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Quantum aspects, such as electron tunneling between closely separated metallic nanoparticles, are
crucial for understanding the plasmonic response of nanoscale systems. We explore quantum effects on the
response of the conductively coupled metallic nanoparticle dimer. This is realized by stretching a nanorod,
which leads to the formation of a narrowing atomic contact between the two nanorod ends. Based on first-
principles time-dependent density-functional-theory calculations, we find a discontinuous evolution of the
plasmonic response as the nanorod is stretched. This is especially pronounced for the intensity of the main
charge-transfer plasmon mode. We show the correlation between the observed discontinuities and the
discrete nature of the conduction channels supported by the formed atomic-sized junction.
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Metallic nanoparticles are of great interest because they
have potential in many applications, such as biosensor
development [1], spectroscopy [2], and nanobiomedicine
[3]. This potential is largely due to their versatile optical
properties, which are mainly determined by the localized
surface plasmon resonances supported by the nanoparticle.
These excitations are characterized by the collective oscil-
lations of the delocalized electrons in response to light.
Understanding the physics determining their dependence
on nanoparticle parameters is thus a major subject of
research, which seeks different routes to tailor materials
with desired optical properties. Along with the size, shape,
environment, and atomic composition of the individual
nanoparticles, the plasmonic response can be modified by
forming extended systems, such as nanoparticle arrays and
agglomerates [4]. Among these, nanoparticle dimers are not
only the simplest configurations for studying the plasmonic
interparticle interaction; they also serve as basic compo-
nents in the design of nanoantennas [5,6].

The plasmonic response of large nanoparticle dimers can
be mostly understood by classical electrodynamics and the
plasmon hybridization models [7,8]. However, the classical
description fails at subnanometer interparticle separations,
where quantum tunneling of electrons strongly affects the
plasmonic response. Recently, this quantum regime has
become experimentally accessible [9,10], confirming sev-
eral theoretical predictions [11-13]. Follow-up studies have
further addressed quantum effects from dimers of meso-
scopic sizes [14] down to the atomistic details [15], and
have also considered the formation of conductive contacts
[16,17] as well as molecular and atomic junctions between
the nanoparticles [18-21].

In this Letter we report, based on first-principles calcu-
lations, that the plasmonic response of nanoparticle dimers
shows important quantum features within the metal-contact
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regime. We consider a metallic nanorod subject to a
stretching process which leads to the formation of a
narrowing atomic contact between the two nanorod ends,
until eventual breakage. Remarkably, the calculations
reveal a discontinuous evolution of the plasmon energies
and intensities during stretching. We find a strong corre-
lation between the observed discontinuities and the quan-
tized nature of the conductance of the narrow contact. This
effect is pronounced for the main charge-transfer plas-
mon mode.

For our study, we consider a flat-edged sodium nanorod
obtained by extracting 25 atomic layers from the bcc lattice
along the (001) direction. The resulting system, shown in
panel A of Fig. 1(a), comprises 261 atoms. The lattice
constant was optimized to 4.14 A by energy minimization
of the nanorod (see below for the numerical details),
leading to an approximate diameter of 13 A and an aspect
ratio of 4. This size is close to the smallest metallic
nanorods produced in recent experiments [22]. The use
of sodium for modeling is not only computationally
convenient because of the single valence electron per atom
needed in its description; it has also been successful in
reproducing many general phenomena of simple and noble
metals in cluster science and plasmonics, within both
atomistic [15-17,23,24] and continuum approaches
[11,13,25,26].

The initial perfect nanorod is adiabatically stretched by
pulling apart the frozen ends in steps of 0.05 A, as
schematically indicated in panel A of Fig. 1(a). After each
elongation step, the atomic positions of the sandwiched
central slab of 51 atoms are allowed to relax. The geometry
relaxation is performed with density-functional theory [33]
calculations using the Gpaw code [34,35]. We use the
Perdew-Burke-Ernzerhof (PBE) [36] exchange-correlation
(xc) functional. Selected snapshots of the simulated

© 2015 American Physical Society
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FIG. 1 (color online).
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Evolution of the plasmonic response of a sodium nanorod under stretching. (a) Selected snapshots of the

simulated stretching process of the nanorod. Elongation distances d from A to H: 0, 6, 10, 14, 20, 22, 26, and 28 A. (b) Longitudinal
photoabsorption spectra of the stretched nanorod as a function of energy f. Solid lines following the plasmon modes (see main text for
the label definitions) are drawn to guide the eye. (c) [ID maps [see Eq. (2)] as a function of energy and z coordinate along the main axis
of the nanorod. The maps have been smoothed along z to emphasize the gross features of the induced density [27]. Insets show the
corresponding geometries (right) and spectra (top). Note that in panels E, F, and G, the low-energy part of the IID map and spectrum

have been scaled by the indicated factor.

stretching process are shown in Fig. 1(a), labeled from A to
H. During the stretching, the break junction undergoes
alternating sequences of elastic deformations and stochastic
rearrangements. In this process, well-ordered structures can
be formed in the junction, associated to nanowires with
stable magic radii [25,37], a clear example of which is
observed in panel F. Our simulation is in line with previous
approaches studying the breaking of metallic nanowires
[24,25,38-40].

The optical properties of the described stretched nanorod
are studied with time-dependent density-functional theory
(TDDFT) [41] calculations. In brief, the time-dependent
Kohn-Sham equations are solved in real time [42] with the
adiabatic PBE xc functional as implemented in GPAW
[43-45]. In this framework, the plasmons arise from the
correlated time evolutions of the Kohn-Sham electrons in
the mean field produced by other electrons. We consider

only the longitudinal optical response along the main axis
(z) of the nanorod. The initial ground-state electronic
structure of the system is perturbed by a weak delta-pulse
electric field. The subsequent computation of the time
evolution of the valence electrons yields the induced charge
density 6p(r,t), from which the dynamic polarizability
a(w) can be derived. The response is characterized via the
photoabsorption cross section of the system

Gaps () =C%Im[a<w>], (1)

where c is the speed of light and ¢, the vacuum permittivity.
The plasmon resonances appearing in the photoabsorption
spectrum can be further analyzed by the imaginary part of
the integrated induced density (IID) defined as
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5p(z, w) =Im [/ Sp(r, a))dxdy]. (2)

Note that the polarizability can be obtained from the IID via
Im[a(w)] « [z8p(z, w)dz. Thus, the IID serves as a
z-resolved spectrum summarizing the spatial distribution
of the plasmon modes.

We start our discussion by characterizing the different
plasmon modes found in the calculated spectra shown in
Fig. 1(b) for the increasing elongation distance d. The
breaking of the narrowing junction after d = 26 A divides
the spectra into two different regimes. We first focus on
the contact regime (d <26 10\), characterized by the
progressive quenching and emergence of several different
plasmon modes.

Initially (d = 0) the spectrum of the nanorod is governed
by a longitudinal plasmon (LP) mode at 1.5 eV. The dipolar
character of this mode can be recognized in its correspond-
ing IID in panel A of Fig. 1(c). Additionally, we observe a
faint higher-order multipolar mode at 2.9 eV (LP2). As the
nanorod is stretched into a connected subnanorod dimer
system, the evolved LP mode is better described as a
charge-transfer plasmon (CTP), consistent with the liter-
ature on nanoparticle dimers [9-21,46-48]. The former
label, LP, emphasizes the single nanorod character of the
mode. On the other hand, the latter label, CTP, reflects that
the mode can only be supported by the charge flow through
the forming conductive junction between the nanorod ends.
Additionally, the LP2 mode of the single nanorod evolves
into a bonding dipolar plasmon (BDP) in the dimer, both
modes having a similar nodal structure in the IID. The BDP
mode arises from the hybridization [8,46] of the dipolar
plasmon modes of the two subnanorods. In contrast to the
CTP, the BDP mode exists via capacitive coupling, also
when the junction is removed. For increasing d, the
LP-CTP mode quenches accompanied by a broadening,
whereas the initially faint LP2-BDP mode grows, even-
tually becoming the dominant resonance in the response.
Both peaks undergo strong redshifts, consistent with
experiments and classical calculations performed on con-
ductively connected metallic nanoparticles [48—51]. Thus,
the redshifts can be ascribed to the combined effect of the
simultaneous reduction of the diameter of the junction and
the increasing length of the system.

For d > 13 A, a second charge-transfer plasmon (CTP2)
mode emerges at ~0.3 eV below the partially overlapping
CTP peak. The CTP2 progressively grows with increasing
d and eventually becomes comparable in strength to the
CTP mode. A careful inspection of the IID maps in
Fig. 1(c) (panels D-G) reveals subtle differences between
these two charge-transfer modes. While the CTP mode
retains much of its dipolar character with a mostly localized
IID in the far ends of the entire system, the CTP2 has a
strong contribution from both the far and inner ends of the
forming subnanorods. To further investigate these two

modes, we performed additional calculations with different
system sizes and junction geometries (not shown) sug-
gesting that (i) the CTP2-like charge oscillation is likely to
be dominant for thin junctions and (ii) the two modes
possibly merge in larger systems, in agreement with
classical calculations where a single dominant charge-
transfer mode is observed [49,50].

Right before breaking, at d = 26 A, the stretched nano-
rod reaches the interesting limiting case of a monoatomic
contact. In this configuration, the junction is almost
detached from the upper subnanorod [see panel G in
Fig. 1(a)] and the CTP mode is strongly suppressed. In
addition to the discussed charge-transfer plasmon modes, a
broad structure of comparable strength is observed at
1.6 eV. The corresponding IID map (G) in Fig. 1(c) reveals
the contribution of the junction to the mode. Thus, this
atomic configuration can be viewed as a heterogeneous
trimer.

After the breaking of the junction (d > 26 A), the
spectrum changes abruptly. We observe that the CTP modes
disappear completely. This is in contrast with the
progressive onset of the CTP modes supported by quantum
tunneling when two metallic nanoparticles are brought into
contact [9,10]. In our case, the quantum tunneling is rapidly
suppressed after the breaking because of (i) the contraction
of the broken junction towards the subnanorods, thus
increasing the vacuum gap, and (ii) the small available
tunneling area in the resulting geometry. Another major
change in the spectrum is the appearance of a second
bonding dipolar mode (BDP2) at 1.3 eV. From the IID
map shown in panel H of Fig. 1(c), we observe that this
mode is associated with a strong dipolar charge oscillation
within the attached remnant junction and the lower sub-
nanorod, inherited from the weak prebreakage feature at
1.6 eV discussed above.

Having characterized the plasmon modes in the system,
we proceed to analyze in detail their evolution. Toward this
aim, we show in Figs. 2(a) and 2(b) the extracted energies
and intensities of the plasmon modes as a function of the
elongation [52]. These figures reveal the rich structure in
the evolution of the modes. The stepped evolution of the
different plasmon modes is particularly remarkable. This is
especially pronounced for the CTP mode, which undergoes
strong intensity drops during stretching at many elongation
values. We also observe discontinuous shifts in the plasmon
energies at the same elongations, most notably at
d =175 A, where the BDP and CTP modes redshift by
0.2 eV and 0.1 eV, respectively. The discontinuities can be
traced back to the rearrangements in the junction, but
such strong intensity changes can hardly be explained
by the geometrical change alone. Indeed, the discontinuous
evolution of the intensity of the CTP mode is very similar
to the quantum features shown by the conductance
curves measured during the breaking of metallic nanowires
[53].
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FIG. 2 (color online). Detailed analysis of the plasmon modes
during the nanorod stretching. (a) Peak energy and (b) integrated
intensity (the area under the peak) of the plasmon modes as a
function of the nanorod elongation d [52]. The intensities are
normalized so that the full spectrum integrates to the number of
valence electrons (261). The line labels correspond to the labeling
used in Fig. 1(b) and labels A—H to the geometries shown in
Fig. 1(a). (c) Zero-bias conductance of the junction formed
during the stretching. Horizontal lines mark values of 1G, 3Gy,
and 6G,. Vertical lines mark the discontinuities found in the
evolution of the plasmon modes.

To examine the connection between the observed dis-
continuities and the electron transport properties of the
junction, we have calculated the zero-bias conductance of
the junction by the nonequilibrium Green’s function
technique [54] as implemented in GPAW [55,56]. The
conductance results plotted in Fig. 2(c) show the well-
known features that arise in the breaking of atomic-sized
junctions from the quantization of the conduction channels

[53]: Upon stretching, in addition to the gradual evolution
of conductance (reflecting changes in the transmission
probabilities of conduction channels), clear jumps of
integer multiples of the quantum conductance unit G, =
2¢?/h take place (due to the closing of channels). When
these steps are compared with the discontinuities found in
the evolution of the plasmon modes, we observe a nearly
one-to-one match. Thus, we conclude that upon the
stretching of the nanorod, the number of conduction
channels supported by the junction is reduced in a discrete
manner [27] after the atomic rearrangements in the junc-
tion; this leads to abrupt changes in the allowed charge flow
between the subnanorods as shown by the conductance,
which is further reflected in the plasmonic response. This
phase-coherent transport effect is particularly pronounced
in the CTP absorption intensity, as expected from the
character of the mode.

While the intensity of the CTP mode closely follows the
trends shown by the conductance of the junction, even
reflecting the increase of the conductance at d ~21 A
(ascribed to enhanced transmission due to the formation of
the well-ordered junction geometry), the CTP2 mode
behaves differently. This is attributed to the previously
described differences in the spatial characteristics of the
two modes: The reduction of the effective cross section of
the junction along with the elongation uncovers the inner
surfaces of the subnanorods necessary to support the CTP2
mode, and leads to its growth. The BDP mode, which also
has a strong localization in the inner ends of the subnanor-
ods, is similarly affected. Further fine details in the
evolution of the spectra can be attributed to relatively
complex stochastic atomic configurations.

In conclusion, we performed a first-principles study of
the plasmonic response of a stretched metallic nanorod. We
found a quantized evolution of the plasmon modes and
established a connection between the plasmonic disconti-
nuities and the discrete number of conduction channels
supported by the break junction. Thus, this phenomenon
can be considered the plasmonic counterpart of the quan-
tization of the conductance in atomic-sized junctions. The
effect is most prominent in the main charge-transfer
plasmon of the considered sodium nanorod. In noble metal
systems, the damping due to the d electrons is weak for
such a low-energy plasmon mode [58,59]; thus, we expect
similar quantized evolution to be observable in these
materials also. As our findings are based on the formation
of a thin nanocontact, they are most likely to be exper-
imentally reproducible in a contact-breaking situation
[51,60] of nanoparticle dimers rather than in a jump to
contact [9,10,16,17,48].
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