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Abstract  

 

Using a real-time TDDFT method, a set of linear gold nanowires Aum (m = 4, 6, 8, 10, 12) 

is investigated to understand the plasmon-like behavior that results from resonant excitation of a 

superposition of single-electron transitions. These characteristic excitations of gold nanowires 

have been previously investigated via linear response TDDFT calculations, and the results from 

these two approaches are compared. Real-time TDDFT provides dynamical information about the 

how the electron populations change during excitations in these systems. This study also 

investigates the relationship between the d-band transitions and the plasmon-like states in gold 

nanowires. In this work, the longitudinal and transverse absorption peaks are studied after dipolar 

excitation, and the effects of changing the length of the nanowire are examined. The time evolution 

of the single particle transitions and the interplay between different transitions involved in the 

plasmon-like excitations of model gold nanowires are also investigated. The lowest-energy 

longitudinal excitation occurs around 1-2 eV in the optical absorption spectra; this peak redshifts 

with increasing nanowire length. A splitting in the longitudinal peak is present due to the 

involvement of interband transitions. The frequency of the transverse mode, which lies around 6-

7 eV in the absorption spectra, tends to stay constant as the nanowire length increases. The time 

dependent occupation numbers and their Fourier transformed spectra reveal that a dominant single 

particle transition (n → n+1) can be identified in the longitudinal peaks which is coupled with 

less probable d-band transitions (d → ). In contrast, the transverse modes are constructed from a 

coupling of two or more single particle transitions with Σn → Πn character.  
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Introduction   

Noble metal nanoparticles composed of silver and gold are of interest due their important 

applications in sensing,1-9 catalysis,10 biomedicine,11-14 and energy conversion and storage.15-16 

Gold nanorods and nanowires can be used in photothermal cancer therapy applications.12, 17 Noble 

metal nanoparticles in the size range of 10 – 100 nm exhibit one or more strong absorption peaks 

in the visible to near IR region, which is an important characteristic of these nanoparticles called 

the surface plasmon resonance (SPR).18-22  The SPR phenomenon in gold and silver nanoparticles 

has been widely studied experimentally23-26 and theoretically27-32 because many of their 

applications rely on this property.  The absorption peaks can be tuned by changing the size,33 

shape,34-35 and the environment36 of the nanoparticles.  

Among the various shapes of nanoparticles available, nanorods and nanowires have drawn 

significant attention due the high sensitivity of their optical properties to their aspect ratios.20, 37-38 

The two main plasmon resonances present in alkali metal and noble metal nanowires are the 

longitudinal and transverse modes.6, 36, 39-42 The longitudinal mode is obtained by applying an 

electric field polarized along the main axis (z direction) of the nanowire. A change in the nanowire 

length can result in a change in the energy and the intensity of the longitudinal mode.43 The 

transverse mode is obtained by applying the field in a direction polarized perpendicular to the main 

axis such as the x direction. Previous investigations on nanorods/nanowires have shown that the 

longitudinal peak in the optical absorption spectrum tends to redshift in energy with increasing 

aspect ratio while the transverse mode does not greatly change in energy with increasing aspect 

ratio.36, 39-42, 44 

 Time dependent density functional theory (TDDFT) has been used to understand the origin 

of the optical absorption spectra of many noble metal nanoparticles.28, 41-54 The absorption spectra 

of small nanoclusters exhibit one or more intense peaks that are similar to the plasmon resonance 

of larger nanoparticles.47, 55 Linear response time dependent density functional theory (LR-

TDDFT) calculations demonstrate that dipolar plasmon modes in the noble metal nanoclusters can 

be recognized through the concept of constructive addition of single electron transitions; this is 

expected to be applicable for both large nanoparticles that are several hundred nanometers in size 

and smaller nanoparticles with diameters less than 2 nm.42, 47, 56-58 A different method for 
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identifying single particle transitions and plasmons that relies on the different behavior of plasmon 

and single particle transition energies upon scaling of the electron-electron interactions has also 

been suggested by Jacob and coworkers.48  

Noble metal nanowires are one class of nanoparticles that have been studied by the TDDFT 

method.43-44, 48-52 The plasmon excitations in small nanowires have often been investigated using 

the frequency domain LR-TDDFT method.43 Although extremely useful for calculating absorption 

spectra and determining the transitions responsible, LR-TDDFT calculations do not reveal the 

dynamical nature of the interplay between the electronic excited states which is vital to 

understanding the plasmon modes present in nanoclusters. Moreover, the LR-TDDFT method is 

restricted to the interaction with weak electric fields.  Therefore, the real-time TDDFT (RT-

TDDFT) method has recently attracted attention as a prominent method to understand the time 

evolution of molecular systems in the presence of an external perturbation, because it can provide 

dynamical information and can be applied to systems interacting with strong fields. Moreover, it 

can be applied to larger systems than those that are currently tractable using the LR-TDDFT 

approach.  Recently, Weerawardene and Aikens provided an overview of the comparison of LR-

TDDFT and RT-TDDFT methods for examining the absorption spectra of noble metal 

nanoparticles.59 

RT-TDDFT has been used to study the end and central plasmon modes in linear sodium 

and silver chains by Gao and coworkers.50-51 Later, Luo et al.52 investigated the size dependence 

of electronic excitations in copper, silver and gold chains up to 26 atoms. Recently, the coherent 

plasmonic behavior of silver nanowires Agm (m = 4, 6, 8, 10, 12) was studied by Li and coworkers60 

using a RT-TDDFT method. In the latter study, the interplay between the time evolution of the 

superposition of the single particle transitions and the plasmonic excitations was investigated. It 

was shown that the transverse transitions in silver nanowires are collective in nature and oscillate 

in phase with respect to each other.  

While it is more challenging in RT-TDDFT than in LR-TDDFT to identify the single-

particle transitions that are responsible for a given excitation, methods have recently been 

developed that provide insights into the orbitals involved.  Li et al. demonstrated that a projection 

of the time-dependent density matrix onto the initial orbitals can be used to determine time-

dependent occupation numbers and identify occupied-virtual pairs involved in the transition.61  
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Other researchers have examined the dynamics of the off-diagonal elements of the density matrix 

and have used these to investigate electron dynamics after excitation.62-64 Examination of how 

electronic population varies over time is an important advantage of the RT-TDDFT approach. 

A LR-TDDFT investigation on silver nanowires showed that the longitudinal peak of the 

silver nanowires corresponds to the HOMO → LUMO transition, which is a  →  transition (the 

delocalized frontier orbitals of nanowires can be referenced by the irreducible representations of 

the D∞h point group (, , , etc.) due to their approximate cylindrical symmetry), whereas the 

transverse peak is a superposition of several single particle transitions ( → ) adding 

constructively.43 This behavior was also observed in similar RT-TDDFT calculations.60 Until now, 

there has been no RT-TDDFT investigation performed on the gold nanowires to understand the 

dynamical nature of the superposition of single particle transitions involved. However, this is 

important because the plasmon resonance in noble metal nanoparticles can be affected by 

transitions from the d band. This effect is profound in gold nanoparticles due to relativistic effects 

that lead to a smaller splitting between the d and sp bands compared to silver and alkali metal 

nanoparticles.41, 49, 65 Moreover, because the density of states is higher in gold nanowires, this 

affects phenomena such as plasmon decay and the formation of hot carriers (hot electrons and 

holes).  In this work, our aim is to understand how the plasmon-like excitations in gold nanowires 

differ compared to those of silver nanowires using the RT-TDDFT approach. We also aim to 

understand to what extent transitions out of the d band play a role in determining the character of 

plasmon-like states in gold nanowires.   

 

Computational Methodology 

The current work uses the RT-TDDFT approach to study the interplay between the time 

evolution of the superposition of the single particle transitions and the plasmonic excitations in 

model gold nanowires Aum (m = 4, 6, 8, 10, 12). A step function electric field66 is utilized as the 

perturbation to probe the dipole response of the longitudinal and transverse modes upon changing 

the nanowire length. The step function electric field can be described as follows: 

E(t) = E0 for t < 0    (t = time) 

                                                E(t) = 0 for t > 0 
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In practice, this is done by preparing the initial electron density for the system with a self-consistent 

field calculation performed in the presence of a static electric field E0. Then, the field is turned off 

and the electronic system is propagated using the RT-TDDFT approach.60 The nature of the 

plasmon excitation as a superposition of single particle transitions is analyzed through the time 

evolution of the molecular orbital occupation numbers. The orbital occupation numbers nk(t) are 

determined by projecting the time-dependent density matrix 𝑷(𝑡) onto the initial orbitals: 𝑛𝑘(𝑡) = 𝑪𝑘†(0)𝑷(𝑡)𝑪𝑘 (0) 

where 𝑪𝑘 (0) is the kth eigenvector of the initial Kohn-Sham matrix.61 Anticorrelated time 

dynamics of the occupation numbers of initially occupied and unoccupied orbitals can be used to 

identify which single-particle transitions are responsible for the strongest optical absorption peaks. 

Moreover, the collective oscillation of single particle orbital occupations that are in-phase and 

coherent will help to identify the collective nature of the plasmon resonance.60 We compare the 

analysis using the Fourier transform of the time evolution of the occupation numbers with that 

obtained for the off-diagonal elements of the density matrix.  

RT-TDDFT calculations were performed on a series of linear gold chains having 4, 6, 8, 

10 and 12 atoms. A development version of the GAUSSIAN series of programs67 was used to carry 

out the real-time simulations.  The RT-TDDFT calculations are described elsewhere.60  The real-

time formalization utilizes an approach similar to a full time dependent Hartree-Fock (TDHF) 

approach developed by Schlegel and coworkers.61 That method was previously used to understand 

the effects of a time dependent electric field on the dipole moments, charge distribution and the 

frontier orbital population in linear polyenes.68-69  LR-TDDFT calculations are also performed for 

direct comparison with the RT-TDDFT calculations.   

In this work, the BP8670-71 exchange-correlation functional and the LanL2DZ72-74 effective 

core potential basis set were used in all calculations. A simulation time of 120 fs was performed 

for the longitudinal modes and 480 fs for the transverse modes with an integration step size of 1.2 

as. The longer simulation time for the transverse mode was performed to check convergence; it 

was found that a good convergence in the optical absorption spectrum of the system can be 

achieved with a simulation time of 120 fs. An external static field was used with a strength of 

0.001 a.u.; this field is low enough that the system stays in the weak perturbation regime, thereby 
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enabling direct comparison with LR-TDDFT calculations. A 150 a.u. damping factor was used 

during Fourier transformation of the time-dependent dipole moments to obtain the dipole strength 

function which is proportional to the optical absorption spectrum. The damping factor is used to 

account for the experimental broadening. The time-dependent dipole moment (t) is calculated at 

each time step using the equation, 𝜇(𝑡) = Tr[𝐃𝐏(𝑡)] 
In the orthonormal basis, the dipole matrix is given by D and the density matrix is given by P. 

Then, the dipole strength function S() is given by,75 

𝑆(𝜔) =  4𝜋𝜔 𝑇𝑟[Im𝛼(𝜔)]3𝑐  

where () is the polarizability in the frequency domain, which can be obtained by the Fourier 

transform of the dipole moment 𝜇𝑖(𝜔) and step electric field 𝐸𝑖(𝜔) relation as shown:  𝜇𝑖(𝜔) =  𝛼𝑖𝑖(𝜔)𝐸𝑖(𝜔) 

where i indicates the x, y, z Cartesian coordinates.  

Coordinates for the gold nanowires were obtained from an optimization at the BP86/TZP 

level of theory with scalar relativistic effects treated by ZORA76 using the ADF77 software.  The 

nanowires are positioned so that their coordinates lie along the z-axis (see Supporting Information, 

SI). These linear atomic chains are not minima on the potential energy surface, but can provide 

insights into the physics of electronic excitations in larger gold nanorods and nanowires.  The 

geometries of the linear chains were held constant during the RT-TDDFT electron dynamics and 

LR-TDDFT excited state calculations.  

 

Results and Discussion  

Dipole strength functions of the longitudinal and transverse modes  

The dipole strength functions (optical absorption spectra) that result from applying a step 

function electric field to five gold nanowires are shown in Fig. 1. The electric field perturbation is 

applied along the longitudinal (z) and transverse (x) directions. Due to the symmetry of the system, 
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results for an electric field in the y direction (not shown) are the same as the x direction.  The main 

peaks in the energy range of 0-8 eV are analyzed for both longitudinal and transverse modes. 

Unlike in a similar series of silver nanowires60 where the longitudinal mode appears as a single 

sharp peak in the energy range of 1-2 eV, several peaks in the optical absorption plots for the gold 

nanowires indicate that several longitudinal excitations are present. Despite some differences due 

to the level of theory used, most of the findings related to the optical absorption spectra in this RT-

TDDFT study are consistent with the previous LR-TDDFT study on gold nanowires performed by 

Guidez and Aikens.43 For example, the LR-TDDFT spectra of gold nanowires display a redshift 

and several longitudinal excitations at ~2 eV43 comparable to the peaks observed in the energy 

range of 2-6 eV in Fig. 1a - e.  The Au4 nanowire exhibits a small peak around 2 eV that redshifts 

with the increasing number of atoms in the nanowire up to Au12. The peak intensity grows and the 

peak displays a splitting with increasing length. In the energy range of 3-7 eV, a few low intensity 

peaks and a high intensity peak are present for Au4 that also redshift for longer nanowires. The 

intensities of the peaks around 3 eV significantly increase with length, while the peaks in the 4-7 

eV range increase less dramatically in intensity for longer systems. The splitting of the peaks in 

longer nanowires are due to the transitions originating from the d band, in agreement with the 

previous LR-TDDFT study on gold nanowires.43 Redshifting of the longitudinal peak has also 

been observed for silver nanowires, although in the case of silver only a single strong longitudinal 

peak is present.60 Similar to the silver nanowire case,60 the energy of the transverse peak (6-7 eV) 

is essentially constant although a small blueshift is apparent as the nanowire length increases. 

Unlike in silver, the gold nanowires exhibit several transverse peaks as well as several longitudinal 

excitations. For both excitation modes, the dipole strength increases as the nanowire length grows.  

This has also been observed for other elongated systems such as pentagonal nanorods.42 
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Figure 1. Optical absorption spectra for the longitudinal and transverse modes in the Aum (m = 4, 

6, 8, 10, 12) nanowires. 
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Longitudinal mode excitations 

In gold, the 5d orbital energies are much closer to the energy of the 6s orbital compared to 

the 4d-5s energy difference in silver. Therefore, these energy differences are more likely to affect 

the optical properties in the visible range.  Thus, developing an understanding of interband (d → 

sp) transitions originating from the d band of the gold nanowires is crucial because of the coupling 

of these transitions with intraband (sp → sp) transitions and their combined effects on the 

longitudinal and transverse mode frequencies and intensities.  

As in the previous real-time study on related silver nanowires by Li and coworkers,60 the 

time dependent occupation numbers of the orbitals responsible for the main peaks in the optical 

absorption spectrum are obtained by analyzing the evolution of the electron density via projection 

onto the ground state molecular orbital space. This approach is useful to understand the nature of 

the interplay between the single particle transitions involved in plasmon modes. This analysis is 

carried out for the longitudinal excitations to recognize the orbitals involved in the important 

transitions contributing to the longitudinal peaks. The respective orbital occupation number 

variations and their Fourier transformed spectra are shown in Fig. 2 for Au4 and Au6; we present 

pairs of orbitals that can be identified as strongly correlated transitions for the given longitudinal 

mode. Less strongly correlated transitions are shown in the SI (Fig. S2). The constructive and 

destructive nature of the electronic transitions can be obtained by the phase relationship between 

the time evolution of the orbital occupation numbers.  If the orbital occupation number variations 

are in phase with the same frequency, they can constructively or destructively interact to give rise 

to several peaks in the optical absorption spectrum. In the longitudinal peaks of the current gold 

nanowire study, we observe a coupling of sp delocalized orbital transitions (n → n+1; n is the 

axial quantum number) with the interband transitions (d → n+1) as explained in more detail below.  
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Figure 2. Variations in orbital occupation numbers with time and their Fourier transformed spectra 

for strongly coupled orbital pairs in the longitudinal peaks of Aum (m = 4, 6) nanowires. For Au4, 

(a) shows the orbital occupation number variations for the two orbitals most responsible for the 

longitudinal peak and (b) shows their Fourier transformed spectra. Likewise, the c, d, e and f plots 

represent the orbital occupation number variations and their Fourier transformed spectra for Au6. 

The strongest occupied-to-unoccupied transition is d → 4 in plots c and d, and the e and f plots 

are for a less probable transition (3 → 4).  

 

Table 1. Single particle transitions involved in the longitudinal mode of gold nanowires 

determined by RT-TDDFT calculations. 

Nanowire Single particle transition Symmetries 

Au4 HOMO-2 → LUMO 2 → 3 

Au6 
HOMO-2 → LUMO 

HOMO-3 → LUMO 

3 → 4 

d → 4 

Au8 
HOMO-2 → LUMO 

HOMO-3 → LUMO 

d → 5 

4 → 5 

Au10 
HOMO-3 → LUMO 

HOMO-4 → LUMO 

d → 6 

5 → 6 

Au12 

HOMO-3 → LUMO 

HOMO-4 → LUMO 

HOMO-5 → LUMO 

d → 7 

6 → 7 

d → 7 

  

In analyzing the real-time simulations of the longitudinal mode, this excitation is mainly 

constructed by one dominant single particle transition with a small contribution from one or two 

other single particle transitions as shown in Table 1.  In agreement with previous work on gold 

nanowires, the n → n+1 transition is an important component of the longitudinal excitations. In 

our current study, we also perform LR-TDDFT calculations with the same level of theory as our 

RT-TDDFT calculations in order to compare the excitations from the two methods directly. Both 

LR and RT calculations use the relativistic effects incorporated into the LanL2DZ basis set in the 

Gaussian software.  The absorption spectra obtained by the LR-TDDFT method up to 7 eV are 
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shown in the supporting information (Fig. S1). The peak positions and the relative intensities of 

the absorption spectra obtained by LR and RT match well with each other.  

The Kohn-Sham orbital energy diagram of the Au4 nanowire obtained using the 

BP86/LanL2DZ level of theory is shown in Fig. 3. At this level of theory, the overlap of the d band 

with the sp-based  orbitals is clearly evident, which is reasonable for gold systems.  This overlap 

with the d band increases the probability that hot carriers can be generated in both the sp band and 

the d band. 
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Figure 3. Kohn-Sham orbital energy diagram of Au4. 

In the Au4 nanowire, the HOMO-2 → LUMO transition corresponds to a 2 → 3 transition 

(Table 1).  For the corresponding silver case, the strong excitation in Ag4 also arises from a 2 → 

3 transition, although this corresponds to a HOMO → LUMO transition;60 the difference in 

HOMO ordering is due to the presence of high-energy d band orbitals in the gold nanowire, as 

shown in Fig. 3.  As shown in Fig. 2a, the orbital occupation numbers of the HOMO-2 and LUMO 

vary in phase and with the same frequency. They are strongly related and give rise to two intense 

peaks around 2 and 4 eV in the Fourier transformed spectrum. Therefore, it is evident that the 

HOMO-2 → LUMO transition (2 → 3) plays an important role in these two peaks in the Au4 

nanowire. However, the Fourier transformed off-diagonal element of the density matrix 

corresponding to this transition (Fig. S3) shows that only the peak at 2 eV results from this 

particular transition. This reveals that the peak appearing at 4 eV in the orbital occupation Fourier 

transforms is a result of a linear combination of the excitation energies (in this case, a 2 peak 

where  = 2 eV) rather than an actual peak that would arise in the absorption spectrum. In that 

regard, the off-diagonal analysis provides more straightforward as well as more reliable 

information regarding the transitions responsible for the excitation peaks. 

For comparison, the contributions of different single particle transitions can be determined 

from the eigenvectors in the LR-TDDFT calculations that provide the weights of each individual 

transition. Table 2 shows the LR-TDDFT excitation energies, oscillator strengths, single particle 

transitions, and the weights of each transition for both longitudinal and transverse modes for this 

nanowire. For the longitudinal modes, the HOMO-2 → LUMO transition possesses a high weight 

in the peak around 1.98 eV, which agrees with our assessment from the RT-TDDFT calculations. 

In the real-time simulation of the Au4 nanowire we observe additional prominent peaks around 

3.6, 4.4 and 5.2 eV in the longitudinal excitations of the optical absorption spectrum (Fig. 1a). The 

LR-TDDFT transitions in Table 2 indicate that there are excited states at 3.67, 4.43, and 5.29 eV. 

The 3.67 eV, 4.43 eV and 5.29 eV peaks are comparable with the real-time simulation peaks 

around the same energies. The RT-TDDFT peak positions differ slightly compared to the LR-

TDDFT calculations due to the numerical precision available by reading off the peak positions 

from the dipole strength function in the RT approach, whereas the LR approach determines the 

excitation energies from eigenvalues of the Casida equation.  
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The peak at 5.2 eV has the highest intensity in the real-time simulation of the Au4 

longitudinal excitations (Fig. 1) which is also reflected in the LR-TDDFT calculation of a 5.29 eV 

excited state with a high oscillator strength (f=1.35) in Table 2. Those with the highest weights 

include HOMO-1 → LUMO+2 (two transitions due to degeneracies; each with a |weight| of 0.413), 

followed by HOMO-7 → LUMO+1 (0.217), HOMO → LUMO+3 (0.194), and HOMO-12 → 

LUMO (0.177).  To understand the origin of this peak, the transitions involved in the 5.29 eV peak 

(Table 2) were further analyzed using the Fourier transformed spectra of the orbital occupation 

numbers from the RT-TDDFT calculations. The respective Fourier transformed spectra of the 

orbital occupation numbers are shown in the supporting information. As shown in Fig. S2, it is 

evident that the HOMO-12 → LUMO, HOMO-7 → LUMO+1, HOMO-2 → LUMO+3, HOMO-

1 → LUMO+2, and HOMO → LUMO+3 transitions from the RT-TDDFT calculation are single 

particle transitions giving rise to the peak around 5.2 eV in the Fourier transformed spectra. This 

set of excitations includes many d→ sp interband transitions, including the dominant HOMO-1 → 

LUMO+2 transition.  We have also analyzed the off-diagonal elements as shown in Fig. S4, and 

the analysis agrees with that from Fig. S2.  The largest contribution to the peak arises from the 

HOMO-1 → LUMO+2 transition with smaller contributions from HOMO-12 → LUMO, HOMO-

7 → LUMO+1, HOMO-2 → LUMO+3, and HOMO → LUMO+3.  As noted above, the HOMO-

1 → LUMO+2 transition, which is an interband transition, has a strong contribution to the 5.2 eV 

peak. It is evident that interband transitions are much more strongly involved in the electron 

dynamics of gold nanowires than in the corresponding silver nanowires. 

Table 2. The LR-TDDFT excitation energies, oscillator strengths, single particle transitions and 

weights of each transition for longitudinal (L) and transverse (T) modes of Au4 at the 

BP86/LanL2DZ level of theory. The “→/“ signs in the Transitions column indicate the 

excitations/de-excitations.  

Peak  
Energy 

(eV) 

Oscillator 

strength  
Transitions  Weight 

L 

1.98 0.39 

HOMO-12 → LUMO -0.161 

HOMO-2 → LUMO 0.712 

HOMO-2  LUMO -0.201 

3.67 0.23 

HOMO-12 → LUMO 0.623 

HOMO-7 → LUMO+1 0.270 

HOMO-4 → LUMO+1 -0.136 
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HOMO-2 → LUMO 0.121 

4.43 0.27 

HOMO-12 → LUMO -0.214 

HOMO-7 → LUMO+1 0.570 

HOMO-4 → LUMO+1 -0.136 

HOMO-1 → LUMO+2 0.228 

HOMO-1 → LUMO+2 a 0.227 

5.29 1.35 

HOMO-12 → LUMO 0.177 

HOMO-7 → LUMO+1 -0.217 

HOMO-2 → LUMO 0.138 

HOMO-2 → LUMO+3 0.136 

HOMO-1 → LUMO+2 0.413 

HOMO-1 → LUMO+2 a 0.413 

HOMO → LUMO+3 0.194 

T 

5.49 0.24 

HOMO-1 → LUMO+2 -0.115 

HOMO-1 → LUMO+2 a -0.115 

HOMO → LUMO+3 0.675 

6.2 0.25 

HOMO-9 → LUMO+2 0.180 

HOMO-9 → LUMO+2 -0.179 

HOMO-8 → LUMO+5 -0.197 

HOMO-8 → LUMO+4 0.197 

HOMO-7 → LUMO+1 -0.124 

HOMO-6 → LUMO+3 -0.259 

HOMO-4 → LUMO+2 -0.217 

HOMO-3 → LUMO+4 -0.130 

HOMO-3 → LUMO+5 0.130 

HOMO-2 → LUMO+4 0.389 

6.38 0.22 

HOMO-10 → LUMO+2 -0.134 

HOMO-10 → LUMO+2 a -0.134 

HOMO-6 → LUMO+4 0.473 

HOMO-6 → LUMO+5 0.473 

6.7 0.3 

HOMO-11 → LUMO+3 0.116 

HOMO-8 → LUMO+4 0.415 

HOMO-8 → LUMO+5 0.415 

HOMO-6 → LUMO+3 0.109 

HOMO-4 → LUMO+2 -0.114 

HOMO-2 → LUMO+5 0.243 

aThere are two components for this transition due to the degeneracy of the orbitals. 
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For Au6, the HOMO-3 (d band orbital) is strongly correlated with the LUMO while the 

HOMO-2 (sp band orbital) is less strongly correlated with the LUMO (Fig. 2). The Fourier 

transformed spectrum of the orbital occupation numbers of HOMO-3 has peaks of similar 

magnitude to those of the LUMO, whereas the HOMO-2 has peaks with a smaller magnitude 

although they fall in the same frequency range of 1.5 – 4 eV. The orbital occupation number 

variation also shows that the HOMO-3 orbital occupation numbers vary in a larger range than for 

the HOMO-2. Therefore, the HOMO-3 → LUMO transition (d →  (sp) transition) appears to be 

the stronger transition involved in the longitudinal peaks of Au6, while HOMO-2 → LUMO (which 

has n → n+1 intraband character) contributes to a lesser extent; this is unique because all other 

gold nanowires examined in this study exhibit an intraband n → n+1 transition as the strongest 

component of the excitation. LR-TDDFT calculations show that these two transitions can 

constructively add together to give rise to a strong peak near 1.5 eV, and this constructive 

interaction is identified by the hallmark of in-phase oscillations in the RT-TDDFT calculations 

that are apparent in Fig. 2. Furthermore, the Fourier transforms of off-diagonal elements 

corresponding to these two transitions in Fig. S5 clearly reflect that both these transitions cause 

the longitudinal peak, with the interband peak providing the largest contribution. 

We have similarly performed RT-TDDFT calculations on longer chains to examine the 

electron dynamics in these systems.  The Au8, Au10, and Au12 nanowires have HOMO-3 → 

LUMO, HOMO-4 → LUMO, and HOMO-4 → LUMO, respectively, as their most probable 

transitions in the longitudinal modes.  Each of these transitions has n → n+1 character. The d → 

 transitions are less probable transitions that contribute to the longitudinal excitations (Table 1). 

Real-time dynamics illustrating the transitions contributing to the longitudinal peaks of Au8, Au10, 

and Au12 are shown in Fig. S6, S8, and S10 respectively in supporting information. The 

corresponding off-diagonal analyses are given in Fig. S7, S9, and S11. In all cases, the electron 

dynamics in the gold nanowires are more complicated than those in the corresponding silver 

nanowires due to the involvement of interband transitions.  Orbital occupation numbers are 

affected by all of these transitions and do not oscillate in a readily predictable manner. This 

suggests that RT-TDDFT calculations will provide an important tool for numerically simulating 

and understanding the complex real-time electron dynamics in these systems during processes such 

as plasmon decay and hot carrier generation. 
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Transverse mode excitations 

 Fig. 1f – j shows that the transverse modes of the gold nanowires display a band of several 

peaks in the energy range of 6-7 eV, which was also observed in previous LR-TDDFT 

calculations.43 The transverse mode in the energy range of 6-7 eV displays two peaks; overall, the 

transverse peak intensity increases with the nanowire length. As the nanowire length increases 

from Au4 to Au12, the peak closer to 6 eV grows in intensity significantly while the peak closer to 

the 7 eV grows in intensity less noticeably.  

In contrast to the longitudinal excitations that were dominated by a single intraband 

transition (albeit in combination with one or more interband transitions), the transverse modes in 

gold nanowires are constructed from a coupling of two or more single particle transitions with 

delocalized Σn → Πn character (Fig. 4). The single particle transitions involved in the transverse 

mode of the gold nanowires are shown in Table 3. The involvement of two or more Σn → Πn  type  

single particle transitions in the transverse modes has also been observed in real-time simulations 

in related silver nanowires.60 In the silver nanowire case, the strong transverse peak has been 

identified as arising from a superposition of  Σn → Πn  single particle transitions. Their orbital 

occupation number variations are in phase with the same frequency and they 

constructively/destructively interact to give rise to several peaks in the transverse mode, which is 

supported by a configuration interaction (CI) picture arising from LR-TDDFT calculations.60  In 

addition to the strong peaks around 5-7 eV, less intense peaks can be observed below 2 eV in the 

Fourier transforms of the occupation numbers (Fig. 4b and 4d).  These peaks arise from energy 

differences between the plasmonic peaks.60 They are more prevalent in these gold nanowires than 

in the corresponding silver chains because of the presence of a greater number of excited states in 

the gold systems due to the small 5d-6s gap. 

 

Table 3. The single particle transitions involved in the transverse mode of gold nanowires obtained 

by RT-TDDFT calculations.  

Nanowire Single particle transition Symmetries 

Au4 
HOMO-2 → LUMO+4 

HOMO-4 → LUMO+2 

Σ2 → Π2 

Σ1 → Π1 

Au6 HOMO-6 →LUMO+4 Σ2 → Π2 
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HOMO-9 → LUMO+3 Σ1 → Π1 

Au8 

HOMO-4 → LUMO+8 

HOMO-9 → LUMO+5 

HOMO-10 →LUMO+4 

Σ3 → Π3 

Σ2 → Π2 

Σ1 → Π1 

Au10 

HOMO-9 → LUMO+9 

HOMO-13 → LUMO+7 

HOMO-16 → LUMO+6 

Σ3 → Π3 

Σ2 → Π2 

Σ1 → Π1 

Au12 

HOMO-15 → LUMO+9 

HOMO-17 → LUMO+7 

HOMO-19 → LUMO+5 

Σ3 → Π3 

Σ2 → Π2 

Σ1 → Π1 
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Figure 4. The orbital occupation number variation [a and c] and the respective Fourier transformed 

spectra [b and d] for strongly correlated transitions responsible for the transverse mode of Au4. 

 

Fig. 4 shows the orbital occupation number variation and the respective Fourier 

transformed spectra for the strongly correlated transitions for the transverse mode of Au4. The data 

for Au4 clearly indicates that the HOMO-2 → LUMO+4 (Σ2 → Π2) and HOMO-4 → LUMO+2 

(Σ1 → Π1) transitions are the most probable due to the strong relationships between the respective 

orbital occupation number variations as shown in Figures 4a and c. The HOMO-2 and LUMO+4 

orbital occupation numbers vary in phase and with the same frequency; the same is true for 

HOMO-4 and LUMO+2. The Fourier transformed spectra of the respective orbital occupation 

numbers (Fig. 4b, 4d) demonstrate peaks with a high magnitude around the 6–7 eV energy range, 

which supports the idea that those transitions are responsible for the transverse peaks that appear 

in the 6–7 eV range in the optical absorption spectrum of Au4. We have also analyzed the Fourier 

transforms of the off-diagonal elements of the density matrix (Fig. S12) and these corroborate the 

findings from the orbital occupation number dynamics.  

Table 2 also shows the energies, oscillator strengths, transitions and weights of the 

transitions involved in the Au4 transverse mode from the LR-TDDFT calculations. It indicates 

three main peaks around 5.49, 6.20, 6.38 and 6.70 eV which are comparable to the main peaks 

around 5.4, 6.1 and 6.6 eV in the Au4 optical absorption spectrum (Fig. 1f). The two intraband 

transitions HOMO-4 → LUMO+2 and HOMO-2 → LUMO+4 that are shown to be the primary 

contributors to the transverse peak from real-time simulations are also visible in the LR-TDDFT 

calculation as transitions that contribute to the transverse mode. However, their weights are not as 

high as those of the other transitions. (We have previously observed in other plasmonic systems 

that the weights of the transitions do not necessarily correlate with the transitions that contribute 

the most to the oscillator strength; the most important factor is the transition dipole moment 

calculated between the orbitals involved. For example, it is possible for an interband transition to 

have a large weight but a low contribution to the overall oscillator strength of the peak.)  For Au4, 

the other transitions involved in the LR-TDDFT transverse mode are also visible in the real-time 

calculations, which is evident from the Fourier transformed spectra of their orbital occupation 

numbers. However, the Fourier transformed spectrum of the orbital occupations for these interband 
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exhibit low magnitude peaks around the 6 – 7 eV energy range compared to the peaks related to 

the primary intraband transitions mentioned above. This supports the idea that the transverse mode 

of the gold nanowires is mainly constructed with Σn → Πn type intraband transitions while other 

transitions such as interband transitions contribute to a lesser extent. Their orbital occupation 

numbers vary in phase with same frequency which is evident from the real-time calculations.  

Similar behavior can be observed in the rest of the nanowires, as shown in Table 3. Their 

orbital occupation number variations and the Fourier transformed spectra for the strongly 

correlated transitions are shown in Fig. S13, S15, S17 and S19 in the supporting information. The 

corresponding off-diagonal analyses are given in Fig. S14, S16, S18 and S20. Again, the electron 

dynamics are more complicated than those of the corresponding silver nanowires due to the 

involvement of the interband transitions, although the transverse mode is still dominated by a 

constructive combination of intraband transitions that is primarily responsible for the transverse 

plasmon in these systems. 

 

Conclusions 

A series of linear gold nanowires having 4, 6, 8, 10 and 12 atoms were investigated using 

a RT-TDDFT method with a step function electric field perturbation. The aim of this work is to 

understand the differences in the plasmon-like character in gold nanowires compared to silver 

nanowires using the RT-TDDFT method and to investigate how the d band transitions play a role 

in determining the character of plasmon-like states in gold nanowires. Therefore, we studied the 

time evolution of the single particle transitions and examined the interplay between different 

transitions involved in the plasmonic excitations of model gold nanowires Aum (m= 4, 6, 8, 10, 

12).  

The dipole strength functions (optical absorption spectra) were obtained for both 

longitudinal and transverse modes of the nanowires. The lowest-energy longitudinal peak appears 

in the energy range of 1-2 eV and redshifts with increasing nanowire length similar to previous 

LR-TDDFT calculations on gold nanowires as well as to RT and LR calculations on silver 

nanowires. A splitting is evident in the longitudinal peak with increasing nanowire length, which 

arises from the transitions originating from the d band. A transverse mode is present around the 6-
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7 eV energy range of the optical absorption spectrum, which is constant as the length of the 

nanowire increases. In both longitudinal and transverse modes, the dipole strength increases as the 

nanowire length increases from Au4 to Au12. 

The time dependent occupation numbers and the off-diagonal elements of the time-

dependent density matrix are Fourier transformed, and their spectra are used to understand the 

nature of the interplay between the single particle transitions involved in both of the plasmon 

modes. This analysis recognized the orbitals responsible for the important transitions contributing 

to both the longitudinal and transverse modes. The single particle transitions can 

constructively/destructively interact with each other, as observed through orbital occupation 

number variations that are in phase with the same frequency. This gives rise to several peaks in 

the optical absorption spectrum.  

A dominant single particle transition (n → n+1) can be identified in the longitudinal mode 

of gold nanowires similar to the previous silver nanowire study. We also observe a coupling of the 

dominant single particle transition with the less probable d-band transitions that have d →  

character. This behavior was true for all the gold nanowires considered in this study except for the 

Au6 nanowire which gives d →  as the most dominant single particle transition. The involvement 

of these interband transitions complicates the electron dynamics compared to corresponding silver 

nanowires, and suggests that RT-TDDFT calculations that examine electron occupancy of orbitals 

in real-time are a useful tool for determining electron and hole dynamics.  The transverse modes 

in gold nanowires are constructed from a coupling of two or more single particle transitions with 

Σn → Πn character, which was also seen in the previous silver nanowire study. Interband transitions 

also contribute to the transverse mode, although this mode is dominated by the intraband 

transitions. The Fourier transforms of off-diagonal elements of the density corresponding to the 

transitions responsible for both longitudinal and transverse excitations reaffirm the validity of the 

findings based on the orbital occupation number variation with time.  

Overall, the RT-TDDFT calculations on gold nanowires in this study have produced 

plasmon-like characteristics in agreement with the LR-TDDFT calculations performed on gold 

nanowires in the current and in previous work. This study further confirms that the RT-TDDFT 

method can reproduce results similar to the LR method for small gold systems (e.g. nanowires) in 

the weak perturbation regime which has been shown for silver systems previously. Therefore, the 
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findings from this study provide a foundation for future investigations of strong field perturbations 

on gold/silver systems to understand their plasmonic behavior under these conditions. Moreover, 

RT-TDDFT calculations can be employed to examine plasmon decay and hot carrier generation 

processes in real-time, and to understand the effects of intraband and interband transitions on these 

processes. 

Supporting Information 

The Fourier transformed spectra of the orbital occupation number variations for the peak around 

~5.2 eV in the longitudinal excitations of Au4, variations in orbital occupation numbers and off-

diagonal elements of the density matrix with time and their Fourier transformed spectra for less 

strongly coupled orbital pairs in the longitudinal peaks of Aum (m = 8, 10, 12) nanowires, and the 

orbital occupation number variations and their Fourier transformed spectra for the less strongly 

coupled transitions in the transverse mode of Aum (m = 6, 8, 10, 12) nanowires.  Coordinates for 

the nanowires examined in this work. 
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