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Quantum coherent plasmon in silver nanowires: A real-time TDDFT study
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A plasmon-like phenomenon, arising from coinciding resonant excitations of different electronic
characteristics in 1D silver nanowires, has been proposed based on theoretical linear absorption
spectra. Such a molecular plasmon holds the potential for anisotropic nanoplasmonic applications.
However, its dynamical nature remains unexplored. In this work, quantum dynamics of longitudinal
and transverse excitations in 1D silver nanowires are carried out within the real-time time-dependent
density functional theory framework. The anisotropic electron dynamics confirm that the transverse
transitions of different electronic characteristics are collective in nature and oscillate in-phase with
respect to each other. Analysis of the time evolutions of participating one-electron wave functions
suggests that the transverse transitions form a coherent wave packet that gives rise to a strong plasmon
resonance at the molecular level. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884388]

. INTRODUCTION

When a gold or silver nanoparticle is subjected to an
electromagnetic field with a photon frequency correspond-
ing to a natural frequency of the valence electrons collec-
tively oscillating against the restoring force of the positive
nuclei, a strong peak appears in the absorption spectrum.'
This collective oscillation leads to an enhanced and con-
fined electric field around the particle.*> This phenomenon,
called surface plasmon resonance (SPR), has been intensively
studied both experimentally®!? and theoretically.!'~'® Ap-
plications include high-sensitivity chemical and biological
sensing!”> as well as energy conversion and storage.’®?’
Anisotropic systems such as nanorods and nanowires are es-
pecially useful for certain applications such as photothermal
cancer therapy.?®%’

Noble metal nanorods have two main plasmon modes:
the longitudinal mode (along the main axis of the nanorod)
and the transverse mode (in the plane perpendicular to the
main axis).”>303% The longitudinal peak observed in the
excitation spectrum shifts to lower energy with increasing
aspect ratio whereas the transverse peak remains at nearly
constant energy.>** Recent linear response time-dependent
density functional theory (LR-TDDFT) calculations per-
formed on noble metal clusters suggest that a plasmon may be
identified when there is a constructive addition of the dipole
moments of one-electron transitions and does not only occur
in large nanoparticles (from a few to several hundred nanome-
ters) but also in small clusters (less than 2 nm).>** The fron-
tier orbitals of silver and gold clusters are linear combinations
of the valence s-orbitals of the metal atoms and are delocal-
ized over the entire structure.'?37-4!

Linear chains of noble metal atoms (nanowires) have
been studied as model systems using TDDFT.?7-3%42-45 While
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the frequency domain LR-TDDFT method has been routinely
used for studying plasmon excitations in small metal clusters,
it does not offer insights into the dynamical nature of the in-
terplay between electronic excited states. On the other hand,
the real-time (RT) TDDFT method has emerged as a powerful
tool to provide a straightforward, meticulous elucidation on
the time evolution of the system subject to any external pertur-
bation. For example, using real-time TDDFT, Yan et al.*>**
identified the end and central plasmon resonances in linear
sodium and silver chains. Gao et al.** studied the formation
and size-dependence of electronic excitations in copper, sil-
ver, and gold chains with up to 26 atoms. In both studies, the
collective nature of the longitudinal and transverse excitations
was deduced by the length dependence of the dipole strength.
Induced density response was also analyzed to understand the
nature of the two resonance modes.

Due to the symmetry of the nanowires, the delocalized
frontier orbitals have cylindrical symmetry and can be labeled
with the Greek letters X, I1, A, etc. The longitudinal peak of
these systems corresponds to the HOMO — LUMO transition
(¥ — X). The transverse peak corresponds to a superposition
of ¥ — II transitions whose dipole moments add up con-
structively (a plasmon according to the identification scheme
mentioned above).>” However, the dynamical nature of such a
superposition of single-particle transitions (i.e., molecular or-
bital transitions) is still unknown. How this superposition af-
fects the time-dependence of the electron density in the plas-
monic excitation remains unexplored.

To this end, we use the real-time TDDFT method devel-
oped in our group to study the interplay between the time evo-
lution of the superposition of the single-particle transitions
and the plasmonic excitations in silver chains. Formation and
length-dependence of the longitudinal and transverse excita-
tions are investigated by probing the dipole response to an ex-
ternal step function electric field. In particular, we explore the
superposition nature of the transverse excitation by analyzing
the time evolution of the molecular orbital occupations. We
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observe a collective oscillation of single-particle transitions
that are in-phase and coherent. This phenomenon is linked to
the collective nature of plasmon resonance.

The paper is organized as follows: in Sec. II we describe
the implementation of the real-time TDDFT method and
computational details, followed by results and discussion in
Sec. III. Concluding remarks are given in Sec. IV.

Il. METHODOLOGY

The plasmon excitations of the silver nanowires are ex-
amined by performing the RT-TDDFT calculations, in which
the electronic density matrix is propagated according to the
TDDFT equation:

dP(1)
dt

where P and K are density and Kohn-Sham matrices in or-
thonormal basis. Atomic units (a.u.) are used throughout this
paper. Equation (1) is integrated with a modified midpoint
and unitary transformation (MMUT) algorithm,***” where
the density matrix is propagated using a unitary time evolu-
tion operator U(t,):

P(t,11) = Ut) - P, 1) - U (y), @

where U(z,) is constructed from the eigenvectors C(z,) and
eigenvalues €(#,) of the Kohn-Sham matrix at time #,:

U(t,) = exp[—i - 2At - K(1,)]

1

= [K(), P(1)], 1)

= C(t,) - exp[—i - 2A1 - €(t,)] - CI(t,)  (3)

with Atz denoting the time step.

To probe the time-dependent response of the silver chains
to external electric field perturbations, we apply a step-
function electric field either along the longitudinal or along
the transverse direction:

Ey
E(t) = .
0 t>0

t<0
4

Computationally this is equivalent to the following scheme:
(1) prepare the initial electronic density by a self-consistent-
field (SCF) calculation in the presence of the static electric
field Eo; (2) turn off the field and propagate the electronic
system using the RT-TDDFT method outlined above.

The time-dependent dipole moment () is calculated at
each time step according to

n(r) = Tr[DP(r)], &)

where D is the dipole matrix in the orthonormal basis. With
the dipole response in real time, one can compute the dipole
strength function S(w), which is given by

S(w) = 473T—CwTr[Imoc(a))], 6)

where a(w) is the polarizability in the frequency domain and
it can be obtained by the Fourier transform of the dipole mo-
ment and the step field through the following relation:

wi(w) = a;i(w)Ei(w), @)

where i stands for x, y, z Cartesian coordinates.
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At the weak perturbation limit, the time-domain ap-
proach generates the same excitation energies and relative
dipole strengths as the frequency-domain LR-TDDFT.* On
the other hand, the time-domain method can reveal insightful
dynamical information about the interplay between the sys-
tem and the external field, as will be discussed in Sec. III.

To find the relationship between the transverse excitation
and single-particle transitions, we analyze the time evolutions
of the molecular orbital occupations, which are calculated by
the projection of the time-dependent density matrix onto the
initial ground state orbital space:**

ni(te) = Cl(t0)P(t)Ci (to), (8)

where n; is the occupation of the ith molecular orbital.

lll. RESULTS AND DISCUSSION

The RT-TDDFT simulations were carried out using the
development version of the GAUSSIAN series of programs.*’
A series of linear silver chains, with 4, 6, 8, 10, and 12 atoms
were investigated. In all calculations, the BP86 density func-
tional and the Lanl.2DZ°%? effective core potential were
used. For real time simulations, the electronic wavepacket was
evolved for 100 fs with an integration step size of 0.5a.u.
(~1.2 as). The strength of the external static field was cho-
sen to be 0.001 a.u. In doing the Fourier transform of the
time-dependent dipole moments, we added a damping factor
of 0.2 eV which can physically account for the experimental
broadening of the dipole strength. The molecular geometries
of the studied silver linear chains were taken from Ref. 37.

The dipole responses of the silver chains due to an exter-
nal step-function field perturbation along the longitudinal and
transverse directions are shown in Fig. 1. Two main peaks,
arising from longitudinal and transverse perturbations, re-
spectively, are observed within the energy range of 0-8 eV for
all chains. This is consistent with the linear response TDDFT
calculations in Ref. 37. The longitudinal peak is redshifted
when the chain length increases whereas the frequency of
the transverse peak remains relatively constant, only slightly
blueshifting, as seen in Fig. 2(a). Similar trends were also ob-
served in Refs. 44 and 45. Figure 2(b) plots the dipole strength
as a function of the length of the silver nanowire. The dipole
strength of both the longitudinal and transverse excitations in-
creases as the chain length increases.

As shown in linear response TDDFT calculations,?’ the
longitudinal excitation is dominated by a single-particle tran-
sition (e.g., HOMO — LUMO transition), which was as-
signed as a plasmon excitation.’”*> In classical solid-state
physics, there is a clear distinction between single-particle
excitations and plasmon excitations.>* However, for systems
consisting of a few to hundreds of atoms, classical electro-
dynamics is no longer applicable due to the existence of
discrete energy levels in small clusters, and the distinction
between single-particle excitations and plasmon excitations
becomes less obvious. Identification of plasmon excitations in
cases where the excitation is dominated by a single-particle
transition, such as that in the longitudinal excitation, is not
well-established in the field, but an identification procedure
has recently been proposed that demonstrates the plasmonic
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FIG. 1. Fourier spectra of dipole response of linear silver chains Ag,(n =4,
6, 8, 10, 12), perturbed by an external step field polarized in the (a) longitudi-
nal and (b) transverse directions. Different spectra are shifted upward by 150
a.u. for clarity.

character of the longitudinal transition.*® The transverse exci-
tation, on the other hand, can be characterized by a superposi-
tion of multiple single-particle transitions, e.g., ¥,, — I1,, for
Agy,,, as indicated by linear response calculations.?’” For the
Ags nanowire (Table I), one transverse peak (T;) with strong
oscillator strength arises due to constructive interaction be-
tween the ¥ — I1;, ¥, — II,, and X3 — I13 single-particle
transitions, whereas two transverse peaks (T, and Tj) arise
from the destructive interaction of these three transitions. As
recently shown by Guidez and Aikens,> a simple configura-
tion interaction (CI) picture in which three Koopman-like en-
ergy differences (0[] = E(H]) — E(E 1 ), Oy = E(Hz) — E(Ez),
and o3 = E(I13) — E(X3)) are coupled by off-diagonal el-
ements (;; representing the coupling between the singly
excited configurations ®; and ®; given by

Brs = (;|H|D;) ©)

can be employed to understand the constructive and destruc-
tive combinations. At the LB94/DZ level of theory, the val-
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FIG. 2. (a) Excitation energy and (b) dipole strength as functions of the
length (number of atoms) of silver nanowire for the longitudinal and trans-
verse plasmon resonant peaks shown in Fig. 1.

ues of « obtained from a Koopman-like approximation are
a; =559 eV, ap = 5.69 eV, and a3 = 5.79 eV. Coupling
of the three single-particle transitions leads to one peak at
higher energy with strong oscillator strength and two peaks at
lower energy with near-zero oscillator strength, as observed in
Table I. In this CI picture, essentially all of the oscillator
strength that would normally belong to individual single-
particle transitions is present in a single collective peak. One
interpretation of the T; peak shown in Table I is that it corre-
sponds to a collective excitation of all of the conduction band
electrons (i.e., for Agg, those in Xy, X, and X3), which is
one definition of a plasmon. In this work, we place special
emphasis on the dynamical nature of this collective transverse
excitation.

To probe the nature of the interplay between these single-
particle transitions, the time evolution of the electron density
is analyzed by projecting to the ground-state molecular or-
bital space using Eq. (8), resulting in time-dependent occu-
pation numbers of pertinent orbitals. The phase relationship
between the time evolutions of the orbital occupation num-
bers will provide information regarding the constructive or
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TABLE I. Excitation energies, oscillator strengths, single-particle transi-
tions, and dipole moment contribution arising from each single-particle tran-
sition, for the longitudinal (L) and transverse (T) peaks of the Ags nanowire
at the LB94/DZ level of theory (Ref. 37).

Energy Oscillator Dipole moment
Peak V) strength (a.u.) Transitions contributions (a.u.)
L 1.98 1.74 Y3 —> 34 —6.3581
21 — l_[l 0.6997
T 6.86 0.67 X, > Ip 1.0356
23 — H3 0.9631
21 — l_[1 0.3590
Ty 5.75 0.0011 Y, - Ip 1.5259
Y3 — I3 —1.8127
21 — 1'11 —1.9817
T3 5.82 0.0013 Y, —> I 1.1369
23 — H3 0.6165

destructive nature of related electronic transitions. In addi-
tion, if the excited state wave functions are quantum mechan-
ically coherent, the non-zero off-diagonal probability den-
sity (p;j - e7'@i=)"y will give rise to an additional peak in
the spectrum of population density at a frequency that corre-
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FIG. 3. Orbital occupation analysis for the Ags chain: (a) time-dependent
oscillations and (b) the corresponding Fourier transformed spectra.

J. Chem. Phys. 140, 244705 (2014)

sponds to the frequency difference (w; — ;) of participating
states. As a result, any component (e.g., participating MO oc-
cupation number) of the state population density also bears
the same signature of coherence. Therefore, a frequency anal-
ysis of the time evolution of orbital occupation numbers can
be used to probe the coherence of electronic excited states.
Although the overall electronic density is evolved in a closed
system formalism with no decoherence, the projected sub-
system of interest (i.e., plasmon) is allowed to interact with
other empty orbitals that may result in the resonant dephasing
mechanism and a phase shift in orbital occupation oscillation
if it does exist in the simulations. In other words, microscopic
dephasing mechanism is allowed from the sub-system point
of view even though the total system is energetically closed.
Figure 3 shows the time evolution of the occupation num-
bers of the four single-particle orbitals (X, X,, I, and
IT,), which are involved in the transverse excitation in the
Ag, nanowire. For Agy, the transverse excitation consists of
two single-particle transitions: ¥; — II; and X, — II,.
Fourier transforms of these oscillations resolved a strong peak
at ~5eV (Fig. 3(b)), agreeing with the transverse peak in
the total dipole strength spectrum in Fig. 1. This observation
suggests that these single-particle excitations are indeed re-
sponsible for the main absorption peak in Fig. 1. As these

T T T T
2,()0-(a) 4
s mninmnm
f | YWY YV
Ny 1.99 | ;h\‘i", A RARR:
g “v' Al §
[ ! 1 { I
S ‘u:' ST Z T
Z  tospl] ety —
= 2
9 721
g . . . .
3
g m,
= 0.02- ‘!:Ml‘.‘ | I, “Il’
B i A I i — I |
5 h i Wi il
0.01 l“‘(‘“‘ f i “H
I
ARR1] ‘” “ | AL | RARAA 1y iy
0.00 | .
. . . .
0 10 20 30 40 50
Time (fs)
20 ———————————1———7———1———
XK 8
w8 :
I 3 3 9 9 Hl 1
0 o®® = 1
g | eo® ]
E
£ wf > i
)
<
=

Energy (eV)

FIG. 4. Orbital occupation analysis for the Age chain: (a) time-dependent
oscillations and (b) the corresponding Fourier transformed spectra.
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FIG. 5. Orbital occupation analysis for the Agg chain: (a) time-dependent
oscillations and (b) the corresponding Fourier transformed spectra.

transitions occur at a similar frequency, they can form the
so-called “excited state plasmon™* if the interactive nature
of these different electronic transitions is constructive. As
shown in Fig. 3(a), the oscillations of the four orbital occu-
pations are in phase and constructively interfere with each
other. The occupation numbers of ¥, (X;) and IT; (IIp)
oscillate with the same amplitude, indicating a pairwise tran-
sition between X (X,) and I1; (I1,). The phase-relationship
of these oscillations is well-maintained throughout simula-
tions of much longer time scale (longer time simulation,
>100fs, is not shown here). This implies that the trans-
verse excitation is composed of constructive and collective
oscillations of two single-particle transitions with no interfer-
ence from other excited states. Although the two participating
single-particle transitions are of very different electronic char-
acteristics, the collective nature of the overall transverse exci-
tation gives rise to a plasmon-like character. A peak appears
at ~0.5eV in the spectrum of the time evolution of popula-
tion density, which does not show up in the dipole strength
spectrum. The frequency of this peak (~0.5eV) is equal to
the frequency difference between the two peaks at 4.5 and
5 eV. As discussed previously, this is an indication of the
quantum coherence of the two single-particle transitions, %
— I1; and ¥, — II,. Such a quantum coherence gives an ad-
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FIG. 6. Orbital occupation analysis for the Agjo chain: (a) time-dependent
oscillations and (b) the corresponding Fourier transformed spectra.

ditional characteristics to the “excited state plasmon” in sys-
tems with quantized energy levels.

For Agg, the transverse peak consists of three single-
particle transitions: ¥; — I1;, ¥, — I, and ¥3 — II3.
Figure 4 shows the occupation number time evolutions of the
six orbitals and the corresponding Fourier transform spectra.
The oscillations are in phase and constructively interfere with
each other, and the phase relationship is again well maintained
throughout the simulation. Slightly different from Agy, all six
orbitals oscillate with comparable amplitude. Pairwise transi-
tions may still be identified from the character of the molecu-
lar orbitals, as depicted in Fig. 4. Fourier transforms of the six
oscillations result in a similar spectrum. The two strong peaks
at ~5 eV correspond to the broadened transverse peak in the
dipole strength spectrum, confirming that the transverse exci-
tation is a collective oscillation of three single-particle transi-
tions. The appearance of an additional peak at ~0.2 eV results
from the frequency difference between the two closely spaced
peaks at ~5 eV, indicating a quantum coherence nature of the
three single-particle transitions. These analyses again suggest
that the in-phase and quantum coherent single-particle tran-
sitions in the transverse direction can lead to an excited state
plasmon at the molecular level.
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Starting at Agg, d-transitions start to mix with the ¥
—> T1 transitions for the transverse excitation.?” Although the
single-particle transitions ¥ — II still make major contri-
butions to the transverse excitation, the participation of the
d-transitions will certainly complicate the analysis. Broad ab-
sorption peaks will show up in the transverse spectra be-
cause of the mixed d-transitions, which was also observed
previously.** In Fig. 5 we plot the orbital occupation num-
ber oscillations involved in the four single-particle transitions
in Agg. These oscillations are of similar frequency and con-
structively interfere with each other, confirming again the col-
lective nature of this excitation. Compared to Ags and Agg,
the Agg chain exhibits a larger variation in the amplitude of
orbital oscillations and identification of the pairwise transi-
tions becomes less trivial. Fourier transforms of the orbital
oscillations show a broadened peak at ~5 eV with a com-
plex pattern in the low frequency regime, as a result of the
quantum coherence of all four single-particle transitions. For
longer chains such as Agjo and Agj,, although the dynami-
cal interplays between participating single-particle transitions
are even more complex, we still can observe oscillations of the
single-particle transitions that are in-phase and constructively
interfere with each other, and low frequency peaks resulting
from quantum coherence (Figs. 6 and 7).
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IV. CONCLUSION

Using the real-time TDDFT method, we have studied
the electronic excitations in a series of 1D silver nanowires.
Length-dependence of the excitation energies and dipole
strengths is investigated by analyzing the dipole response of
the system to an external step function field in the longitudi-
nal and transverse directions. We placed a special emphasis
on the uniqueness of the transverse transitions from the point
of view of dynamics. The time evolution of the population
density of orbitals associated with the transverse excitation
has been analyzed. In-phase and constructive oscillations of
the associated single-particle transitions are observed, creat-
ing the plasmon. What makes this molecular plasmon unique
is the quantum coherence of the single-particle transitions as
suggested by the low frequency peaks in Fourier transforms
of time-evolutions of orbital occupation numbers. It is this
strong quantum coherence among these characteristic elec-
tronic oscillations that gives rise to molecular-scale plasmon-
ics and nanoplasmonics, and our work herein provides the the-
oretical evidence. We also believe this feature could also ex-
ist in many quantum confined systems, such as quantum con-
fined semiconductor nanocrystals and conjugated polymers.
In this work, we simulate an energetically closed system with
no decoherence or interaction with external baths. The goal
of this work is to illustrate the existence of quantum coher-
ent plasmon. Plasmonic de-phasing and decoherence will be
addressed in future work.
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