Downloaded via CALIFORNIA STATE UNIV NORTHRIDGE on March 17, 2022 at 17:05:15 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Understanding Quantum Plasmonic Enhancement in Nanorod
Dimers from Time-Dependent Orbital-Free Density Functional

Theory

Hongping Xiang,® Jiaxing Zu, Hongwei Jiang, Lin Xu,* Gang Lu, and Xu Zhang™*

Cite This: J. Phys. Chem. C 2022, 126, 5046—5054

I: I Read Online

ACCESS |

[l Metrics & More

| Article Recommendations

ABSTRACT: Localized surface plasmon resonances could yield
extreme enhancement of local electric fields at surfaces of
plasmonic nanostructures. Herein, we have performed quantum
mechanical simulations to systematically study plasmonic reso-
nances in sodium (Na) nanorod dimers based on time-dependent
orbital-free density functional theory. Several representative
geometries, including end-to-end, side-to-side, and right-angle T-
and L-shaped dimer arrangements are explored in detail. The
optical spectra, tunneling electric current, and electric field
enhancement (hot spots) are examined as a function of the size
of the nanorods, their relative arrangement, and their gap distance
(£2 nm). Two plasmon resonant modes are identified to be

responsible for the observed electric field enhancement. One of them is of quantum nature, arising from quantum tunneling across

the gap of the two nanorods. The other mode is of electrostatic

nature, originating from the dipolar interaction between the

plasmonic oscillations of each nanorod. Among the examined geometries, the end-to-end dimer exhibits the strongest field
enhancement, which increases with the aspect ratio and the gap distance. The interplay between electron tunneling across the gap
and the spill-out of electrons at the nanorod surfaces is revealed to dominate the modulation of plasmonic resonances and field

enhancement in the nanorod dimers.

1. INTRODUCTION

Metallic nanorods are attractive plasmonic nanostructures
thanks to their anisotropic shapes that could yield both
longitudinal and transverse modes of localized surface plasmon
resonances (LSPRs), with electron oscillations along the axial
and radial directions, respectively, upon electromagnetic
radiation.'® The LSPRs depend on the chemical composition
and geometry (e.g,, radius, length, and aspect ratio) of the
nanorods. More importantly, they can also be tuned through
near-field couplings between adjacent nanorods.”~'? The
interaction between the LSPR modes in the coupled nanorods
could produce great enhancement in local electric fields,'*~"”
which is responsible for phenomena such as surface-enhanced
Raman scattering,l(’_19 fluorescence,”*™>* second harmonic
generation,”* and two-photon photoluminescence.”” As a
result, the coupled nanorods are promising components for
various plasmonic applications, ranging from sensing,”®
biomedical technologies,””*® and metamaterials,”® to nano-
scale light polarizers,” and optoelectronic devices.’"**

The simplest coupled nanorods are dimers in which two
rods are separated by a small gap (about a few nanometers).
Despite the simplicity, the dimer could host a myriad of
intriguing phenomena®™*° and some of which will be
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examined below. A fertile playground in the field is to explore
the geometric dependence of plasmonic resonances. For
example, an interesting geometry is an end-to-end arrangement
in which the coupled LSPRs are in the visible region and can
be tuned in an ultrasensitive manner in optical detection
systems.”””’ ™" Indeed, significant research effort in past
decades has been devoted to coupled nanorods, in terms of
both experimental demonstrations of various phenomena and
their theoretical understanding.

To the best of our knowledge, most experimental and
theoretical studies so far have focused on nanorod dimers with
the dimensions over 20 nm and the gap distance above 2
nm.****~* When the dimension of nanorods becomes less
than 10 nm and the gap distance is less than 2 nm, the
quantum effects ranging from electron density spill-out to
electron tunneling play an important role in the LSPRs which
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Figure 1. Optical absorption spectra of Na nanorod dimers with the aspect ratio I/d of the individual rod of 3.5 (I=30 A, d = 8.6 A, N, = 67)
(a—d) and 6.5 (=559 A, d = 8.6 A, N, = 126) (e—h) in the end-to-end, side-to-side, T-shaped, and L-shaped geometries (inserted in purple),
as a function of the gap distance D. Black dashed curves are the optical spectra of a single nanorod. Resolved Gaussian spectra are shown in red.

48
However, the

yield novel optoelectronic properties.”~
experimental fabrication of such smaller nanorods and dimers
at short distances apart remains a challenge. The theoretical
research on nanorod dimers is mainly realized by solving the
Maxwell equations of classical theory through numerical
methods,”*>**** 7! which cannot capture the quantum

effects.
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Here, we investigate the quantum plasmonics in nanorod
homodimers based on a recently developed time-dependent
orbital-free density functional theory (TD-OFDFT)>* which
shows comparable accuracy to that of time-dependent Kohn—
Sham density functional theory and was successfully employed
to examine the quantum plasmonics in coupled Na nanosphere
dimers and trimers™” as well as single nanorods.>* In particular,
we study the quantum plasmonic coupling between longi-

https://doi.org/10.1021/acs.jpcc.2c00105
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Figure 2. Current density I (4A) across the gap as a function of the plasmon energy for the gap distance of D = 3.5, 6.0, 10, and 20 A, of the dimers
with the individual rods of (a—d) I/d = 3.5 (1=30A,d=8.6 A, N,,,, = 67) and of (e—f) I/d = 6.5 (1=559 A, d = 8.6 A, N,,.,, = 126) in the end-
to-end, side-to-side, T- and L-shaped geometries (inserted in purple).

tudinal modes and transverse modes by constructing the end-
to-end, side-to-side, and right-angle L- and T-shaped nanorod
homodimers with the dimension of a few nanometers. Two
sizes of nanorods with the aspect ratios I/d of 3.5 and 6.5 are
chosen in which the spectra of longitudinal and transverse
modes are fully separated and can be individually charac-
terized, with the gap distance set in the subnanometer (<2
nm). We find that the electronic spill-out and tunneling effect
tuned by the size of the nanorod, arrangement of the dimer,
and gap distance, has a great influence on the optical
absorption spectra and local electric field enhancement.
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2. METHODOLOGY AND STRUCTURE MODELS

In the TD-OFDFT calculations, the charge density was
propagated in a real-space grid in real-time under the influence
of time-varying electric fields with an interparticle axial
direction of the dimer. The local density approximation was
used for the electron exchange and correlation in both the
ground state and excited state calculations.” The ionic
potential of Na was described by a local pseudopotential
calculated based on the first-principles theory.”*® To
eliminate particle—particle interactions, a convergence check
on the size of the supercell has been performed and it is found

https://doi.org/10.1021/acs.jpcc.2c00105
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that the dimension of the supercell with 2.5 times the length of
the Na nanorod dimer is sufficient. The Na nanorod dimmer
was placed at the center of the supercell. A uniform mesh grid
with a spacing of 0.35 A, which has been verified to yield a
converged result,””>’ was employed over which the charge
density and potential were calculated. The simulation zone
beyond which the charge density vanishes was defined by
assigning a sphere with a radius of 8 A around each atom,
which is necessary for achieving numerical convergence. Fast
Fourier transform was employed to efficiently calculate the
convolution integrals in the kinetic energy functional and the
Coulomb potential. The linear response calculations were
performed by propagating the electron wave packets under a
perturbation of an impulse field E(t) = Egu8(t).° The
electronic wave packets in the real-time propagation were
evolved for 7500 steps with a time step of At = 0.0015 7/eV.

The structure models of nanorods were built from a face-
centered cubic Na supercell, which can be described as a
quasicylinder by its full-length [, and diameter d, with the
aspect ratio defined as I/d. All the nanorods have the same
shape and density with the shortest distance between Na atoms
of 2.491 A. Here, we consider two sizes of sodium nanorods, a
smaller one with the aspect ratio I/d of 3.5 (I=30 A, d = 8.6 A,
Nitom = 67), and a larger one with I/d of 6.5 (I=559 A, d = 8.6
A, Nyom = 126). Both rods have fully separated spectra of
longitudinal and transverse modes and thus can be individually
characterized.>* In addition, the rod of I/d = 6.5 has a larger
spill-out effect induced by the larger aspect ratio.”* Four kinds
of configuration homodimers were constructed: end-to-end
(Figure 1lae), side-to-side (Figure 1b,f), and right-angle T-
(Figure 1c,g) and L-shaped (Figure 1d,h) geometries. Several
gap distances D of the dimer were considered including 20.0,
10.0, 6.0, and 3.5 A. We calculate the absorption spectra,
tunneling current at the gap, and local electric field
enhancement (hot spots) of all constructed structural models
with the polarization direction along with the interparticle axis
(a horizontal polarization). The time-dependent electric
current across the gap was Fourier transformed to yield the
frequency-dependent electric current.

3. RESULTS AND DISCUSSION

Figure 1 displays the optical absorption spectra as a function of
the gap distance D. As a reference, the longitudinal and
transversal plasmonic spectra of the single nanorod are shown
in Figure la,b, respectively. The frequency-dependent electric
current passing across the gap is shown in Figure 2. We resolve
each absorption spectrum as a sum of Gaussian functions and
derive several distinctive resonance modes such as the main
peaks termed @1, @2, and w3 in Figure 1 (red curves). It can
be seen that the sum of the Gaussians matches very well the
original absorption spectrum for each model. Figures 3456
present the induced charge densities (relative to the
equilibrium values) and the corresponding electric field
distributions at the main absorption frequencies (w1 and @2
in Figure 1) of all structural models, respectively, which were
obtained by Fourier transform of the charge density and
electric field distribution from the time domain to the
frequency domain.

3.1. Rods Aligned End-to-End. The hybridization theory
predicts two plasmon coupling modes in the end-to-end dimer:
the bonding plasmon mode with a lower energy and the
antibonding plasmon mode with a higher energy.” °' In the
homodimer, the bonding plasmon mode (BDP) between the
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Figure 3. Induced charge density (atomic unit) (left panel of each
figure) and electrical field (atomic unit) (right panel of each figure)
evaluated at the frequency wl and w2 as shown in Figure lae in
response to a horizontal polarization (along interparticle axis), for the
dimer of 1/d = 3.5 (a)b) and 6.5 (c,d) in the end-to-end geometry.
Magnitude of the charge density is color-coded in (a).

longitudinal modes is bright, while the anti-BDP is dark due to
zero net dipole.***® The anti-BDP can be only observed as a
bright one in an asymmetric heterodimer. As the gap distance
of the dimer is reduced, the bonding longitudinal mode shows
a significant redshift and an increase of the effective
polarizability relative to the single nanorod,’” and the near-
field enhancement at the gap becomes greater.”*>%*

The BDP mode is revealed in the end-to-end nanorod
dimer, e.g, the aspect ratio of I/d = 3.5 and gap distance D of
20.0 A. As shown in Figure la, the absorption spectra are
dominated by an extremely intense peak labeled @2, which is
red-shifted compared to the longitudinal plasmon mode of the
individual rod (black dash line in Figure 1a). This absorption
peak is attributed to the BDP mode, which originates from the
hybridization between the longitudinal dipolar plasmon modes
of the individual nanorods. The redshift relative to single
nanorod stems from the electrostatic attractive interaction of
longitudinal plasmon modes of the individual rods, which has
been observed in the large-size (a few tens of nanometers)
nanorod dimers®>®* and the nanosphere dimers.”

https://doi.org/10.1021/acs.jpcc.2c00105
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Figure 4. Induced charge density (atomic unit) (upper panel of each
figure) and electrical field (atomic unit) (lower panel of each figure)
evaluated at the frequency wl and w2 as shown in Figure Ib,f in
response to a horizontal polarization (along interparticle axis), for the
dimer of I/d = 3.5 (a,b) and 6.5 (c,d) in the side-to-side geometry.
Magnitude of the charge density is color-coded in Figure 3a.

Figure S. Induced charge density (atomic unit) (left panel of each
figure) and electrical field (atomic unit) (right panel of each figure)
evaluated at the frequency @l and @2 as shown in Figure lc,d in
response to a horizontal polarization (along interparticle axis), for the
dimer of I/d = 3.5 in the T- (a,b) and L-shaped (c,d) geometries.
Magnitude of the charge density is color-coded in Figure 3a.

When D is reduced to 10 A, electron tunneling takes place
resulting in charge transfer between nanorods. Thus, a new
charge transfer plasmon (CTP1, w1) forms in the lower energy
region, and the origin BDP transits to the charge transfer
plasmon (CTP2, ®2) as shown in Figure la. CTP2 (w2)
corresponds to the plasmonic oscillations on the individual
rods modified by the charge transfer, while CTP1 (wl) is
attributed to the tunneled electrons oscillating between the
two rods. As D is further reduced to 6.0 A, CTP1 (w1) blue
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Figure 6. Induced charge density (atomic unit) (left panel of each
figure) and electrical field (atomic unit) (right panel of each figure)
evaluated at the frequency @l and w2 as shown in Figure 1gh in
response to a horizontal polarization (along interparticle axis), for the
dimer of I/d = 6.5 in the T- (a,b) and L-shaped (c,d) geometries.
Magnitude of the charge density is color-coded in Figure 3a.

shifts with the intensity increasing strongly. On the contrary,
the intensity of CTP2 (®2) which is proportional to the
number of conduction electrons on each rod, decreases rapidly,
even lower than that of CTPI1. It indicates that more
conduction electrons involved in CTP2 transform to tunneling
electrons involved in CTP1 by reducing the gap. This can be
verified from the results of electron current across the gap as
shown in Figure 2a. An appreciable tunneling current is
observed as D reduces to 6 A, with peaks at both CTP1 and
CTP2 as expected. Similar to the nanosphere dimer,** as the
two rods approach each other, their electrostatic interaction
energy increases while the average electron excitation energy
decreases. The latter dominates the former as D reduces from
10 to 6 A, thus the resonant energy of CTP2 (®2) is blue-
shifted.

As D reaches 3.5 A, the electronic wave functions from the
two nanorods start to overlap and a chemical bond may be
formed between the outmost atoms of the two nanorods. Thus
a conductive channel is established, allowing electron flow
across the gap. It is reflected in the extremely strong peak
intensity and large tunneling current of CTP1 (w1) and an
almost disappeared CTP2 (@2) as shown in Figures la and 2a.

As shown in Figure 3a,b, at D = 10 A, the charge density of
the dimer at CTP2 (w2) shows the characteristics of
longitudinal dipole plasmon of the single nanorod.”* The
plasmonic oscillations of the two nanorods have the same
phase. However, the charge density of CTP1 (wl) deviates
significantly from that of the single nanorod and displays a
typical charge transfer plasmon oscillation in the polarization
direction. The electric field distribution at w1 shows that the
field is enhanced as D decreases from 10 to 6 A, consistent
with the fact that CTPI originates from the charge transfer
across the gap. Then the electron field starts to decrease as D

https://doi.org/10.1021/acs.jpcc.2c00105
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reduces to 3.5 A because a conductive channel is formed and
electrons can flow through the gap, neutralizing the induced
charges at the opposite sides of the gap (Figure 3a). By
contrast, the electric field is weakened at the gap for w2 as D
decreases from 10 to 3.5 A. The comparable field distribution
is found at the ends of the dimer for @2 at D = 10 A, which is
similar to the field distribution of a single nanorod and reflects
the fact that CTP2 results from the plasmon on the individual
nanorod.

It can be seen from Figures 1le, 2e and 3c¢,d, that the nanorod
dimer with the aspect ratio of I/d = 6.5 in the end-to-end
geometry shows some similarities in terms of the absorption
spectra, tunneling current, and local electric field enhancement
as a function of the gap distance D to that of the dimer of I/d =
3.5. The striking difference is that at the same gap distance, the
charge transfer in the dimer of I/d = 6.5 is much stronger than
that in the dimer I/d = 3.5. For example, at D = 6.0 A, the
absorption spectral intensity of CTP1 (®1) is much larger than
that of CTP2 (@2), accompanying a large current across the
gap which is almost close to that at D = 3.5 A (Figure 2e). As a
result, the electric field enhancement at the gap for CTP1 (w1)
at D = 6.0 and 3.5 A, is weaker than that in the dimer of I/d =
3.5. On the contrary, the electric field at @2 distributing at
ends and the gap is stronger than that in the dimer of [/d = 3.5.
The maximum of the electric field is located at the far end of
the single nanorod for the longitudinal dipole mode (CTP2),
which becomes stronger as the aspect ratio increases because
of a higher volume density of the accumulated electrons.”*

3.2. Rods Aligned Side-to-Side. For the nanorod dimer
with the aspect ratio of I/d = 3.5 in the side-to-side geometry
and D = 20.0 A, a very weak absorption peak (w1 in Figure 1b)
of CTP1 appears at the lower energy region (around 0.5 eV),
implying that the electron tunneling starts to play. This
scenario happens at a smaller gap distance of D = 10.0 A for
the dimer in the end-to-end geometry (Figure la). According
to the LSPRs of the single nanorod (dash line in Figure 1b),
the absorption peaks named CTP2 (®2) and CTP3 (w3) are
observed in the higher energy region (>2 eV), which are
transited from the bonding dipolar modes and bonding
Bennett quadrupole modes.’* Both the bonding modes
originate from the hybridizations between the transverse
dipolar plasmon modes and between the transverse Bennett
quadrupole plasmon modes of the individual rods, respectively.
The enhanced electron spill-out effect accounts for the strong
transverse quadrupole plasmon modes.”* The spill-out effect
increases electrostatic interaction between the two rods,
resulting in a redshift of CTP2 (w2) and CTP3 (w3) relative
to that of single nanorod is observed as shown in Figure 1b.

As D decreases from 20.0 to 3.5 A, the positions of CTP2
(w2) and CTP3 (®3) modes almost keep the same, and the
absorption intensity is slightly changed. However, the CTP1
(w1), which is formed by the electron tunneling between the
two nanorods, exhibits strong blue-shift accompanied with the
intensity increasing greatly. It is interesting to find that as D
decreases from 20.0 to 6.0 A, the absorption intensity of CTP1
increases while CTP2 decreases greatly and CTP3 changes
little. As D further decreases to 3.5 A, the absorption intensity
of CTP1 further increases, CTP2 changes little while CTP3
decreases greatly. Apparently, at a smaller gap distance, some
conduction electrons involved in the quadrupole modes
(CTP3, w3) transit to tunneling electrons involved in CTP1.

The induced charge densities in Figure 4ab (left panel)
show that CTPl (wl) exhibits a typical charge transfer
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plasmon oscillation, while CTP2 (®2) displays a bonding
transverse dipole mode which originates from the hybridization
between the transverse dipolar plasmon modes of the
individual rods. It can be seen from the corresponding electric
field distribution (right panel, Figure 4a) that an electric field
enhancement at the gap keeps the same as D reduces from 10
to 3.5 A for CTP1 (wl), indicating that the electrons flowing
through the gap do not neutralize the charge induced by the
charge transfer at the opposite sides of the gap. The electric
field distribution at w2 (CTP2) of the dimer at D = 10 A (right
panel, Figure 4b) resembles that of the transverse dipole mode
of an individual nanorod.>* As D decreases to 3.5 A, a very
weak electric field is observed at the gap, indicating a
conductive channel in this mode.

The dimer of I/d = 6.5 in the side-to-side geometry shows
some similar properties of LSPRs as a function of D, to that in
the dimer of I/d = 3.5 (Figure 1f). For example, a weak charge
transfer mode (w1 in Figure 1f) appears in the lower energy
region at D = 20.0 A, and the absorption peaks of CTP2 and
CTP3 show a large redshift compared to that of a single
nanorod. However, at D = 6.0 A, the electron current in the
dimer of I/d = 6.5 reaches the maximum (Figure 2f), and a
conductive channel is observed in Figure 4c in which the
electrons can flow through it. As D decreases to 3.5 A, the
CTP1 (wl) greatly blue shifts and merges with the CTP2
(w2) as shown in Figure 1f. The charge densities and electric
field distributions of CTP2 (w2) and CTP3 (w3) at D = 3.5 A
in Figure 4c are quite similar to those of the transverse dipole
mode and Bennett quadrupole mode of the single nanorod
whose aspect ratio can be estimated by I/d = 55.6/(2 X 8.6 +
3.5) = 2.68, respectively. The charge transfer is extremely
strong in the dimer with a larger aspect ratio, which makes the
rods in the dimer easy to bond as a single rod.

3.3. Rods Arranged in T and L Geometries. For the
nanorod dimer with the aspect ratio of I/d = 3.5 in the T- and
L-shaped geometries, the CTP1 mode (w1l in Figure lc,d)
exists at the energy around 0.5 eV with a very small intensity at
D =20.0 A. It indicates that the electron tunneling takes place
at D = 20.0 A in both geometries similar to the side-to-side
geometry. According to the LSPRs of the single nanorod
(black dash line in Figure 1a,b), the strongest absorption peak
CTP2 (w2 in Figure lc,d) corresponds to the longitudinal
dipole mode of the right-side nanorod of the dimer, while the
higher energy absorption peaks (>2 eV) originate from the
transverse dipole and quadrupole modes of the left-side
nanorod of the dimer. In T- and L-shaped geometries, these
transverse plasmon modes almost keep the same in terms of
both energy and intensity as D decreases from 20 to 3.5 A,
which is different from the scenario in the side-to-side
geometry (Figure 1b). The absorption intensity of w2 is
weakened and the intensity of wl is strengthened by a
reducing gap distance, indicating that more electrons are
involved in the charge transfer plasmon from the longitudinal
dipole plasmon mode of the right-side nanorod of the dimer.

At D = 6.0 A, the absorption intensity of @1 (CTP1) in the
T- and L-shaped dimers is smaller than that of w2 (CTP2)
(Figure 1c,d), contrary to the situation in the end-to-end dimer
with the same gap distance (Figure 1a). In addition, at D = 3.5
A, the values of electric current of CTP1 (wl) are 60 and 48
HA for the T- and L-shaped geometries, respectively, smaller
than 78 pA in the end-to-end geometry (Figure 2a) and 100
UA in the side-to-side geometry (Figure 2b). Therefore, the
electron tunneling effect and charge transfer are weaker in the
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T- and L-shaped dimers compared to the end-to-end and side-
to-side dimers. The charge transfer in the L-shaped geometry is
slightly weaker than that in the T-shaped geometry, reflected
by a weaker absorption intensity (Figure lc,d) and lower
current value (Figure 2¢,d) at CTP1 (w1).

The charge density of CTP1 (wl) of T- and L-shaped
dimers (left panel of Figure Sac) exhibit a typical charge
transfer plasmonic oscillation. An electric field enhancement is
observed to distribute over the region surrounding the gap for
both geometries (right panel of Figure Sa,c), which becomes
stronger as D decreases from 10 to 3.5 A. As reported for a
single nanorod,”* there is a strong electron spill-out effect in
the transverse plasmon mode. The tunneling effect in the
CTP1 (®1) mode enhances the spill-out electrons on the
surface of the left rod, resulting in a large symmetric and
asymmetric electric field around the gap in the T- and L-
shaped geometries, respectively.

The charge density of CTP2 (@2) in the T-shaped geometry
(left panel of Figure Sb) displays a typical coupling between
the transverse dipole mode of the left-side rod and the
longitudinal dipole mode of the right-side rod. As D decreases
from 10 to 6.0 A, there is a small field enhancement observed
for the CTP2 (w2) mode (Figure Sb), which is more
concentrated within the gap compared to the CTP1 (wl)
mode (Figure Sa). However, the field enhancement starts to
decrease as D reduces to 3.5 A, because of the formation of the
conductive channel at the gap. For the L-shaped geometry, the
charge density of CTP2 (w2, left panel in Figure 5d) exhibits a
coupling between the longitudinal dipole mode of the left-side
rod (perpendicular to polarization direction) and the
longitudinal dipole mode of the right-side rod (along
polarization direction). Here, the CTP2 (w2) mode is
transformed from the bonding dipole mode between the two
longitudinal dipolar modes. The electric field not only
distributes in the gap of the dimer but also occupies the two
sides of the left rod. As D decreases from 10 to 3.5 A, a little
stronger field enhancement is observed at the gap different
from that in the T-shaped geometry. This phenomenon has
not been observed in the end-to-end and side-by-side
geometries (Figures 3b and 4b), and in the nanosphere dimers
and trimers.>*

Figure l1gh show that the CTP1 mode (wl) does not
appear at D = 20 A for the dimer with the aspect ratio of I/d =
6.5 in T- and L-shaped geometries, which is different from the
scenario that of I/d = 3.5 in the same geometries. As D
decreases from 10 to 3.5 A, the dimer of I/d = 6.5 in T- and L-
shaped geometries has similar properties of LSPRs as a
function of D to the dimer of I/d = 3.5, e.g, the transverse
plasmon modes in the higher energy region (>2 eV) changes
little, and electron tunneling only affects CTP1 (wl) and
CTP2 (@2). As shown in Figure 2g, the peak values of the
electric current are 12 and 8 yA in the dimer of I/d = 6.5 in the
T-shaped geometry at D = 10.0 A, which are much larger than
that in other configurations with the same gap distance (Figure
2a—d,e,fh).

The charge density of the dimer of I/d = 6.5 in T- and L-
shaped geometries (left panel of Figure 6) displays a similar
distribution to that in the dimer of I/d = 3.5, i.e,, CTP1 (w1)
exhibits a typical charge transfer plasmon oscillation, while
CTP2 (w2) exhibits a transverse—longitudinal coupling mode
in the T-shaped geometry and longitudinal—longitudinal
coupling mode in the L-shaped geometry. The electrical field
in the CTP1 (®1) mode in the T-shaped geometry distributes
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not only surrounding the gap but also at the end of the right-
side nanorod (Figure 6a), and it is enhanced as D decreases
from 10 to 3.5 A, stronger than that in the dimer of I/d = 3.5
(Figure Sa). The larger the aspect ratio of the nanorod, the
stronger the electron spill-out effect for the transversal plasmon
mode.>* When I/d increases from 3.5 to 6.5, the tunneling
effect at the gap of the dimer is strengthened by the spill-out
electrons of the left rod, resulting in a large electric field at the
end of the right rod. In turn, the tunneling electrons further
enhance the electron spill-out effect on the surface of the left
rod, resulting in the enhancement of the electric field in the
upper and lower regions of the gap. However, in the L-shaped
geometry, because of the asymmetric arrangement, the
interaction between the electron tunneling and spill-out effect
decreases greatly as the aspect ratio increases. As a result, the
electric field of the L-shaped geometry is weaker than that of
the T-shaped geometry.

3.4. Hot Spots. Based on above results, the electric field
enhancement or hot spots sensitively depend on the dimer
configuration and gap distance. The hot spots mainly originate
from two plasmon resonance modes, CTP1 and CTP2. CTP1
is attributed to the oscillation of tunneling electrons between
the two rods within the interparticle gap, while CTP2
originates from the electrostatic attractive interaction between
the dipolar plasmon modes of the individual rods of the dimer.

For CTP2, the strongest hot spot occurs in the end-to-end
dimer, which decreases as the gap distance decreases, but
increases as the aspect ratio increases. Thus, the dimer of I/d =
6.5 in the end-to-end geometry at D = 10 A has the strongest
electric field enhancement which is localized in the gap and
nanorod ends. For the CTP1 mode, the strongest hot spots
occur in the T-shaped dimer, symmetrically distributing over
the region surrounding the gap. This electric field increases as
the gap distance decreases, and as the aspect ratio increases,
because the electron tunneling effect at the gap of the T-
shaped dimer increases the spill-out of electrons on the surface
of the left rod. In other configurations, the electric fields at
CTP1 modes are not only greatly affected by the aspect ratio,
symmetry, and gap distance, but also much weaker and more
localized.

4. CONCLUSIONS

We have performed TD-OFDFT calculations to systematically
investigate the plasmon resonances, including optical spectra,
induced charge density variation, electric current through the
gap, and electric filed enhancement, on the sodium nanorod
homodimers in the end-to-end, side-to-side, and right-angle T-
and L-shaped geometries. Two sizes (less than 10 nm) of
nanorods with the aspect ratio [/d of 3.5 and 6.5 are chosen in
which the spectra of longitudinal and transverse modes are
fully separated and can be individually characterized. The gap
distances are set in the subnanometer (<2 nm) where electron
tunneling can induce charger transfer between two nanorods.
For all of the nanorod dimers at D = 20 A, we observe a
redshift relative to a single nanorod for the CTP2 mode which
originates from the hybridization between the longitudinal
dipolar modes in end-to-end and L-shaped, transversal dipolar
modes in side-to-side and transversal and longitudinal dipolar
modes in the T-shaped geometry, because of the electrostatic
attraction. For a smaller gap distance, the electron tunneling
effect plays an important role, and, as a result, a new CTP1
mode appears and becomes stronger with the reducing gap.
More importantly, we observe a large electric field enhance-
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ment (hot spots) of the CTP1 mode in the T-shaped dimer,
which distributes symmetrically surrounding the gap. Such
field enhancement stems from that the electron tunneling
effect at the gap increases the spill-out of electrons on the
surface of the nanorod at the transverse dipolar mode. The
electric field increases with decreasing gap distance and/or
increasing aspect ratio. For the CTP2 mode, there is a strong
electric field enhancement in the end-to-end dimer of I/d = 6.5
at D = 10 A, which is localized in the gap and nanorod ends.
The electric field increases as the aspect ratio and gap distance
increase. We also find that the side-to-side dimer with a larger
aspect ratio and smaller gap distance will exhibit similar
plasmon resonances as a single nanorod.
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