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ABSTRACT: Using time-dependent orbital-free density functional o
theory, we perform quantum mechanical simulations to understand
plasmonic responses in sodium nanoparticle dimers and trimers. The
electronic structure, optical absorption, electric field enhancement,
and photoinduced tunneling current are examined. For dimers, the
maximum field enhancement is reached at a gap distance of 6 A, below
which a conductive channel is formed. The tunneling current peaks at
the resonant energy of the charge-transfer plasmon (CTP). One such
CTP is formed in symmetric linear trimers, and it splits into two in
asymmetric linear trimers—one corresponds to a “global” and the
other a “local” oscillation as a result of constructive and destructive
interferences between the CTPs of the corresponding dimers. The
interference leads to “nanofocusing” where the intensity of the
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“global” mode reaches its maximum while the “local” mode is quenched completely. Similarly, the electric field can be tuned to be

localized at one of the two gaps and vanish at the other.

lectromagnetic radiation can excite collective oscillations of

conduction electrons in metallic nanoparticles, known as
localized surface plasmon resonances (LSPRs). These LSPRs of
individual metal nanoparticles not only can be tuned according
to their size, shape, composition, and environment,'~” but can
also be altered through near-field electromagnetic coupling
between the neighboring nanoparticles.*"> This phenomenon
has been widely demonstrated, with the simplest case being a
nanoparticle dimer in which two nanoparticles are separated by
a small gap.'*™*'

When two nanoparticles are placed at a nanometer distance,
their optically driven free electrons couple dynamically across
the gap, §iving rise to large field enhancements in their
junctions.””~>” These enhancements have been exploited in
many applications, such as optical nanoantennas for high-
sensitivity chemical and biological sensors,”**” surface-
enhanced Raman scattering (SERS),”**° and higher harmonic
light generation,’"*” to name but a few. Furthermore, coupling
multiple nanoparticles together in chainlike structures has also
been suggested as an %‘pproach to nanoscale optical wave-
guiding and focusing.”>*" The rapid advances in this research
area are also fueled by theoretical progress, in addition to the
experimental explorations. At present, the majority of
theoretical studies for the coupled plasmonic systems rely on
classical electromagnetic theories,”>™*' and the interfaces
between the nanoparticles are often assumed to be abrupt
and sharp. While these assumptions are justified for large gap
distances, quantum effects start to dominate when the gap
distances reach subnanometer scale.'*****~* Since the classical
theories generally fail to capture quantum effects, ranging from
electron density spill-out to electron tunneling, they can lead to
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unphysical predictions, such as diverging field enhancements at
small interparticle distances.”® To rectify the problems,
quantum mechanical approaches that fully account for
nonlinear and nonlocal effects are essential and can completely
change the spectral distribution and the field enhancements
predicted by the classical theories.”’ = There are some recent
theoretical efforts to incorporate quantum effects into the
classical theories, including the quantum corrected
model,'***" the projected dipole layer model,*** and the
extended hydrodynamic model."”>* Notwithstanding their
usefulness, fully quantum mechanical descriptions based on
explicit treatment of ground- and excited-state charge densities
are highly desirable and in fact often necessary for reliable
predictions. On this regard, time-dependent density functional
theory (TDDFT) has been very successful and widely used to
capture electron tunneling and screening across the nano-
junctions and to vyield finite field enhancements at the
interfaces.*”*”**~% Unfortunately, TDDFT calculations are
computationally demanding for even moderately sized
plasmonic systems, and as a result, previous TDDFT works
have been confined to small nanoparticle dimers.*>*%*%~%
More importantly, many TDDFT calculations have been
performed in conjunction with jellium model*>*/#5%7:61,62
in order to reduce the computational cost. In the jellium model,
the ionic charge density of a nanoparticle is assumed to be
uniform, terminating at the nanoparticle surface. This uniform
charge density along with the ionic potential are empirical
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Figure 1. (a and b) Optical absorption spectrum of the dimer with R = 0.85 nm (Nag;), and 2.55 nm (Na,,;;) as a function of the interparticle
distance d),. The green dashed curve is the optical spectrum of the isolated particle Nags (left) and Nay,, (right).

parameters that need to be adjusted in the simulations to yield
correct results. For tunneling across the nanoparticles, special
care must be taken to the choice of the termination profile of
the ionic potential and to ensuring that the results are
converged with respect to this choice.

In this paper, a promising alternative approach based on
time-dependent orbital-free density functional theory (TD-
OFDFT)® is advocated for quantum plasmonics. Compared to
TDDFT, TD-OFDFT makes a key additional approximation.
Instead of expressing the kinetic energy of noninteracting
electrons as Laplacian of single-particle wave functions, one
approximates the kinetic energy as a functional of electron
density in TD-OFDFT. The kinetic energy consists of two
contributions: (1) static kernel terms introduced originally in
the orbital-free density functional theory (OFDFT)*"® and
(2) a dynamic kinetic energy potential term.”> While the static
kernel terms had been developed a long time ago, the dynamic
term was developed recently. Given the nature of these
approximations, TD-OFDFT is in general more accurate for
nearly uniform electron gas, such as Na, and less reliable for
localized electrons. However, strides have been made recently
to improve the kernel terms in OFDFT with reliable results
being obtained for transition metals®®” and semiconduc-
tors.”*®” It is thus hoped that such progress would inspire
future development of the crucial dynamic term. Since TD-
OFDEFT depends explicitly on electron density as opposed to
single-particle wave functions, the time-consuming procedure
of orthonormalization of the wave functions is avoided, leading
to linear scaling of computational time versus number of
electrons in TD-OFDFT, in contrast to cubic scaling in
TDDFT. As a result, TD-OFDFT can treat at least 1 order of
magnitude more electrons than the TDDFT counterpart.

Two recent developments are crucial for the success of the
TD-OFDFT method. The first is the introduction of the
dynamic kinetic energy potential (DKEP) that ensures the
correct frequency- and wave-vector-dependent linear response
of electron gas in the TD-OFDFT formulation;* the second is
the construction of ab initio local pseudopotentials’® for

describing the positive charge background more realistically
than the jellium model. The orbital-free nature of TD-OFDFT
endows it with numerical efficacy to treat many thousands of
electrons, well beyond the capability of the standard TDDFT
methods. The ab initio local pseudopotentials afford the
chemical specificity and atomistic details necessary to under-
stand quantum plasmonics for coupled nanoparticles. The
proposed TD-OFDFT method has been employed to examine
optical properties of single Na nanoparticles with a considerable
success.”' Herein we show that the same method can be equally
successful for coupled nanoparticles, capturing essential
quantum effects across the junctions. We first apply the
method to Na nanoparticle dimers for which TDDFT and
experimental results are available for comparisons. We show
that the TD-OFDFT method can provide a more accurate
description than the TDDFT jellium model as compared to the
experimental results. We then proceed to examine plasmonic
responses of Na nanoparticle linear trimers, which has not been
attempted quantum mechanically before. Thanks to the TD-
OFDFT method, several interesting physical phenomena are
revealed for the first time for the trimers with potential
applications.

In the TD-OFDFT calculations, a real space grid is used to
propagate the charge density in real time under the influence of
a time-varying electromagnetic field, which is in the axial
direction of the dimers and the linear trimers. The local density
approximation”” for the electron exchange and correlation is
used. The ionic potential of Na is described by a local
pseudopotential determined from first-principles calcula-
tions.”””" We have performed a convergence check on the
dimensions of the supercell and found that the dimensions of
the supercell with 2.5 times the diameter of the Na dimer or
trimer were sufficient to eliminate spurious dimer—dimer or
trimer—trimer interactions. A uniform mesh grid with a spacing
of 0.35 A was used over which the charge density and potential
were calculated. We have verified that the grid spacing of 0.35 A
yielded the converged results as shown in Figure S4 of
Supporting Information. The simulation zone in TD-OFDFT,
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beyond which the charge density vanishes, was defined by
assigning a sphere with a radius of 8 A around each atom. This
choice of the radius was necessary for numerical convergence.
Fast Fourier transform was used to calculate the Coulomb
potential and convolution integrals in the kinetic energy
functional. The linear response calculations were performed by
propagating the electron wave packets under a perturbation of
an impulse field E(t) = E45(t).” In the real-time propagation,
the electronic wave packets were evolved for 7500 steps with a
time step of At = 0.0015%/eV.

We first focus on Na nanoparticle dimers—two identical
nanoparticles with a radius R separated by a variable distance
dy, as shown schematically in Figure 1. Two such dimers are
considered—Nas; (with SS electrons) and Najys (with 1415
electrons), respectively. The corresponding radius of the
nanoparticle is R = 0.85 and 2.55 nm, respectively. The
nanoparticles are assumed to be of a symmetric icosahedral (I;,)
shape, which is experimentally stable.”* In Figure 1, parts a and
b, we display computed optical absorption spectra of the Na
dimers as a function of the separation distance d),. Note that
dy, is the distance between the opposing outmost atomic planes
in each icosahedron. As a reference, the corresponding
absorption spectra of the isolated Na nanoparticles are also
displayed. At large gaps (d;, > 10 A), electron tunneling is
negligible and the absorption is dominated by the bonding
dipolar plasmon (BDP)—a hybridization between the dipolar
plasmon modes of the individual nanoparticles.”*”> A higher
energy shoulder (~5 eV) comprising hybridized bonding
quadrupolar plasmon (BQP) is also visible in Figure la. The
resonant energy of the BDP red-shifts as d;, decreases in the
range of 10 A < dj, < 40 A. This red shift along with the
formation of BDP and BQP agrees well with previous TDDFT
calculations.*** As the gap is reduced below 10 A, electron
tunneling takes place, and eventually a conductive channel is
formed across the gap. As a result, two charge-transfer
plasmons (CTP and CTP’) appear. The appearance of two
charge-transfer plasmons and their blue shift with decreasing
dy, are consistent with the experimental observations™® and
TDDFT calculations with pseudopotentials,”® hence validating
the TD-OFDFT method. By contrast, TDDFT calculations
employing the jellium model yielded contradictory results
between themselves."”** For example, Zuloaga et al.*
predicted one charge-transfer plasmon, while Marinica et al.>*
found two for the similar dimers. Note that the only difference
between the two TDDEFT calculations was those parameters
related to the jellium model. Therefore, the choice of the
empirical jellium parameters is crucial for an accurate
description of plasmonics in the quantum regime. The
deficiencies of the jellium model have also been discussed in
recent TDDFT studies of Na dimers in the quantum
regirne.76’77

Since an LSPR is a coherent superposition of electron—hole
pairs, its energy depends on the following factors in general:
(1) the number density of conduction electrons involved in the
collective oscillation, (2) the average excitation energy of the
electron—hole pairs, and (3) the effective depolarization factor.
The optical absorption power at a given frequency is
proportional to the induced dipole of the system, which in
turn is proportional to the number of electrons involved in the
collective oscillation. The intensity of the optical absorption,
i.e,, the absorption cross section is the ratio of the absorption
power to the incident flux, thus is proportional to the number
of conduction electrons.

For the dimers with a large gap (d;, > 10 A), there is no
electron tunneling or direct charge transfer; the electron
number density on each particle is the same as that on the
isolated particle. Likewise, the average excitation energy of the
dimer remains the same as the single particle. Hence, there is
only one absorption peak, ie., BDP, which originates from the
plasmonic oscillation on the individual particles. The red shift
of BDP as d,, decreases thus solely comes from the electrostatic
interaction between the particles. As shown in the Supporting
Information, the field produced by the induced dipole on the
first particle enhances the external field on the second one,
which effectively reduces the depolarization factor of the
second particle and its resonant energy. As the gap distance
decreases, the field enhancement increases; thus, the resonant
energy is red-shifted.

When the gap distance d,, is between 7 and 10 A, electron
tunneling takes place. As a result, the BDP transitions to CTP’
and a new CTP forms. We attribute the higher energy CTP’ to
the plasmonic oscillation on the individual particles, while the
lower energy CTP is attributed to the tunneled electrons
oscillating between the two particles. As d), is reduced, the
tunneled electron number density increases, and so does the
resonant energy of CTP. Hence, the CTP blue-shifts and its
intensity increases as d;, is reduced. In addition, as the two
particles approach each other, their electrostatic interaction
energy increases while the average electron excitation energy
decreases. As shown in the Supporting Information, the latter
dominates the former as d;, is reduced; thus, the resonant
energy of CTP’ is blue-shifted. The intensity of CTP’ is
proportional to the number of conduction electrons on each
particle, which decreases as d;, is lowered; the intensity of
CTP’ thus decreases.

When d,; is less than 7 A, the electronic wave functions from
the two particles start to overlap, and a conductive channel is
established, allowing electron flow across the gap. For the
smallest gap distance d;, = 3.5 A, a chemical bond may be
formed between the two outmost Na atoms. In this case, there
could be more conduction electrons involved in CTP than
CTP’, especially in the smaller particle (R = 0.85 nm). Hence,
the intensity of CTP could exceed that of CTP’ as shown in
Figure 1.

In Figure 2a, we present the energy dependence of the
electron current passing across the gap. Appreciable current is
observed only for relatively small gap distances (<7 A). The
tunneling current is peaked at the CTP energy as expected. The
blue shift of the current peak tracks the blue shift of CTP
energy. In Figure 2b, we display the induced charge density
(relative to the equilibrium values) evaluated at two
frequencies, w1l and w2. The charge density was obtained by
Fourier transform of the charge density distribution from the
time domain to the frequency domain. @1 and @2 correspond
to the plasmon frequency of CTP and CTP’, respectively. As a
reference, the charge distribution for the isolated particle is also
displayed on the right. For a large gap with dj, = 20 A, the
charge density of the dimer at @2 resembles that of the single
particle, showing the characteristics of LSPR. This is in sharp
contrast to the charge density at w1, which deviates significantly
from that of the single particle. This comparison supports to
our assignment of CTP’ as the plasmon on the individual
particles. As dy, is lowered from 20 to 6 A, the charge density
for the dimer at w2 is drastically different from that of the single
particle, underlying the transition from BDP to CTP'.
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Figure 2. (a) Electron current density across the dimer gap as a
function of plasmon energy for dj, = 3.5, 6, 10, and 20 A. (b) The
induced charge density (atomic unit) and (c) the electrical field
(atomic unit), evaluated at the frequency of w1 and w2 in response to
a horizontal polarization. The magnitude of the charge density and
electrical field is color-coded.

Figure 2c shows the electric field distribution of the dimer at
] and @2. A field enhancement is observed at the gap for w1
as d, decreases from 20 to 6 A, and reaches the maximum at
dy, = 6 A. This field distribution is consistent with the fact that
the CTP mode originates from the charge transfer across the
gap. The field enhancement starts to decrease as d;, reduces to
3.5 A, at which point a conductive channel is formed and
electrons can flow through it, neutralizing the induced charge at
the opposite sides of the gap as shown in Figure 2b. By
contrast, there is no field enhancement at the gap for @2, and
the strongest field distribution is found at the ends of the dimer.
This is similar to the field distribution of a single particle, again
reflecting the fact that CTP’ results from the plasmon on the
individual particles. Importantly, we find that the TD-OFDFT
calculations eliminate the unphysical singularity of the electric
field as predicted by the classical theories.

Having validated the TD-OFDFT method on the dimers, we
now apply the method to a linear Nays trimer. As discussed
below, interesting phenomena emerge for the trimers that are
also expected to exist in other oligomers. We denote d,, as the
distance between particles 1 and 2, and d,; between particles 2
and 3. The optical absorption spectra for four symmetric
trimers (d,, = d,3) are shown in Figure 3a. As a comparison, the
absorption spectrum for the dimer with the same interparticle
distance is also included in the figure. First, we note that two,
instead of three, resonant peaks are formed in the symmetric
trimers. Second, as compared to the dimers, the lower energy
CTP of the trimers is red-shifted while the higher energy CTP’
is blue-shifted. This diverging trend is observed for all gap
distances. Third, as the gap decreases, the CTP intensifies while
the CTP’ is quenched.

As the gap distance is below 10 A, there is charge tunneling
or transfer across the gap. Similar to the dimers, the higher
energy CTP’ is attributed to plasmonic oscillation on the
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Figure 3. (a) Optical absorption spectrum of the trimer with R = 0.85
nm (Nag;) as a function of the interparticle distances (d,, = dy3). (b)
The charge density (atomic unit) and (c) electric field (atomic unit) at
the CTP frequency for d = 3.5 A (left) and 6 A (right) in response to a
horizontal polarization. The magnitude of the charge density and
electric field is color-coded.

individual particles while the lower energy CTP arises from the
tunneled or transferred electrons oscillating among the three
particles. What is interesting in this case is that the CTP
involves electrons on all three particles. More specifically, the
CTP represents a “global” oscillation comprising electrons
oscillating across the two (or more) gaps in the trimers (or
oligomers). Owing to the serial tunneling resistance, the
number of conduction electrons involved in the trimer is fewer
than that in the dimer; hence, a red shift in CTP relative to the
dimer is observed. As fewer electrons are present in CTP, more
are available for CTP’, resulting a blue shift relative to the
corresponding dimer. In addition, CTP’ exhibits a broadened
peak, particularly for smaller gaps owing to the interaction
between the particles. As the gap is reduced, the number of
tunneled electrons increases while the number of electrons
remaining on the particles decreases, leading to a higher
intensity of CTP and a lower intensity of CTP’. Finally, the
origin of the blue shift for both CTP and CTP’ as the gap
decreases is the same as that in the dimers.

In Figure 3b, we present the induced charge density of the
trimer relative to the equilibrium values evaluated at the
frequency of the CTP. For both gap distances of 3.5 A (left)
and 6 A (right), the charge density distributions are in-phase
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showing the same (blue-to-red) pattern across the two gaps.
This is consistent with the “global” plasmonic nature of the
CTP. In Figure 3c, we show the electric field distribution of the
trimer for the two gap distances. Similar to the dimers, the field
enhancement at the gaps is much smaller for d = 3.5 A (left) as
compared to d = 6 A (right). Moreover, the field distribution is
symmetric, which stands in a sharp contrast to the asymmetric
trimers as shown below.

We next examine the asymmetric trimers by fixing one of the
trimer gaps at dy, = 3.5 A, while reducing the other gap d,; from
10 to 3.5 A. The calculated absorption spectra for the
asymmetric trimers are shown in Figure 4a. The CTP modes
of the corresponding dimers are also displayed as references.
We find that, in addition to the highest energy mode on the
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Figure 4. (a) Optical absorption of the trimer with R = 0.85 nm
(Nags) as a function of the interparticle distance d,;. The optical
absorption of the corresponding dimers (dimer-d;, and dimer-d,;) are
also displayed with d;, = 3.5 A (red dashed curve) and d,; = S, 6, 7,
and 10 A (blue dashed curve). (b) The charge density and (c) electric
field in atomic unit of the trimer (d;, = 3.5 A and d,; = 6 A)
corresponding to CTP1 (left) and CTP2 (right) in response to a
horizontal polarization. The magnitude of the charge density and
electrical field is color-coded.

individual particles (CTP’), two charge-transfer plasmons
appear—termed as CTP1 and CTP2 in the following. We
presume that z,, electrons are tunneled or transferred from
particle 1 to particle 2, and z,; electrons are tunneled or
transferred from particle 2 to particle 3. Since d;, < d,3, we have
213 > 23 Thus, there are z,; electrons participating in the
“global” collective oscillation involving the three particles, while
the remaining z;, — 2,3 electrons join a “local” collective
oscillation involving particles 1 and 2. When d,; is large, (e.g,,
>6 A), z,; is smaller than (2, — 2,3); hence, the “global”
oscillation denoted as CTP1 in Figure 4a has a lower energy
than the “local” oscillation labeled by CTP2. In this case, the
energy of CTP1 and CTP2 is similar to that of CTP for the
corresponding dimers as shown in Figure 4a. As d,; decreases,
2,3 increases; thus, the absorption intensity of CTP1 increases.
At the same time, (z;, — z,3) decreases; hence, the absorption
intensity of CTP2 decreases. When d,; = 6 A, the absorption
intensity of CTP1 becomes higher than that of CTP2. Finally,
as dy; = dj, = 3.5 A, 2, — 2,5 = 0; therefore, the “local” plasmon
CTP2 disappears entirely, and we revert to the symmetric
trimer case.

To understand the physics further, we plot the induced
charge density corresponding to CTP1 and CTP2 for d); = 6 A
in Figure 4b. For CTPI, the plasmon oscillation involves all
three particles: particle 3 on the left gains electrons while
particles 1 and 2 lose electrons. The charge transfer from
particle 2 to 3 is clearly visible. For CTP2, the plasmon
oscillation involves the particles 1 and 2 only, with the charge
transfer between them. The similar phenomenon is observed in
the electric field distribution shown in Figure 4c. For CTP1, the
field enhancement occurs at the two ends of the trimer and the
gap between the particles 2 and 3. For CTP2, the field
enhancement is only present at the gap between the particles 1
and 2. These results are consistent with our interpretation that
CTP1 corresponds to the “global” oscillation while CTP2 is the
“local” oscillation.

The following physical picture emerges from the analysis of
the trimers. One can consider the appearance of CTP1 and
CTP2 as the result of constructive and destructive interferences
between the charge-transfer plasmons of the corresponding
dimers, analogous to Fano resonance often observed in coupled
plasmonic nanostructures.””’® The constructive interference
gives rise to the “global” plasmon oscillation with a lower
resonant energy and an increased optical adsorption intensity;
the destructive interference leads to the “local” plasmon
oscillation with a higher resonant energy and a decreased
adsorption intensity. The contrast in the intensity manifests the
strongest in the symmetric trimers where CTP1 reaches its
maximum intensity while CTP2 quenches completely. In this
case, the intensity of CTP1 doubles that of the corresponding
dimer CTP. This “focusing” effect is also observed in the spatial
distribution of the electric field. As shown in Figure 4c, the
electric field can be selectively tuned to be localized at either
gap, while the electric field at the other gap vanishes. Our
results are similar to an earlier work which demonstrated that
the self-similar chain of metallic nanospheres could be used as
an efficient nanolens to develop a nanofocus or “hottest spot”
in the gap.”* In addition, the disappearance of a plasmonic
mode due to the increase of the symmetry in the trimeric
plasmonic molecules has also been observed previously.*
However, there is a crucial difference between the present and
the previous results. In the previous works, the coupling
between the particles is of electrostatic nature and the relevant
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plasmons are of BDP-type. The underlying physics is thus
classical, and the classical theory was in fact employed to
interpret the results. The present work on the other hand is
based on quantum plasmonics, and the relevant plasmons are
CTPs. The interference between the CTPs are of quantum
nature, and the quantum mechanical TD-OFDFT was used to
obtain the results. In comparison to BDPs, CTPs are expected
to have lower energy loss and higher transmission efficiencies.
We also note that the trimers offer novel physics that cannot be
extrapolated from the dimers. On the other hand, the same
interference phenomena observed in the trimers could also
occur in other oligomers such as tetramers, pentamers, etc. One
can thus exploit the interference to gain spatial and temporal
control of localized electromagnetic hot spots in coupled
plasmonic nanostructures with potential applications in nano-
antennas, plasmonic sensors, waveguides, and active meta-
materials.

In conclusion, we have performed quantum mechanical TD-
OFDFT calculations to understand quantum plasmonics of Na
nanoparticle dimers and trimers. The electronic structure,
optical absorption, electric field enhancement, and photo-
induced tunnel current are examined. Two plasmonic peaks
appear in the adsorption spectra of the dimers, consistent with
the experimental observations for small gap distances. The field
enhancement reaches its maximum at the gap distance of 6 A,
below which a conductive channel is formed and electrons can
flow through it. Two plasmonic modes are also observed for the
symmetric trimers, with the lower energy CTP representing the
“global” oscillation across the three particles and the higher
energy CTP’ corresponding to the oscillation on the individual
particles. For the asymmetric trimers, the CTP splits into two
modes, CTP1 and CTP2, resulting from the constructive and
destructive interference between the charge-transfer plasmons
of the corresponding dimers, respectively. CTP1 involves the
“global” oscillation across the three particles, while CTP2
corresponds to the “local” oscillation between the two nearest-
neighbor particles 1 and 2. As d,; decreases, CTP1 intensifies
while CTP2 is quenched. When d,; = d},, CTP1 reaches its
maximum intensity while CTP2 disappears completely.
Similarly, the electric field can be selectively tuned to be
localized at either gap.
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