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Electronic excitations in linear atomic chains of simple and noble metals (silver) have been studied using
time-dependent density-functional theory. The formation and development of collective resonances in the
absorption spectra were obtained as functions of the chain length. A longitudinal collective resonance appears
in both simple- and noble-metal chains. Its dispersion has been deduced and is compared with that of a
one-dimensional electron gas. The transverse excitation generally shows a bimodal structure, which can be
assigned as the “end and central resonances.” The d electrons of silver atoms reduce both the energies and
intensities of the transverse modes but have little effect on its longitudinal resonance. This anisotropic screen-
ing is determined by the interband (d — p) transition, which is involved only in transverse oscillations. Analysis

of these results yields a general picture of plasmon resonances in one-dimensional atomic structures. Implica-
tions of such atomic-scale plasmons to surface plasmons in larger dimensions are also discussed.
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I. INTRODUCTION

During the past few years, surface plasmons in nano-
structures'* have attracted much attention in nanosciences.
Different from the bulk® and surface-plasmon waves,?0~2°
nanostructures sustain localized surface-plasmon resonances
(LSPRs) on their confining boundaries, leading to dynamic
charge accumulation and field enhancement near their sur-
faces. Such collective oscillations and the decay at surfaces
are responsible for the novel applications in optical
imaging,?” single-molecule sensing and spectroscopy,'? pho-
tocatalytic reactions,”® and cancer therapy.”* As a general
feature, the frequencies of LSPRs show sensitive depen-
dences on the sizes, shapes, and surrounding environment.
Such dependences are often interpreted classically as geo-
metric effect by classical electrodynamic models.>*3! In par-
ticular, the plasmon hybridization model developed by
Nordlander and co-workers'>~?! has been very successful in
predicting the energetics of complex structures and providing
a transparent physical picture of LSPRs. Most experiments
done so far are focused exclusively on structures that are
sized between a few-tenth and few-hundred nanometers,
where it can be expected that the LSPRs could behave clas-
sically.

Contrary to the rapid development in the classical model-
ing of plasmon energetics, microscopic understanding of
LSPRs and its connection to the electronic structures of the
systems are still missing. In particular, information about the
decay dynamics of surface plasmons, which plays the central
role in plasmon-mediated processes, is not available in any
classical description. This concern becomes more relevant in
reduced dimensions when quantization introduced by con-
finement becomes more prominent in the one-particle spec-
tra. It is thus far unclear how quantization in the one-particle
spectra interplays with and manifests in their collective ex-
citations. These issues have only been studied in a few cases
including two-dimensional (2D) thin films*?33 and spherical
nanoparticles,>*3¢ where quantum oscillations in plasmon
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frequencies and lifetime have been observed. In the present
study, we take a quantum-mechanical approach to a simple
model system, one-dimensional (1D) atomic chains with
variable lengths. Our aim was to find out, on a conceptual
basis, how collective excitations in atomic dimensions derive
from their electronic structures and how these atomic plas-
mons compare with surface plasmons in the classical regime
in terms of energetics and real-time electron dynamics. The
answers to these questions are not only interesting for the 1D
plasmons of atomic chains but also have implications to the
general understanding of LSPRs in the quantum regime.
Experimentally, linear atomic chains have been created
and studied both as a model system for fundamental studies
and as potential conducting wires for device applications.
Supported chains were formed by manipulation of adsorbed
atoms on solid surfaces,3” while suspended chains were also
made in break junctions.’®3° Their structures***? and elec-
tronic properties****% have been intensively investigated by
various experiments. In particular, Ho and co-workers* first
demonstrated the formation of one-dimensional band struc-
ture out of individual atomic states as the chain length in-
creases atom by atom. Spatial-resolved tunneling spectros-
copy identified standing waves along the chains and end
states,*® whose electron densities are localized at the ends of
the chains at certain resonance energies. The spectra of the
single-particle states could be qualitatively understood by the
particle-in-a-box model. Very recently, collective plasmon
excitation has been observed in Au wires on a Si(557)
surface.*> Its energy dispersion is characteristic for plas-
mons in one-dimensional electron gas (IDEG). In earlier ex-
periments, plasmon excitation was also speculated to play a
role in the light-emission spectroscopy of atomic chains'
and photoconductance enhancement®” of atomic-sized tunnel
junctions under laser radiation. Yet it is unclear how and
which plasmon mode of the complex structures (tip, sub-
strate, or atom chains) was involved in these experiments.
A brief report on the plasmon resonances of sodium
chains was given in early publications®>* using both
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TABLE 1. Numerical parameters used in the time propagation. From left to right are the atom species with
their electronic configuration, the radius R of the simulation sphere around each atom, the spacing of the grid

Ax, the time step At, and the total propagation time 7.

R Ax At T

Pseudopotentials (A) (A) (h/eV) (h/eV)
Na (3s") TM22b 8 0.5 0.005 50
K (4sh HGH® 8 0.3 0.005 50
Ag (551 HGH 6 0.3 0.005 50
Ag (4d'955") TM224d 6 0.25 0.003 50
Ag (theor.) T™M2¢f 6° 0.25.° 0.24f 0.001¢ 50"

Scalar-relativistic Troullier-Martins pseudopotentials (Ref. 58) in nonlocal form (Ref. 59).
Generated from the 3s'3p%3d%° reference configuration with core radii Tes=Tep=Ted=Tcf=2.94 a.u.

“Hartwigsen-Goedecker-Hutter pseudopotentials.

dGenerated from the 5s'5p%4d'%4 " reference configuration with core radii res=ro,=rea=re=2.34 a.u.

“Reference 60.
fReference 61.

electron-gas model and atomistic model based on time-
dependent density-functional theory (DFT) (TDDFT). Here,
we present more detailed and systematic results for several
atom chains built with simple metals (Na and K) and noble
metal (Ag). Our extensive calculations confirmed the general
existence of a longitudinal (L) and two transverse (T) plas-
mon resonances (TE and TC) in all these chains. The nature
and electron dynamics of these modes are elaborated. We
found that the d electrons of silver atoms have little effect on
the frequency and strength of longitudinal mode but strongly
quench the transverse excitation. This anisotropic screening
of d electrons is governed by the energetics of interband
transitions, which is only operative in transverse excitations.
In addition, the excitation spectra with variable interatomic
distances are also calculated, shedding light on the physical
origin of energy splitting in the transverse excitations. Fi-
nally several aspects of the 1D plasmon resonances of atomic
chains including energy dispersion and tunability are dis-
cussed.

The rest of this paper is organized as follows. The com-
putational methods and numerical parameters are detailed in
Sec. II. Section III presents the excitation spectra of various
chains. The effect of d electrons on the plasmon resonances
in silver is studied in detail. A brief summary is given in Sec.
Iv.

II. COMPUTATIONAL METHODS

All of our calculations were performed with a real-space
and real-time TDDFT code ocTOPUS (Ref. 55) as used in a
previous publication.>* The atoms were described by norm-
conserving pseudopotentials, whose parameters were given
in Table I. Local-density approximation (LDA) for the
exchange-correlation potential was used in both the ground-
state and excited-state calculations. The simulation zone was
defined by allocating one sphere around each atom. The elec-
tronic wave functions were represented on a uniform mesh
inside the simulation zone, as detailed in Table I. In the real-
time propagation, excitation spectrum was extracted by Fou-
rier transform of the dipole strength®® induced by an impulse

excitation. To double check our results, linear-response (LR)
formalism in frequency domain’’ was also calculated for
shorter chains. For all systems we compared, the frequency-
domain calculations give essentially the same excitation
spectra. The time-evolution scheme is however faster for
large systems and yields more information on the real-time
dynamics of the electrons. The results in this paper are
mainly based on time-domain calculations.

All major parameters for the ground-state DFT calculation
and time propagation are listed in Table I. Two different
norm-conserving pseudopotentials®®>° were used for silver
atoms. The chosen radius and mesh size assure an energy
convergence of ground state and excitation spectra within 0.1
eV for all chains. For silver chains, valence electrons are
more localized than those in Na and K chains. A smaller
atomic radius of 6 A is enough to reach the same accuracy.®
Representation of the d-electron wave functions requires,
however, finer mesh size.®*%! The time step At is controlled
by the mesh size Ax. We found that for an efficient and stable
time propagation, optimal values of the time step are At
=0.005 %/eV for Na and K atoms and 0.003 %/eV for Ag
atoms,% respectively. For all the chains calculated, the elec-
tronic wave packets were evolved by a total time of T
=50 %/eV, which yields an energy resolution of around 0.02
eV in the excitation spectra.

III. RESULTS AND DISCUSSION

We start with presenting detailed results of Na chains in-
cluding data of higher-order longitudinal modes. The depen-
dence of transverse excitation on the interatomic distances is
also presented and discussed. This is followed by a compara-
tive study of K chains. Common features and differences of
their plasmon resonances are discussed. In Sec. III B, we
present results of Ag chains using pseudopotentials with and
without d electrons, such that the role of d electrons in the
low-energy excitations is elaborated. Finally in Sec. III C, we
focus on a few general aspects of 1D plasmons including
energy dispersion, comparison with classical models, and
tunability at atomic scale.
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FIG. 1. (Color online) The dipole response (optical absorption)
of linear sodium chains, with variable number of atoms N, to an
impulse excitation with momentum increase 6k=0.05/A polarized
in the (a) longitudinal and (b) transverse directions. The series of
spectra correspond, counting from the bottom, to N=1, 2, 3, 4, 6, 8,
10, 14, and 18.

A. Plasmon resonances in simple atom chains: Na and K

Figure 1 shows the dipole strength of the sodium chains
as a function of the length under longitudinal (L, left panel)
and transverse (T, right panel) excitations. The polarization
was simulated by applying an impulse along or perpendicu-
lar to the chains, respectively. As discussed in our previous
publication,>* the excitation spectra exhibit one L and two T
modes: the end and central modes. The frequencies of these
modes are slightly smaller than the data shown in Ref. 54
because a larger interatomic distance d=3.72 A correspond-
ing to the bond length of a free dimer®? has been used in the
present calculation. As the length of the chain increases, the
energy of the L mode decreases gradually from 1.52 eV in
the three-atom chain Na3 to 0.49 eV in Nal8. This redshift
results mainly from the reduction in the energy gaps with the
increased chain length. Meanwhile, the intensity of the L
mode increases linearly as a function of the chain length,
demonstrating the accumulation of collectivity in the excita-
tion as more electrons participate in the collective oscillation.
Apart from the lowest dipole mode, high-energy modes are
also discernible in longer chains, for example, the 1.18 and
1.66 eV modes in Nal8 (the topmost curve). As we shall see
later, these modes are higher-order excitations (n=2 and n
=3) with multiple nodes in the density response along the
chains.

The evolution of the two T modes, panel (b) in Fig. 1,
differs substantially from that of the L mode. Figure 2 shows
the length dependence of (a) the energies and (b) the oscil-
lator strengths of the two T modes. Both modes gain inten-
sity as the chain length increases. However, for chains
shorter than five atoms, the spectra are dominated by the
low-energy mode at 2.7 eV, the end mode. From Na5, the
high-energy mode (central mode) increases in intensity and
develops into a well-defined resonance, which is separated
from the end mode by a finite-energy gap. As the length
further increases, intensity of the end mode becomes satu-
rated with an integral oscillator strength of about four elec-
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FIG. 2. (a) The excitation energy and (b) the dipole strength as
functions of the number of atoms N for the three resonance peaks
shown in Fig. 1. They are assigned to the longitudinal (w;) and
transverse plasmon modes (wrg and wpc), as discussed in the text.

trons, while the strength of the central mode grows almost
linearly with the length, after it shows up at Na5.

The nature of these resonances can be analyzed by the
induced charge densities at the resonance frequencies. Figure
3 shows the Fourier transform of the induced densities of the
three L modes (n=1, 2, and 3, respectively) in the Nal8
chain projected in the atomic plane. The density responses of
these modes are asymmetric across the chain with maximum
at one end and minimum at the other, showing dipole char-
acter of the plasmon oscillation. Along the chains, the den-
sity envelope is monotonic for the n=1 mode but exhibits
oscillatory structures for the n=2 and 3 modes, with n oscil-
lation periods, resulting from the longitudinal quantization of
plasmon in one dimension. In addition, the densities also
show rapid variations around the atomic sites modulated by
local atomic potentials. These variations are similar in all
three L modes, suggesting that they are local modulations by
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FIG. 3. (Color online) Fourier transforms of the induced densi-
ties at, from left to right, plasmon resonances of 0.49, 1.18, and
1.66 eV, respectively, for the Nal8 chain shown in Fig. 1. The filled
circles indicate the positions of the atoms.

235413-3



JUN YAN AND SHIWU GAO

TE TC
0.04
— —
0.02
' 0
-0.02
—
-0.04

FIG. 4. (Color online) Fourier transforms of the induced densi-
ties at the two transverse plasmon resonances wrg (left) and wpc
(right) for Nal8.

the intra-atomic potential. The density profiles in Fig. 3 for
different states demonstrate the competition between global
quantization and local atomic confinement. Quantization ef-
fect was also observed in earlier electron-gas model.”> How-
ever, atomic modulation only shows up in the atomistic mod-
eling given in Fig. 3. It will be interesting to find out whether
these features are intrinsic to the atomic chains or general to
other nanostructures such as nanoparticle arrays.

Figure 4 shows the induced densities of the two transverse
modes in Nal8 at wyp (left panel) and wrc (right panel),
which are localized at the two ends and center of the chain,
respectively. The spatial distributions of these two modes, as
a function of the chain length, had been analyzed in detail in
our previous work.>* They are consistent with the evolution
of energies and strengths of the two modes shown in Fig. 2.
It is interesting to note that charge distribution of the end
mode is localized exclusively on the end atoms, while that of
the central mode has nearly vanishing amplitude on the at-
oms at the ends. Such a spatial separation in the transverse
excitation of atomic chains resembles the density response of
the surface and bulk plasmons of solid surfaces and thin
films. The surface (end) plasmon is lower in energy than the
bulk (central) plasmon. Their densities are localized in dif-
ferent regions in space. We expect that such end and central
modes also exist in other one-dimensional structures, such as
nanowires and nanotubes, which will be under future inves-
tigations.

The energy splitting in the transverse excitation may
originate from the following differences between the end and
central atoms: (i) the position-dependent electron potential,
which is highest at the two ends and lower in the center of
the chains, and (ii) electron-electron interaction, which dif-
fers between the end and central atoms due to the dangling
bonds at the ends. Both quantities are dependent on d, the
interatomic distance. The splitting should diminish at in-
creasing d and completely disappear in the large d limit,
where the chain plasmons will become degenerate with di-
pole resonance of noninteracting atoms. To gain insight into
the formation of the end mode, we calculated the sodium
chains with variable interatomic distances. Figure 5 shows
the dipole strength of Nal2 with d varied incrementally from
2.4 to 4.5 A. The end and central modes exist in all cases.
As d increases, both modes redshift in energy and the energy
gap between them reduces from 0.56 eV at 2.4 A to 0.17 eV
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FIG. 5. The optical absorption of Nal2 as a function of inter-
atomic distance d. The spectra correspond, from bottom to top, to a
series of d varied from 2.4 to 4.5 A incrementally by 0.3 A. The
arrow marks the dipole resonance energy of a single Na atom.

at 4.5 A, as expected. It is also clear that both the end and
central modes are approaching the dipole resonance of the
Na atom at 2.2 eV, where the arrow indicates. Such a trend is
similar in chains of different lengths. It would be interesting
to find out how the two modes evolve in energies and inten-
sities as a function of d and how they merge into the single
atomic resonance in the large d limit. Does this process occur
continuously or as a dynamic Mott transition at some dis-
tance? Unfortunately, this is computationally beyond our
reach due to the rapid increase in the number of grids with
increasing d. Local-density approximation also becomes
poor at large d, where nonlocal van der Waals interaction is
expected to set in and dominate the interatomic interaction.
Nevertheless, the trend in the evolution of the transverse ex-
citations shown in Fig. 5 is in agreement with the qualitative
analysis. The formation and strengths of the two transverse
modes depend on the competition between the local atomic
confinement and interatomic electron-electron interactions,
although it is difficult to quantify their relative contributions
in the present calculation.

To see whether these results are general to other atomic
species, we have also done extensive calculations for differ-
ent atomic chains. Figure 6(a) shows the excitation spectra of
potassium chains with d=3.72 A, the same interatomic dis-
tance used in Fig. 1 for sodium. Qualitatively, the K chains
also show one L mode and two T modes, although their
frequencies and strengths are slightly different from those of
the Na chains. Detailed comparison indicates the following:
(1) At the same length, the excitation energies of all three
modes are smaller for the K chains, especially for the two T
modes. This difference can be understood from the electronic
structure. The 4s electron of K is more delocalized than the
3s electron of Na. The weaker binding of K atoms gives
smaller highest occupied molecular orbital (HOMO)-lowest
unoccupied molecular orbital (LUMO) gap and thus lower
excitation energies. This explanation also applies for the en-
ergy differences in longer chains. (2) The strength of the end
mode in K chains is smaller, about 2. It involves about one
electron at each end compared with 2 in Na chains. The
smaller strength of the end mode results from the weaker
coupling between neighboring atoms. (3) Although the plas-
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FIG. 6. The dipole response of linear potassium chains at two
interatomic distances (a) d=3.72 A and (b) d=4.54 A excited in
the longitudinal (left) and transverse (right) directions. The spectra
correspond, counting from the bottom, to N=1, 2, 3, 4, 6, 8, 10, and
14.

mon energies are different between the two atomic chains,
the energy splitting AE between the TC and TE modes is
almost the same for both K and Na chains. For example, AE
between TC and TE mode is 0.29 eV for K14, which is close
to 0.28 eV for Nal4. This seems to suggest that the energy
gaps between the plasmon modes are primarily determined
by the interatomic interactions and are insensitive to the local
confinement within the atomic cores. This conclusion is fur-
ther supported by excitation spectra calculated at d
=4.54 A, as shown in Fig. 6(b), which corresponds to the
bond length of the K dimer. Increasing d leads to the same
features as we observed on Na chains including the redshift
in plasmon frequencies and the change in the strengths of the
TE and TC modes. From the results of Na and K chains, we
may conclude that most features obtained on Na chains are
general characteristics of 1D plasmons in other chains.

B. Silver chains: Effect of d electrons

Noble metals such as silver have unusual optical proper-
ties in both bulk metals and clusters due to its d bands, which
lie a few eV below the Fermi level. They can in principle
participate in and damp the low-energy excitations associ-
ated with the free 5s electrons. Effect of d states on the
optical absorption of clusters has been studied in the
literature.%0-01.6364 Tn bulk Ag, the plasmon energy, 3.8 eV,%
is near the threshold 3.8-3.92 eV (Refs. 63 and 65) of d-p
transitions. It was demonstrated that self-energy corrections
to the electron energies by the GW scheme are essential to
quantitatively reproduce the plasmon frequency of silver.®®
At surfaces, screening by the d electrons was found to reduce
the energy of the surface plasmon of the jellium model from
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FIG. 7. The dipole response of linear silver chains calculated
with (a) 5s! and (b) 4d'%5s! configurations of electrons in the va-
lence. These spectra are obtained using an interatomic distance of
2.89 A, corresponding to adsorbed silver chains on the NiAl(110)
surface. The spectra in both panels have, counting from the bottom,
N=1,2,3,4,6,8, 10, 14, and 18.

6.5 to 3.7 eV,* while in small clusters, screening by the d
electrons quenches the oscillator strengths by more than 50%
compared to the free-electron-like metals.%! Our interest here
is to find out how the d states affect the plasmon resonances
in the linear-chain geometry.

To that end, we performed two sets of time-dependent
local-density approximation (TDLDA) calculations with
pseudopotentials including and excluding the 4d electrons in
the valence states, as given in Table I. Figure 7(a) shows the
excitation spectra calculated with frozen d electrons. These
excitation spectra are generally similar to those shown in
Figs. 1 and 6 for free-electron metals with one L mode and
two T resonances. The energies of the plasmons are slightly
higher (for Agl8, w; =0.76 eV, wr=5.35 eV, and wrc
=5.74 eV) and the strength of the end mode is 6 (Ag), >4
(Na), or 2 (K). These differences can be qualitatively attrib-
uted to the competition between intra-atomic confinement
and interatomic coupling. Large coupling, as is the case in
Ag chains, favors a higher frequency and a stronger TE
mode.

Figure 7(b) shows the spectra of silver chains calculated
with 4d'%5s! as valence electrons. At first, we benchmarked
our results with previous calculations for Ag atoms and
dimer in the literature. For monomer (the bottom curve), our
calculation gives an excitation energy of 4.15 eV with an
oscillator strength of 0.65, which are in good agreement with
previous results: 4.13 eV and 0.66 (Ref. 60) vs 4.16 eV and
0.62.°! They are also comparable to the experimental values
of 3.74 eV and 0.7.97:%8 For the dimer, the two resonances at
2.89 and 4.63 eV are the L and T modes, respectively. These
energies are slightly lower than those published in early cal-
culations: 3.2 eV for the L mode and 4.75-4.9 eV for the T
mode.%¢! The minor difference (by up to 0.3 eV) was due to
the larger bond length of 2.89 A used in our case simulating
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FIG. 8. (Color online) (a) The excitation energy and (b) dipole
strength as functions of the number of atoms N for the resonance
peaks shown in Fig. 7 with d electrons (red, gray) and without d
electrons (black).

the adsorbed chains on NiAl(110),°' in comparison with
2.61 A (Ref. 60) and 2.57 A (Ref. 61) used in earlier cal-
culations. The good agreement among these data justifies the
reliability of the pseudopotentials and our numerical calcula-
tions.

In longer chains, the longitudinal spectra in Fig. 7(b) are
still similar to those in panel (a) without d electrons. Their
excitation energies are almost the same, while the strengths
are slightly reduced as shown more clearly in Fig. 8. Inclu-
sion of the d states does not affect the longitudinal mode.
This can be clearly seen in the induced densities as shown in
Fig. 9 for the Agl2 chain. The longitudinal oscillations are
dominated by 5s electrons. The interband (d-p) transitions
are well above the longitudinal modes, so that d electrons do
not participate in the longitudinal excitation. In real space,
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FIG. 9. (Color online) Fourier transforms of the induced densi-
ties for the Agl2 chain with d electrons at w; projected in the
atomic plane x=0 and two other planes which offset by x=1.0 and
2.0 A from the atomic plane.
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FIG. 10. (Color online) Fourier transforms of the induced den-
sities of Agl8 at x=0, 1.0, 2.0 A for the two transverse plasmon
resonances of wrg=4.97 eV (a) and wrc=5.26 eV (b). See the text
for discussion.

the longitudinal oscillations are much localized in the outer
space of the atoms and do not overlap appreciably with the d
electrons in the inner shell.

On the contrary, the transverse spectra in Fig. 7(b) look
substantially different from those in panel (a). Only one peak
(4.7-5.0 eV) is visible in short chains. A second broad band
starts to develop in chains longer than ten atoms. In Agl8, a
second mode appears as a shoulder at 5.26 eV beside the
main peak. Charge density analysis shown in Fig. 10 of these
modes shows that they are dominantly the end and central
modes of the chain, although they are strongly mixed and
damped by the d electrons. In planes (x=1 and 2 A) which
are offset from the atomic plane, the characteristics of the
end and central modes can be seen more clearly. Figure 10
also provides a real-space picture of screening by the d elec-
trons, which oscillate in the opposite direction as the free
electrons and thus depolarize the electric field set up by the
Ss electrons. This picture is very clear in the atomic plane
(x=0 A). Comparison of Figs. 9 and 10 suggests that
screening in atomic chains is highly anisotropic due to the
energetics of d-p transitions, which is only operative in the
transverse excitations. In addition, more detailed inspection
of the induced densities suggests that the stronger damping
of the central mode may also be affected by the spatial dis-
tributions of the oscillations within the chains. For the TE
mode, oscillations are localized on the end atoms which have
effectively more free space without overlapping with that of
d electrons. However, electrons of the TC mode penetrate the
central region occupied by the d electrons, which may con-
tribute to the stronger damping of the TC mode. The differ-
ent behaviors of the plasmon resonances by the d bands dem-
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FIG. 11. (Color online) Plasmon dispersion relation of sodium
chains (dots) corresponding to N=3, 4, 5, 6,7, 8, 10, 14, 18, and 24.
Lines are the plasmon dispersion of 1DEG with a linear density
n,=1/d=0.269 A~'. The only fitting parameter is the cylinder
width W. Dispersion curves obtained with W=5.6, 8.0, and 12.0 A
are shown. Shaded area marks the continuum of electron-hole pair
excitations.

onstrate once again that both geometry and electronic
structure are essential to understand the plasmon resonances
at atomic scales. Apart from the plasmon resonances, broad
absorption bands show up in both the longitudinal spectra
above 3 eV and transverse spectra above 5.5 eV. These broad
bands are signatures of d-p transitions, which exist in both
clusters and bulk metals. Figure 7 also indicates that the
inclusion of d electrons gives a more reliable description of
optical-absorption of silver chains.

C. Discussions

We now discuss a few aspects of 1D plasmon resonances
in atomic chains and their general implications. These issues
include, for example, (i) the dispersion of the plasmons in
finite chains and its comparison with the 1DEG, (ii) a com-
parison between TDLDA and classical modeling of these
resonances, and (iii) tunability of the plasmon resonances in
the linear-chain geometry. These issues are generally inter-
esting from the viewpoint of nanoplasmonics.

1. Energy dispersion of the longitudinal plasmon

The longitudinal resonance shows an energy that depends
on the length of chains. The dipole character of the charge
oscillations suggests that a standing wave with a half wave-
length N/2=L=Nd can be associated with this resonance.
The length dependence of the plasmon frequencies implies
an energy dispersion, which shall approach to that of 1IDEG
in the long chain limit. It is interesting to find out how this
dispersion develops in finite chains and how it compares
with that of the 1DEG, which has been well studied in the
literature.’*%°~7! Derivation of 1D band structure from the
single-particle states of gold chains was studied in recent
experiments.*’ Similar study has also been carried out for
vibrational resonances in linear atomic chains.”> In both
cases, the dispersions of discrete resonance states of finite

N

FIG. 12. (Color online) Comparison of plasmon energies of so-
dium chains calculated by TDLDA (dots) with the Mie frequencies
of the ellipsoidal model (crosses).

chains were found to agree with those of infinite chains.
What is the case for collective plasmon excitation is yet to be
seen.

Figure 11 shows the dispersion relation of the longitudinal
resonances (dots) of sodium chains shown in Fig. 1(a). The
red solid lines are the dispersion curves of a confined 1DEG
model,>7% with parameters chosen to mimic the sodium
chains.”® The dispersion of longitudinal plasmon modes
(dots) qualitatively follows those curves of the IDEG model
(solid lines). They are especially comparable in the long-
wavelength limit, namely, for N>4 or £<<0.2 A~l. A best
fitting of dispersion can be obtained with W=12 A, the con-
fining radius of the IDEG model. However this value is un-
physically large compared with the atomic radius (3.6 A) of
the sodium atoms. With a smaller yet reasonable value, say
W=5.6 A, the energies of plasmon resonances are lower
than those expected by the dispersion curve especially in
short chains. This deviation reflects mainly the electron lo-
calization at the atomic sites, which becomes more promi-
nent in short chains. In the long-chain limit, the energy of the
chain plasmon decreases almost linearly with £ and vanishes
as k approaches zero. Both features are characteristic for
plasmons in 1DEG. We would like to mention that similar
dispersion was measured for Au atomic wires on Si
surface.”” In addition, the spectra of allowed single-particle
excitations are also marked as the shaded area in Fig. 1(a).
Unlike the three-dimensional (3D) electron gas, the plasmon
energies of the chains are above w,(k) and never intersect
with the electron-hole pair continuum at all wavelengths.
The absence of Landau damping in 1D suggests that a long
lifetime of 1D plasmons can be expected due to forbidden
decay channels into electron-hole pairs.

2. Quantum vs classical comparison

While all the results were obtained by TDLDA, it is
tempting to see whether these results are reproducible by any
classical electrodynamic models. To answer this question, we
simulate the atomic chains with a simple ellipsoid model,
where analytical expressions for the Mie resonances are
available. Figure 12 shows the plasmon frequencies (red
cross) of the ellipsoidal model’* with parameters chosen to
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FIG. 13. Comparison of plasmon energies in sodium chains
(dots) with those of sodium clusters (crosses and shaded area),
which are obtained from Refs. 77-80.

mimic the sodium chains.”> With R=3.0 A and w,
=3.83 eV,’ we find a fairly good fitting to the longitudinal
and central transverse modes as shown in Fig. 12. However,
the ellipsoid model does not yield any end resonance, which
lies above the transverse frequencies. The absence of the end
mode may result from an artificial effect of the ellipsoid
because the sharp ends of the ellipsoid may not support any
end state. It may also indicate that end mode is purely a
quantum-mechanical effect, which is not reproducible in a
classical modeling. Further investigation of the end mode
with other models such as, for example, the nanocylinder
model is desirable to figure out this difference. Apart from
disagreement in the end mode, it is still amazing to see that
the longitudinal and central transverse resonances obtained
by LR-TDLDA are so close to the Mie resonances of the
ellipsoid model. The agreement is found for such a wide
range of chain lengths with just a single and same set of
parameters.

3. Tunability at atomic scale

Finally, we compare the plasmon frequencies of atomic
chains with those of nanometer clusters to illustrate the
atomic-scale tunability of 1D plasmon resonances of the
chains. Such a comparison is of general interest for nanoplas-
monic research and applications. The rapid development of
nanoplasmonics is largely spurred by the possibility of engi-
neering plasmon excitations with nanostructures. Future
electronic and optical applications may ultimately involve
plasmonic devices with atomic precision.

As one such comparison, Fig. 13 shows the plasmon en-
ergies of sodium chains (dots) and clusters (crosses and
shaded area),”’-%0 as a function of the number of atoms. The
plasmon frequencies of the clusters are scattered due to mul-
tiple stable structures and nonspherical shapes at certain
sizes. Despite the variations in frequencies, it is clear that the
frequencies of the chain plasmons lie well beyond the energy
range of their clusters. The transverse modes are generally
larger while the longitudinal one lies well below the energy
spectrum of the clusters. The frequencies of the clusters also
show fewer variations with size. In fact, they are almost fixed
by the size and polarization of the excitation. Linear atomic

PHYSICAL REVIEW B 78, 235413 (2008)

chains offer a wide spectrum of tunable plasmons ranging
from ultraviolet to far-infrared regime. In addition to the tun-
able frequencies, different density responses in space of
these resonances also open the possibility to control electron
dynamics and its interaction with external excitations. Such
tunability and control can be achieved down to atomic di-
mension.

IV. CONCLUDING REMARKS

We have carried out a systematic study of electronic ex-
citations in linear atomic chains of both simple metals (Na
and K) and noble metal (Ag) using time-dependent density-
functional theory. Based on these calculations and results, the
following conclusions can be drawn:

(1) Linear atomic chains generally sustain a longitudinal
resonance, whose frequency depends on its length. The en-
ergy dispersion of the standing waves is comparable to that
of the propagating plasmon waves in 1DEG.

(2) There are two transverse plasmon modes, the end and
central modes, whose density responses are localized at the
two ends and in the central region of the chains, respectively.
These two modes resemble the surface and bulk plasmons of
metal surfaces and thin films. The splitting of the transverse
excitation into the end and central modes results from the
competition between the interatomic coupling and the atomic
confinement.

(3) The longitudinal excitation of silver chains is nearly
unaffected by the d electrons, while the transverse plasmon
modes are strongly suppressed and mixed by the d bands of
silver atoms. This anisotropic screening is governed by the
energetics of interband (d-p) transitions, which is only op-
erative in the transverse excitations.

(4) The plasmon of the linear atomic chains is on one
hand a model system for studying plasmonic properties at
atomic scales. It also offers unique possibility to engineer
tunable resonances in one dimension at atomic precision.
The plasmons of the chains are very different from those of
self-assembled clusters in both frequencies and in electron
dynamics in real space.

These results provide physical insights into the plasmons
at the conceptual level. In addition the first-principles calcu-
lation based on LR-TDLDA also compiled concise and first-
hand data for the plasmons resonances of these linear chains.
While these atom chains are available in modern laborato-
ries, it is our belief that the results presented here will be
directly comparable with experimental measurement in the
near future.
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