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Quantum description of a charged plasmonics nanowire dimer
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The charging effect has been a ubiquitous phenomenon in our daily lives. Here, we investigate the role played
by this effect in a prototype nanowire dimer structure with an ab initio density-functional approach. Various
charging configurations for the nanowire dimer have been explored, showing that the excess charge strongly
modulates the ground and excited state. Furthermore, the opposite charging of the nanowire dimer breaks the
symmetry of electron distribution and potential barrier, facilitating the formation of a charge-transfer current
through the gap.
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I. INTRODUCTION

The charging effect is a universal electrostatic phenomenon
in daily life [1]. There are two kinds of charges, positive
and negative, where the like charges repel and the unlike
charges attract. These phenomena stimulated the discovery of
Coulomb’s law, laying the foundation of electromagnetic the-
ory [2,3]. Electrostatic interaction plays a leading role in the
nanoscale, making investigating the charging effect of great
significance in unveiling the fundamental nature of physics.

Plasmonic materials featuring a high density of conduction
electrons are ideal candidates for exploring charging effects.
Owing to the unique possibility of overcoming the diffraction
limit and enhancing a local electric field, the properties of
plasmonic materials [4] have been extensively explored, es-
pecially the enhancement of the electric field of plasmonic
nanostructure [5]. Plasmonic devices that have been fab-
ricated and investigated experimentally include nanolasers
[6], optical sensors [7], photocatalytic and electrochemical
nanostructures [8,9], etc. The optical response of a plasmonic
nanostructure is typically dictated by its geometry, material
properties, and environment. Recent development in elec-
trochemical modulation has facilitated the active control of
plasmonic excitation and response [10–12]. For instance, By-
ers et al. have demonstrated an extreme and reversible change
in scattering line shape by oxidation-reduction chemistry [11].
On the other hand, biasing a nanogap within a plasmonic
nanostructure also facilitates reversible control of its optical
response by fine-tuning the tunneling conductance [13–15].

Alternatively, the optical response of a plasmonic nanos-
tructure can be tuned by local charging, i.e., by locally
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increasing or decreasing the unperturbed electronic density
[16,17]. Such local changes result in uncompensated local
charges that can substantially affect the surface potential bar-
rier and the overall electric potential, resulting in a giant
frequency shift of the plasmonic response from the neutral
(i.e., compensated) case [18]. To account for the local charg-
ing effect in plasmonic nanostructures, density functional
theory (DFT) [19,20] and time-dependent density functional
theory (TDDFT) [21–25] have been applied to model the
response of a charged plasmonic nanostructure and cluster
[16,17,26–28]. To the best of our knowledge, the response of
a charged plasmonic dimer has yet to be investigated.

In this paper, we utilize DFT and TDDFT to study the
charging effects in a plasmonic nanowire dimer, a widely used
prototype of plasmonic nanostructure [29–34]. To explore
various combinations of charging configurations, a method
of applying static and then time-evolving external potential is
proposed to generate the charged nanowire dimer. Three kinds
of charged nanowire dimers are investigated: (1) two wires
are both positively charged; (2) both negatively charged; (3)
two wires are oppositely charged. Compared with the neutral
counterpart, the additional charge induces giant modulations
of ground and excited states.

II. METHOD

Our ab initio calculations for the nanowire dimer sys-
tem are based on DFT and TDDFT as implemented in
the OCTOPUS code [35–37]. DFT is first utilized to cal-
culate the Kohn-Sham potential and charge density of the
ground state. Then, real-time TDDFT is used to calculate the
frequency-resolved optical absorption cross section following
the application of an impulsive perturbation, or a “delta-kick,”
in the electric field, E0δ(t ), polarized along the nanowire
dimer axis [38]. Local density approximation has been used
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FIG. 1. Method for studying the charged plasmonic system.
(a) The nanowire dimer system considered in this paper. (b) Initial
Kohn-Sham potential at t = 0. (c) Kohn-Sham potential at t = 5 in
the unit of h̄/eV. (d) Kohn-Sham potential along the y axis. Solid
curves diagram the temporal evolution of potential when the external
field smoothly diminishes from initial maximum to zero at t = 5
h̄/eV, compared with the case of without scalar potential illustrated
as a black dashed line. (e) Temporal evolution of induced dipole.
Dashed black curve: only external potential is added. Brown solid
curve: delta kick is immediately applied when potential vanishes at
t = 5 h̄/eV. Solid green curve: the temporal evolution of induced
dipole contributed only by the applied impulsive perturbation. (f)
Time evolution of dipole moment for the nanowire dimer with dif-
ferent gaps.

for the exchange-correlation potential in DFT and TDDFT
calculations [39].

The jellium model [38,40] is employed to describe a plas-
monic dimer made up of two parallel nanowires directed
along the x axis, as shown in Fig. 1(a). The Wigner-Seitz
radius is rs = 4a0, where a0 is the Bohr radius, corresponding
to sodium, which is a prototypical free electron metal [41].
The simulation cell is a parallelepiped with periodic bound-
ary conditions applied along the longitudinal direction of the
nanowires, while Dirichlet boundary conditions are applied to
the transverse directions. The extension of the simulation cell
along the periodic direction is parametrized as h [32]. The
centers of the nanowires lie on the y axis and the length of
the gap between them is indicated as δ. Within the jellium
model, the positive background density of sodium is defined
as nion = 3/4πr3

s and the nanowire radius and period are set
as R = 2 nm and h = 0.7679 nm, so to accommodate 256
electrons for each nanowire in the periodic simulation cell.

For an overall positively (negatively) charged dimer, the
OCTOPUS package allows removing (adding) a given number
of electrons from the system. Regarding an overall neutral
dimer with opposite charging of the two nanowires, we re-
sorted to a different preparation. First, we introduce a static
“hyperbolic tangent” scalar potential into the ground state
calculation to polarize the dimer by transferring, e.g., one
electron from the right to the left wire. This static potential

TABLE I. Parameter setting for the static potential in Eq. (1).

δ c0 Excess electron (left) Excess electron (right)

0.5 nm 0.6 1 −1
1 nm 0.9 1 −1
1.5 nm 1 1 −1

is defined as

Vsta = 2c0

h
tanh

(y

δ

)
, (1)

where c0 is the parameter used to tune the charge transfer
between the two wires.

The “hyperbolic tangent” scalar potential is then gently
removed during a short real-time TDDFT propagation, leav-
ing the two nanowires oppositely charged in the absence of
any static external field. The time-dependent external field
employed to remove the initial static polarization reads

Vext (t ) = Vsta(0.016t3 − 0.12t2 + 1)H (5 − t ), (2)

where H (t ) is the Heaviside step function, and the temporal
evolution factor smoothly transits from 1 at t = 0 to 0 at t =
5 h̄/eV. The Kohn-Sham potential distribution at these two
times is shown in Figs. 1(b) and 1(c), respectively.

To glimpse this removal process, we compare the potential
distributions along the dimer axis at different intermediate
times between t = 0 and t = 5 h̄/eV in Fig. 1(d). A clear tran-
sition of the potential from oblique to flat inside the nanowires
can be observed. This is an evidence that the effects of the
initial polarization have been removed and the charge density
has equilibrated inside the nanowires. Compared to the case
without external potential (black dashed line), the potential
barrier in the gap between the nanowires becomes asymmetric
when two nanowires are oppositely charged.

After the external potential has vanished at t = 5 h̄/eV,
we can evaluate the number of electrons that have been trans-
ferred before studying the optical response. The total number
of transferred electrons is evaluated by integrating the electron
density in each nanowire. Table I summarizes the values of
the parameter c0 selected for transferring one electron from
the right nanowire to the left one at t = 5 h̄/eV, for different
gap sizes.

After the external potential function has vanished at t =
5 h̄/eV, an impulsive perturbation or a delta-kick is immedi-
ately applied, allowing us to calculate the frequency-resolved
optical absorption cross section using a longer TDDFT prop-
agation (40 h̄/eV). The induced dipole of the nanowire dimer
with (red line) and without (black dashed line) the impulsive
perturbation is reported in Fig. 1(e). The time evolution of
the case without delta-kick shows that the induced dipole be-
comes stationary, demonstrating that a net dipole moment has
been established due to transferred charges. If the delta-kick
is applied, the dipole oscillates around the value of this net
dipole moment due to the electronic excitations, including the
plasmon mode. To isolate the contribution from electronic ex-
citations, we subtract the baseline dipole evolution without the
delta-kick from the dipole evolution following a delta-kick.
The result of this operation is indicated as P(t ) and shown as
the green line in Fig. 1(e).
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FIG. 2. Charge distribution of ground state. (a) Charge density of
the neutral dimer. (b) Change of electron density, �n0, distribution
along the dimer axis [dashed line in panel (a)] compared with neutral
dimer. Top curves: δ = 0.5 nm; middle: δ = 1 nm; bottom: δ = 1.5
nm. (c) Electron density of neutral, negatively, positively, and oppo-
site charged dimer at different angles of the right nanowire [defined
as the white arrow in panel (a)] when gap size is 1 nm. The data in
panel (c) has been subtracted by the electron density of an isolated
neutral nanowire.

From the time evolution of dipole moment P(t ) purely
due to the impulsive perturbation, we can evaluate the dipole
polarizability along the dimer axis as

α(ω) = 1

E0

∫
P(t )eiωt−γ t dt, (3)

where a numerical damping factor γ has been introduced
and set to 0.1 eV/h̄. Then, the frequency-resolved absorption
cross section is given by [38]

σ (ω) = 4πω

c
Im[α(ω)]. (4)

We have also investigated how gap size δ changes the in-
duced dipole evolution in time. In Fig. 1(f), three distinct gap
sizes are considered when gently removing the initial polar-
ization. A large gap size (1 nm and 1.5 nm) is associated with
a stationary dipole moment after the initial polarization has
been removed. On the other hand, a smaller gap like δ = 0.5
nm results in a nonstationary dipole moment, decreasing after
the removal of the initial polarization. This finding can be
explained as charge transferring back by tunneling across the
gap between the two nanowires, making the dipole moment of
the dimer smaller over time.

III. RESULTS

Let us first consider the nanowire dimer’s ground state with
different charging configurations and gap sizes. Figure 2(a)
shows the electron distribution of a neutral nanowire dimer.
In the jellium model, the electron distribution, n0, smoothly
decreases from its average bulk value, nion, to zero across
the nanowire boundary. Oscillations around the average value
are analog to the Friedel oscillations due to the sharp edge
of the jellium background. To illustrate how charging ef-
fects modulate the electron distribution, we plot the change
of electron density, �n0, along the dimer axis [dashed line
in Fig. 2(a)]. �n0 is defined as the difference between the

electron density of the charged and neutral nanowire dimer.
Three cases are shown in Fig. 2(b): both nanowires positively
charged (P + P); both nanowires negatively charged (N + N);
oppositely charged nanowires (P + N). Three sets of curves
are reported for different gap sizes (0.5 nm, 1 nm, and 1.5 nm
from top to bottom, respectively). Figure 2(b) shows that the
access charge tends to localize at the metal surface rather
than in the bulk region, which can be explained by the Gauss
theorem of electrostatics. The access charge is compensated
in the bulk region to restore neutrality. When two nanowires
are charged with like charges (P + P and N + N), the access
charge tends to localize at the left and right ends of the dimer
structure. In contrast, in the P + N case, �n0 localizes close
to the gap. These findings can be rationalized as electrostatic
repulsion in the P + P and N + N or electrostatic attraction
in the P + N case. Note that electrostatic attraction between
unlike charges results in the large modulation of electron
density close to the gap.

In Fig. 2(c), electron density along a radial direction for
the right nanowire is shown for different angles. For the sake
of high contrast between different cases, all electron distri-
butions have been subtracted by that of an isolated neutral
nanowire, whose electron distribution is angle independent
due to symmetry. The results shown in Fig. 2(c) confirm that
the electron density of the neutral nanowire dimer is angle
independent, i.e., a uniform distribution along the boundary.
This is not the case for charged nanowire dimers. For the
P + P and N + N cases, the distribution of �n0 decreases as
the angle is increased, while in the P + N case, the opposite
trend is observed. Therefore, the additional charges on the two
nanowires interact via Coulomb’s law, resulting in a nonuni-
form distribution on the surface of the nanowire dimer.

The physical significance of Fig. 2(c) can be further
revealed in the framework of the Feibelman d parameter
[40,42]. The parameter d‖ quantizes the surface charging,
which is usually assumed to be uniform along the surface [43].
It can be defined by n0 as

d‖ =
∫

n0(r) − n j

nion
dr, (5)

where n0 represents the electron density of the ground state
and nion (n j ) is the density of ion (jellium) density. The inte-
gration is along the direction normal to the metal interface
which for the nanowire is along the radial direction. The
results in Fig. 2(c) demonstrate that n0 varies for different
angular directions, such that an angle-dependent d‖(θ ) should
be employed instead to characterize the surface charging ac-
cording to Eq. (5). The d‖ vanishes for the charge-neutral
nanowire dimer as a result of uniform charge distribution
along the metal surface and charge conservation. However,
d‖ becomes nontrivial for the charged structure as shown in
Fig. 3. Figures 3(b)–3(d) illustrate the d parameter of charged
nanowire dimer for δ = 1.5 nm, δ = 1 nm, and δ = 0.5 nm,
respectively. For the P + P and N + N cases, the d parameter
is calculated only for one nanowire due to the symmetry. Since
the number of electrons removed in the P + P case is the same
as that added in the N + N case, the d parameter of the P + P
case is nearly the opposite number of the N + N case. On the
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FIG. 3. d parameter (d‖) as a function of the angle of different
kinds of charging configurations for different gap distances. (a) d
parameter of a single nanowire. (b) 1.5 nm; (c) 1 nm; (d) 0.5 nm. The
inset shows how the angle is defined in the dimer system.

other hand, for the oppositely charged nanowire dimer, the d
parameters of both two wires are shown in Figs. 3(b)–3(d). As
a result of charge symmetry, the d parameters of the left and
the right wires are nearly opposite.

The d parameters of identically and oppositely charged
dimers also exhibit discrepancies. The d parameter of P + N
configuration varies much more rapidly than that of the P + P
and N + N cases. This is attributed to the fact that the ex-
cess charges of the P + N case are more localized near the
gap region. Moreover, the d‖ of the identically (oppositely)
charge dimer almost vanishes at θ → 180◦ (θ → 0◦), as a
consequence of Coulomb interaction.

In Fig. 3, we also investigate the role of gap distance
in the d parameter. From Fig. 3(a) to Fig. 3(d), we gradu-
ally decrease the gap size, where Fig. 3(a) corresponds to
δ → ∞, i.e., the case of an isolated nanowire. When the
gap is sufficiently large and even δ → ∞, the Coulomb in-
teraction between the excess charges on the two nanowires
diminishes, resulting in an angle-independent d parameter
shown in Fig. 3(a). When further decreasing the gap from
1.5 nm to 0.5 nm, the d parameter curve of the P + N
case shows a clear transition from flat to steep because the
excess charge localized in the gap region is more sensi-
tive to the gap change when the gap is small. In contrast,
the variation of the d parameter when tuning the gap from
1.5 nm to 0.5 nm for the P + P and N + N cases is much
smaller.

After studying the ground state, we move on to the excited
state following the applied impulsive perturbation [38]. The
absorption cross section, induced electron distribution, and
electric field enhancement are presented in Fig. 4. A notice-
able blueshift of the lower dipole mode (the first resonance
peak in the absorption spectrum), as the gap size increases
from δ = 0.5 nm to δ = 1 nm, is visible in the absorption
cross sections reported in Figs. 4(a) and 4(d), a phenomenon
well explained by classical electromagnetism [44]. In addi-
tion, the dipole plasmon resonance frequency of the positively

FIG. 4. Excited states of charged nanowire dimers with different
gaps and charging configurations. (a), (d) Absorption spectrum of
the charged dimer. The inset shows the magnifying regions around
the absorption peaks. The first resonance frequency reads 3.226 eV
(neutral), 3.263 eV (P + P), 3.221 eV (N + N), 3.288 eV (P + N)
for the case δ = 0.5 nm and 3.56 eV (neutral), 3.562 eV (P + P),
3.55 eV (N + N), 3.53 eV (P + N) for the case δ = 1 nm. (b), (e)
Induced charge density at the first resonance. The dashed orange
lines represent jellium boundaries. (c), (f) Electric field enhancement
near the gap region of the nanowire dimer.

(negatively) charged nanowire dimer experiences a blueshift
(redshift) concerning the charge-neutral case. This resonance
shift in the absorption cross section due to the excess charge
agrees with the previous works [16,17], and it is attributed
to the distribution of the screening charges relative to the
sharp edge of the jellium background. Adding (removing)
electrons to the dimer increases (decreases) the spill out of
the electrons. As shown in Figs. 4(b) and 4(e), the neutral,
P + P, and N + N cases all give an antisymmetric profile of
the induced electron distributions. Since, in the P + N case,
the symmetry of the potential barrier across the gap is broken,
an asymmetric induced electron distribution is observed. The
degree of asymmetry decreases as the gap size is increased
from 0.5 nm to 1 nm due to a weaker electrostatic interaction
between two charged nanowires.

The electric field enhancement for the dipole mode of
different charged dimers is illustrated in Figs. 4(c) and 4(f)
for gap size of δ = 0.5 nm and δ = 1 nm, respectively.
The asymmetric induced electron distribution for the P + N
case also leads to an asymmetric near field. In Table II, we

TABLE II. |E/E0| in the middle of the gap.

Dimer 0.5 nm 1 nm

Neutral 22.6 16.2
P+P 23.4 16.1
N+N 21.2 16.0
P+N 20.5 16.1
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summarize the field enhancement, defined as |E/E0|, ob-
served at the center of the gap. As expected, a smaller gap
gives a larger field enhancement due to a stronger confinement
[44]. Moreover, the nanowire dimer with opposite charg-
ing gives the smallest field enhancement compared with the
other charging configurations in the case of δ = 0.5 nm. This
decreased field enhancement originates from the charge trans-
fer between two nanowires [45,46], screening the electric
field in the gap. The asymmetric potential barrier facilitates
the formation of current flow in the gap, similar to what
was observed in previous studies when an external dc bias
across a narrow gap was applied [13]. Furthermore, field
enhancements for different charging configurations are nearly
identical for a larger gap with δ = 1 nm. This smaller discrep-
ancy between P + N and other cases is attributed to a weaker
charge transfer shown in Fig. 1(f).

IV. CONCLUSION

We have modeled the charging effect in plasmonic
nanowire dimers using DFT and real-time TDDFT calcula-
tions. An external potential is first applied to polarize the
dimers and then it is smoothly removed to obtain two oppo-
sitely charged nanowires while the dimer is overall neutral.
The excess charge distribution of the oppositely charged
dimer breaks the parity symmetry of the potential barrier,
facilitating charge transfer across the gap. In addition, the
access charges have been shown to strongly modulate the
absorption spectrum, the induced electron profile, and the field
enhancement in the gap. Furthermore, the nonuniform excess
charge distribution indicates that an analytical treatment of the
surface charging requires a coordinate-dependent Feibelman
d parameter.
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APPENDIX A: SIMULATION SETUP FOR DFT
AND TDDFT CALCULATION

The simulation box is constructed by adding paral-
lelepipeds, with a uniform mesh grid of 0.5 Å element size.
The approximated enforced time-reversal symmetry (AETRS)
algorithm is used to approximate the evolution operator in our
real-time propagation and the Kohn-Sham wave functions are
evolved for typically 8000 steps in time steps of 0.005 h̄/eV.

APPENDIX B: NUMERICAL EVALUATION
OF D PARAMETER

In the evaluation of the d parameter, a finer mesh with
element size 0.2 Å is applied to obtain a smooth curve. Be-
cause of numerical discretization in the meshing, the effective
jellium edge is not a perfect circle. The real jellium edge is
determined by enforcing d‖ = 0 for the charge-neutral case
as a result of charge conservation, making the radius of the
nanowire an angle-dependent function r(θ ).
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