electronic and optical properties of metal-

lic nanostructures are important from both a tech-

nological and a scientific perspective.[1,2] The reso-

nant oscillations of free electrons in metallic materials,

termed surface plasmon resonances (SPR), have prop-

erties determined by the structure of the metal, and

can ultimately be tailored to impart new optically-

induced functionalities into materials for specific prac-

tical uses. In addition, the plasmon resonance can lead

to large enhancements in the local electric fields close

to the metal surface. Enhanced electromagnetic (EM)

field effects can be generated either in a broad spec-

tral range, as is the case for disordered metal-dielectric

composites,[3,4] or at selected frequencies from periodi-

cally ordered metal nanostructures. Ordered arrays of

metal nanoparticles are of interest for the development

of optical waveguides,[5,6] optical circuits, surface-

enhanced Raman scattering (SERS),[7,8] subdiffrac-

tional microscopy, and bio-chemical sensors.[9−11] Col-

lective SPR modes, which stem from the electromag-

netic coupling between nanoparticles, make it possible

to transfer optical signals along the nanoparticle array

and use them as transducers of molecular vibrational

signatures into optical spectra.[12−14]

Metallic nanotubes, which can be made by form-

ing air holes inside the metallic nanocylinder (the core-

shell nanocylinder), have also attracted great atten-

tion for the possibility of their use as interconnects in

very large scale integrated circuits[15] and field emis-

sion devices.[16] For this nanostructure the tunable

resonances arise from the interaction and mixing of

two fixed-frequency plasmons, and those of a wire (the

outer surface of the metallic tube) and a capillary (the

inner surface of the tube). This interaction results in

a splitting of the plasmon resonances into a lower en-

ergy (symmetric) plasmon and a higher energy (an-

tisymmetric) plasmon.[17] The energies of these two

eigenmodes are determined by the strength of the in-

teraction between the wire and capillary plasmons,

which is controlled by the thickness of the tube. A

thin tube results in strong plasmon mixing and the

larger splitting of the plasmons, while a thick tube

effectively isolates the plasmons of the two surfaces.

In this paper, we explore how the plasmonic

behaviours of the coupled gold nanotube (core-shell

nanocylinder) arrays depend on different defects.
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When the point defects are introduced, the input

beam is modulated by different defects. So the de-

fects can significantly affect the energies of plasmon

resonances of the gold nanotube arrays. We calculate

the transmission spectra and the electric field distri-

butions of this structure, and show that the plasmon

resonances strongly depend on the defects.

2. Model and theory

As an effective numerical algorithm for the

exact solution to Maxwell’s equations, the finite-

difference time-domain (FDTD) method and its ram-

ification are a highly useful tool in studying the

electromagnetic responses and optical properties of

nanostructures.[18−21] In our work, we simulate the

transmission spectra and the distributions of the field

intensity of nine gold nanotubes arrays, as depicted

schematically in Fig. 1, by the FDTD method. The

hollow gold nanotube arrays are placed in air. The

outer radius, inner radius, and the separation distance

are set respectively to be R1 = 50 nm, R2 = 40 nm,

and d = 120 nm when the nanotube arrays have no

defects. We simulate the structure with an FDTD

cube of size Lx × Ly = 1600 nm × 200 nm and infin-

ity along the z direction. The spatial and temporal

steps are set at ∆x = ∆y = 1 nm, and ∆t = ∆x/2c

(c is the velocity of light in a vacuum). Instead of

studying the steady-state response, one frequency at

a time, we send a Gaussian single pulse of light with

a wide frequency profile. The incident light polarizes

along the y axis and irradiates the structure along the

x direction in our work. Perfectly matched absorb-

ing boundary conditions are applied at the left and

right surfaces of the computational space along the x

direction, whereas periodic boundary conditions are

applied to other boundaries along the y direction.
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Fig. 1. Top view of a single infinitely long gold nan-

otube array (outer radius R1, inner radius R2) with 9

nanotubes. The interparticle spacing between adjacent

nanotubes is denoted with d. Periodic boundary condi-

tions are imposed on the surfaces along the y direction,

while perfect matched layers (PML) are imposed on the

surfaces along the x direction.

The nanotube thickness here is 10 nm, less than

the gold electron mean-free path (∼ 42 nm). When

the thickness of the tube becomes smaller than the

mean free path of conduction electrons in bulk metal,

one should take into account the size effect caused by

the scattering of the conduction electrons from the

walls of the particle and interface tunneling into ad-

sorbate states.[22,23] This effect can be taken into ac-

count by modifying the dielectric function of the Au

nanotube using the Drude model for the conduction

electrons:[22]

ε(ω) = ε∞ −
ω2
p

ω2 + iωγp
, (1)

where ωp = 1.37 × 1016 s−1 is the bulk plasmon fre-

quency of the gold, ω is the angle frequency of the

incident wave, ε∞ = 1 is the instantaneous relative

dielectric constant at the infinite-frequency, and γp =

4.08 × 1013 s−1 represents the damping rate which

characterizes the Ohmic absorption loss. These values

are obtained by fitting the experimental results.[24]

3. Results and discussion

For comparison, in Fig. 2, we first investigate the

transmission spectrum of the gold nanotube array as

a function of wavelength without defects. The fig-

ure clearly shows that there exists one large photonic

band gap (PBG) at wavelengths from 0.4137 µm to

0.5905 µm. At wavelengths within the bandgap, the

density of SP modes is zero, thus no SP modes can

be supported. The resonant peaks that are located at

the short-wavelength edge of the bandgap are dense

and irregular, whereas the resonant peaks at the long-

wavelength edge of the bandgap are regular. Mean-

while, in the long-wavelength region, the transmission

becomes higher with wavelength increasing.
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Fig. 2. Transmission spectrum as a function of wave-

length for the hollow metallic nanotube array with R1 =

50 nm, R2 = 40 nm, and d = 120 nm.

The transmission spectra of the nanotube arrays

each as a function of wavelength with defects, obtained
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by removing a specified nanotube: (a) the second nan-

otube, (b) the third nanotube, (c) the fourth nan-

otube, (d) the central nanotube, are shown in Fig. 3.

It can be seen clearly that the resonant peaks close to

the short-wavelength edge of the PBG and the peaks

located at 0.674 µm are weakened remarkably. For ex-

ample, compared with Fig. 2, the transmission of the

peak located at 0.394 µm is weakened from 0.3707 to

0.0934 and the peak located at 0.674 µm vanishes in

Fig. 3(c). This phenomenon can be explained by two

points. Firstly, the action of removing a specified par-

ticle results in the intertube distance becoming farther

apart. So the electromagnetic interactions between

them do not play a significant role, and almost only

excitation of localized plasmon takes place. However,

the interference effect between the nanotubes is still

present. Secondly, the larger distance of the defects

from the nanotube arrays’ interface reduces their cou-

pling to the incident beam and leads to a smaller even

absent resonance amplitude.[25]
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Fig. 3. Transmission spectra of the nanotube arrays with

defects by removing the second nanotube (a), the third

nanotube (b), the fourth nanotube (c), and the central

nanotube (d).

In Fig. 4, we show the transmission spectra of the

gold nanotube arrays each as a function of wavelength

with defects, obtained by changing the core dielec-

tric constant ε of the central nanotube of (a) ε = 2,

(b) ε = 3, and (c) ε = 4. Taking one with another,

compared with the scenario in Fig. 2, this defect re-

sults in the lower values of the resonant peaks which

are close to two sides of the PBG, slight blue-shifts

of the peaks which are close to the long-wavelength

edge of the PBG and the enhancements of the peaks

which are located at the maximal long-wavelength po-

sition. The peak close to the long-wavelength edge of

the PBG shifts from 0.6238 µm to 0.6012 µm, when

we introduce the defect. It also consequently induces

the narrower bandgap. On the other hand, the de-

creased resonant peaks are gradually enhanced with

the increase of the core dielectric constant of the cen-

tral nanotube ε. The resonance peaks shown with the

arrows pointing down augment from 0.0423 to 0.2019

and the peaks located at 0.6012-µm augment from

0.0349 to 0.1942 when ε increases from 2 to 4. When

the nanotube is placed in a time-dependent external

field, the dielectrics will polarize and produce an ad-

ditional component to the excitation field across the

nanotube. The electrons will screen not only the orig-

inal excitation field, but also the field produced by the

dielectric.[26]
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Fig. 4. Transmission spectra each as a function of wave-

length for the metallic nanotube arrays with core dielectric

constant of the central nanotube ε = 2 (a), 3 (b), and 4

(c).

Fundamental modes of nanotube plasmons can

also be illustrated with electric field distributions on

the nanostructures. To reveal the physical mechanism

behind the resonance peaks, we discuss the spatial dis-

tributions of the electric field. Different modes mean

many different couplings of plasmons, and we can

know more information about the resonance modes

by describing the distribution of the electric field. Fig-

ure 5 shows the instantaneous electric field component

Ex (panels (a)–(c)) and the total energy distribution

of the electric and the magnetic field (panels (d)–(f))

at the peaks close to the longer wavelength photonic

band edge in Fig. 4 for different values of ε. The three

resonance peaks in Figs. 4(a)–4(c) are all located at

0.6012 µm. We can see that the distributions of the

electric field component Ex are regular. Positive and

negative fields alternately appear in the gap of the

nanotubes and mainly the dipole field distribution for

the plasmon mode in the nanotube arrays. The ex-

istence of a dielectric gap means that the intertube

interaction is highly capacitive in nature, and there-

fore a number of opposing surface charges builds up

on the tubes. The existence of a dielectric gap means

that the intertube interaction is highly capacitive in

nature, and therefore a number of opposing surface

charges build up in the gap between adjacent nan-

otubes. When the signs of the surface charges at the
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two sides of the gap are opposite, the electric fields in

the gap are coupled together closely and intensified,

which is just in analogy to a simple capacity device.

On the contrary, when they are uniform and repulsive

to each other, the electric fields are decoupled and

become very weak. It is also found that the outside

electrical field is only located within a few nanome-

ters of the tube surface and there is no Ex distribu-

tion inside the nanotubes. With the increase of the

core dielectric constant ε of the central nanotube, Ex

distribution at the central nanotube becomes discon-

tinuous, whereas Ex distribution at the last nanotube

is strengthened. One of the reasons for the discon-

tinuity of the electric field at the central nanotube

may be attributed to the increase of ε of the central

nanotube, resulting in increased absorption efficiency

and less interaction between the incident light and the

nanotubes. Panels (d)–(f) in Fig. 5 clearly show that

the total energy is mostly concentrated in the front

of the nanotube arrays. However, the total energy

is strengthened gradually at the tail of the nanotube

arrays with the increase of ε.
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Fig. 5. (colour online) Instantaneous electric field distri-

butions at three different resonance peaks that are shown

in Figs. 4(a)–4(c), the resonance peaks are 0.6012 µm,

0.6012 µm, and 0.6012 µm, respectively. Panels (a)–(c)

show the instantaneous electric field component Ex distri-

butions and the panels (d)–(f) the total energy distribu-

tions of magnetic and electric fields.

Figures 6(a)–6(c) show the spatial images of the

instantaneous electric field component Ex at a steady

state for the different resonance peaks shown with

the arrows pointing down in Fig. 4. For the multi-

tube system, interactions between nanotubes allow a

greater degree of freedom for plasmon resonances to

occur. Furthermore, it is well known that plasmonic

nanoparticles may support higher-order localized res-

onances at optical frequencies, even when their total

size is much smaller than the wavelength. Compared

with dipole field distributions in Figs. 5(a)–5(c), we

can see that composite higher order plasmon modes

appear in the array of the nanotubes, one for each

in Figs. 6(a)–6(c). In physical terms, the multipo-

lar nature of nanotube plasmons is closely related to

spherical harmonics, in which the expansion orders di-

rectly correspond to dipoles, quadrupoles, octopoles,

and so forth. Besides, note that each nanotube should

remain electrically neutral, for the surface charges are

all induced by polarizations.
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Fig. 6. (colour online) The instantaneous electric field dis-

tributions at three different resonance peaks shown with

the arrows pointing down in Figs. 4(a)–4(c), where the res-

onance peaks are located at 0.3988 µm, 0.3894 µm, and

0.3941 µm, respectively. Panels (a)–(c) show the instan-

taneous electric field component Ex distributions and the

panels (d)–(f) the total energy distribution of magnetic

and electric fields.

The total energy distributions of the electric and

the magnetic fields at the peaks shown with the ar-

rows pointing down in Fig. 4 are obtained as shown in

Figs. 6(d)–6(f). The total energy distributing around

the central nanotube slightly strengthens with the in-

crease of ε. The total energy mainly concentrates

around the tail of the nanotube arrays when ε = 2,

whereas it mainly concentrates around the front of

the nanotube arrays as ε = 4.

In this section, we discuss the effect of the radius

of the central nanotube on the transmission spectrum

of the nanotube arrays. Figure 7 shows the trans-

mission spectra of gold nanotube arrays when the

radii of the central nanotube are (a) R15 = 60 nm,

R25 = 50 nm, (b) R15 = 65 nm, R25 = 55 nm,

(c) R15 = 35 nm, R25 = 25 nm, (d) R15 = 40 nm,

R25 = 30 nm, respectively. The outer radius and in-

ner radius of the central nanotube are denoted with

R15 and R25. The resonant peaks at the two sides

of the PBG are weakened, and the number of peaks

in the short-wavelength region decreases as the ra-

dius increases. When the radius decreases, compared

with the scenario in Fig. 2, the peaks in the short-

wavelength region are all weakened, the peak located

at 0.6238 µm is blue-shifted to 0.6123 µm and weak-

ened, but the peak located at 0.6746 µm is enhanced.

To conclude, the resonant states located at both sides

of the PBG are primarily rooted from the interaction
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between the central nanotube and the adjacent nan-

otubes. When there are no defects in the central nan-

otube, the values of the peaks located at both sides of

the PBG have their maxima.
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Fig. 7. Transmission spectra each as a function of wave-

length for gold nanotube arrays with outer (R15) and in-

ner (R2) radius of the central nanotube R15 = 60 nm,

R25 = 50 nm (a), R15 = 65 nm, R25 = 55 nm (b),

R15 = 35 nm, R25 = 25 nm (c), and R15 = 40 nm,

R25 = 30 nm (d).
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Fig. 8. (colour online) Instantaneous electric field dis-

tributions at three different resonance peaks shown with

the arrows pointing down in Figs. 7(a)–7(d). Panels (a)–

(d) show the instantaneous electric field component Ex

distributions and the panels (e)–(h) the total energy dis-

tribution of magnetic and electric fields.

In Fig. 8, we show and compare the spatial distri-

butions of the instantaneous electric field component

Ex (panels (a)–(d)) and the total energy distribution

of the electric and the magnetic field (panels (e)–(h))

at a steady state for the resonance modes shown with

arrow pointing down in Figs. 7(a)–7(d). We can see

that these resonant peaks exhibit composite higher or-

der modes. Figures 5, 6, and 8 show that the peaks lo-

cated at a shorter wavelength have higher-order plas-

mon modes in the system under study. The dipoles

field distribution only exists outside the nanotube, but

the higher-order plasmon modes appear not only out-

side the nanotube but also inside the nanotube. In-

terestingly, when the radius of the central nanotube

increases, the total energy mainly occurs along the

polarization direction (y direction) in Figs. 8(e) and

8(f). This phenomenon is especially distinct around

the central nanotube. In contrast, the total energy

occurs along the spread direction (x direction) and is

mostly concentrated inside the nanotubes (Figs. 8(g)

and 8(h)) as the radius of the central nanotube de-

creases.

4. Conclusions

In this paper, we theoretically investigated the

transmission spectra and the field distributions with

different defects in the gold nanotube arrays, using the

FDTD method. Firstly, we showed the case where

there are no defects in the gold nanotube arrays.

Then, we removed a specific nanotube, and changed

the radius and the core dielectric constant of the cen-

tral nanotube. We found that the resonant states lo-

cated at both sides of the PBG are rooted primar-

ily from the interaction between the central tube and

the adjacent tubes. When there are no defects in the

central nanotube, the values of the peaks located at

both sides of the PBG have their maxima. Accord-

ing to the field distributions, we showed that mainly

a dipole field distribution is exhibited for the plas-

mon mode at the long-wavelength edge of the band

gap but composite higher order modes are excited at

the short-wavelength edge of the band gap. We also

showed that the peaks located at shorter wavelength

have higher-order plasmon modes in the system under

study. The plasmon resonant modes can be controlled

by introducing defects. These results obtained here

may provide potential applications in novel plasmonic

devices.
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