Single-atom control of the optoelectronic response in sub-nanometric cavities
P. Garcı́a-González,1, 2 Alejandro Varas,2 F. J. Garcı́a-Vidal,1, 3 and Angel Rubio4, 2, 3, 5

arXiv:1903.08443v1 [physics.optics] 20 Mar 2019

1
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By means of ab-initio time dependent density functional theory calculations carried out on an
prototypical hybrid plasmonic device (two metallic nanoparticles bridged by a one-atom junction),
we demonstrate the strong interplay between photoinduced excitation of localized surface plasmons
and electron transport through the single atom. Such an interplay is remarkably sensitive to the
atomic orbitals of the junction. Therefore, we show the possibility of a twofold tuning (plasmonic
response and photoinduced current across the juntion) just by changing a single atom in the device.

The interface between Plasmonics and electron transport phenomena is becoming an intense area of research [1–12]. This is mainly motivated by the ability
of localized surface plasmons to concentrate light in subnanometric “hot spots” in a controllable manner [13–
16], which offers unique opportunities in the design of
novel molecular-scale optoelectronic devices exhibiting
highly tunable operativeness. Systems comprising plasmonic nanostructures bridged by tunnel junctions constitute the natural route towards the realization of such devices. Among those, simple vacuum nanogaps in metallic nanoparticle dimers have been addressed experimentally [3–5], and analyzed theoretically using methods that
account for the quantum nature of the electron dynamics [17–19], and also for the specific atomic structure of
the system [14, 20–22]. Then, the interplay between the
plasmonic response and the across-gap photoinduced current is presently well understood. More interesting is the
case of hybrid systems where metallic nanostructures are
bridged by atomic or molecular junctions [1, 2, 6–12],
since the electron orbitals of the junction also contributes
to the current [23]. In fact, it has been proposed that
even a single-atom junction located in a plasmonic cavity
can modify dramatically its optical response [24]. Consequently, mechanically-induced discontinuous changes on
the composition of multiple-atom junctions will be reflected accordingly on both the optical absorption spectrum and the conductance of the junction [25, 26].
Theoretical analyses of these hybrid plasmonic devices [25–29] are by far not as abundant as for their vacuum nanogaps counterparts, and a full understanding of
the underlying excitation mechanisms is still lacking. In
this Letter we provide simple but robust explanations
of the most relevant phenomena, which are assessed by
means of ab-initio calculations of a prototypical hybrid
plasmonic system: two metallic Na297 clusters bridged by

a single atom (see Fig. 1). We show that, due to the high
sensitivity of the photoinduced current to the position of
the energy levels of the junction, the optoelectronic response of the nanodevice can be indeed tuned by such a
single atom.
The two clusters Na297 are in their stable icosahedral
arrangement [30] and orientated facing three-atom edges
separated by a distance d = 0.72 nm. Therefore, the system is symmetric with respect to the XY plane, OZ being the dimer axis and OX the axis parallel to the facing
edges. For this separation the overlap of the ground-state
densities of the two clusters is negligible [for the “bare”
Na297 dimer, the minimum of the potential barrier on
the XY plane is ∆b = 1.35 eV above the Fermi level
(EF = −2.85 eV)].
Well-converged Kohn-Sham (KS) calculations [31]
using standard norm-conserving pseudopotentials [32]
and the spin-dependent generalized gradient approximation [33], are carried out on a real space representation (grid spacing of 0.026 nm) using the OCTOPUS
code [34–36]. Then, the linear optical response of the
system to an incident monochromatic electromagnetic
field polarized along the dimer axis is obtained in the
quasi-static approximation using time dependent density functional theory (TDDFT) [37]. Namely, since the
wavelength of the incident light is much larger than the
size of the nanosystem, the perturbing electric field is
Eω (r, t) ' E0 exp(−iωt)ez . The frequency-dependent
response is evaluated from a single propagation of the
TDDFT Runge-Gross equations considering that the system is perturbed at t = 0 by a delta-kick electric field
ED (r, t) = E0 τ0 δ(t)ez [38]. From the corresponding induced electron density δn(r, t) we can calculate the zcomponent of the induced electric dipole, δDz (t), and
the induced charge in the z > 0 region of the system,
δQ+ (t). Then, the absorption cross section is given by
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FIG. 1. (a) Representation of the geometrical arrangement
of an icosahedral-Na297 dimer bridged by a single atom. (b)
Schematic representation of the KS one-electron energy leveles and the KS potential along the dimer axis (solid line)
compared with the KS potential for the bare dimer (dashed
line). (c) Isosurface plot of the three types of obitals appearing in the Na297 − Al − Na297 system: dimer, bound atomic,
and hybridized states.

σabs (ω) = −ωα(ω)/(4πc), where
α(ω) =

1
E0 τ0

Z
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dt δDz (t)e+i(ω+iγ)t
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0

is the frequency-dependent polarizability, and γ is a
damping frequency accounting for non-electronic dissipation mechanisms. On the other hand,


Z
d
1 +∞
dt
δQ+ (t) e+i(ω+iγ)t
(2)
I(ω) =
τ0 0
dt
is the intensity of the induced AC current across the junction. In practice, the time propagation is truncated at a
time Tmax , and well-resolved results are achieved by using
γ ' 35 meV, Tmax ' 40 fs, and a time step ∆t ' 0.002 fs.
The calculated optoelectronic response is depicted in
Fig. 2 and 3 for different one-atom junctions (Na, Mg,
Al, Ar, and Fe) and compared to the response of the
bare dimer. In line with previous jellium [17, 18] and
ab-initio [20, 21] TDDFT calculations, the optical absorption for the Na297 dimer (Fig. 2) is dominated by the

so-called bonding dipolar plasmon (BDP) at ωp = 2.8 eV,
whereas a second mode, the bonding quadrupolar plasmon (BQD), appears as a less-defined spectral feature at
ω ∼ 3.3 eV. These plasmonic features emerge after a high
renormalization of low-energy single-electron excitations
due to the electron-electron (e-e) interaction [39–41]. The
induced AC current across the empty cavity (Fig. 3) is
very weak in the low-frequency region, since it is established by excitations between bonding and antibonding
dimer states below the potential barrier. However, for energies greater than ∆b the current is mainly established
through excitations to unoccupied states above the potential barrier (including virtual resonant states above
the vacuum level), which are strongly enhanced by the
induced E-field associated to a plasmon resonance.
The above picture changes dramatically for singleatom junctions. As it is schematically depicted in Fig.
1, the presence of the atom leads to a depletion of
the potential barrier, as well as to the appearance of
deeply-bound atomic states and occupied and unoccupied hybridized atom-dimer states. Single-electron excitations involving one of these new hybridized orbitals
are much less renormalized by the e-e interaction than
the ones between dimer states. As a consequence, under an independent electron picture (i.e., neglecting e-e
interactions in the excitation process) those transitions
can hardly be distinguished in the absorption spectrum.
However, once e-e interactions are considered, the series
of low-energy excitations from an occupied hybridized
state to several unoccupied dimer states (or from several occupied dimer states to an unoccupied hybridized
state) are not obscured anymore by nearby excitations
between dimer states. Then, they become visible (not
embedded in the quasi-continuum of dimer excitations)
as identifiable features in the spectrum at frequencies
ω ' ω0 + hφHS φdim |ŵc + K̂xc |φdim φHS i having an oscillator strength f ' ω|hφdim |ẑ|φHS i|2 , ω0 being the KS
excitation energy (i.e., the independent-electron transition energy), ŵc the Coulomb interaction operator, and
K̂xc the so-called XC kernel [42]. That is, although these
modes are not plasmonic at all, they appear in the spectrum thanks to the plasmonic response of the system.
Bearing in mind the quasi-continuous DOS of the dimer
states and that one atomic orbital of energy at leads to
several hybridized states around at , once the lifetime of
the excitations is accounted for, the expected outcome
from each atomic orbital is a series of asymmetric Fanolike peaks. The overall structure of each series will depend on the DOS of occupied [unoccupied] dimer states
if the hybridized state that is involved in the transitions
is unoccupied [occupied].
These excitations are naturally associated to a net
charge transfer (CT) between the clusters. For the case
of an incident low-frequency E-field Eω (r, t) in resonance with a transition between the states |φHS i and
|φdim i, the driven current across the junction is in phase

3
0 .5

1 .0

1 .5

(a )

| I ( ω) | ( n A )

)

0 .0
2

(b )

σa b s ( ω) ( n m

v a c
N a
M g
A l
A r
F e

B D P

6

B Q P
4
2
0
2 .0

1

2 .5

3 .0

ω( e V )

3 .5

4 .0

2

3

N a

(a )

0 .8

0 .2

8

0

2 .0

| I ( ω) - I 0 ( ω) | ( n A )

0 .0
0 .4

(b )

M g
A l
A r
F e

0 .6
0 .4

4

0 .2

v a c .

0 .0
0 .8

(c )

0 .6
0 .4
0 .2
0 .0
0

| I 0 ( ω) |
1

2

ω( e V )

3

4

FIG. 2. Dependence of the optical response on the atomic element that constitutes the junction for bridged Na297 dimers.
(a) Optical absorption cross section in the low frequency range
(0 − 2 eV). (b) As in panel (a) in the “plasmonic” frequency
range 2 − 4 eV. BDP and BQP stand for the bonding dipolar and quadrupolar surface plasmons, respectively (see text).
Note the different scale in panel (a).

FIG. 3. Frequency dependence of the photoinduced current
intensity across the one-atom junction by an incident E-field
(E0 = 106 V/m). (a,b) Amplitude |I(ω)|. (c) Waterfall representation of the junction contribution to the current (see
text), |I(ω) − I0 (ω)|.

with the external field, whereas
its intensity is I(t) ∝
R
E0 exp(−iωt)hφHS |ẑ|φdim i z>0 φHS (r)φdim (r)d3 r. As a
consequence, the amplitude of the photoinduced density, |I(ω)|, will follow an oscillatory behavior in the lowfrequency regime resembling the one corresponding to the
optical absorption. These are indeed the trends shown by
the ab-initio calculations as can be seen in panels (a) of
Fig. 2 and 3. Then, it is not a surprise that the changes
induced by an Ar atom are negligible, whereas the optoelectronic response for the rest of the cases depends very
sensitively on the atom that constitutes the junction.
As mentioned above, this low-frequency response is
mainly determined by the DOS of the system. The
eigenenergies of the hybridized states can be easily extracted by direct comparison of the DOSs of the bridgedand the bare-dimer systems. For the Mg and Fe cases,
the occupied s-like hybridized states lie well below the
Fermi level (around 2.3 and 2.7 eV below EF for Mg
and Fe, respectively; the Fe 3d6 atomic states preserving their atomic character), whereas the unoccupied hybridized states appear for both cases around 0.3 eV above
EF . Therefore, the CT modes correspond to transitions
from occupied dimer states to unoccupied hybridized
states. Since the hybridization is larger for the embedded Mg atom, the absorption is more intense in this case,
but their overall spectral shape is very similar. For the
Na junction, there are occupied and unoccupied 3s hybridized states around the Fermi level. Then, the optical absorption spectrum results from the superposition
of two series of peaks, corresponding to transitions from
[to] occupied [unoccupied] hybridized states. Finally, for

Al we have several channels for the CT modes: occupied
and unoccupied 3pz hybridized states close to EF , as well
as unoccupied 3px ones. Due to the number of channels
and the efficient hybridization of the p orbitals, the optical absorption for the Al junction is more intense but
less resolved.
CT modes do also contribute to the higher-frequency
response, which is primarily dominated by the BDP of
the dimer. Since CT excitations involve a dimer state,
they will be necessarily hybridized with the renormalized single-electron excitations that constitutes the surface plasmon. For the systems considered in this Letter,
a detailed quantitative analysis of such hybridizations is
cumbersome. However, if atomic-chain dimers are considered instead, the plasmon is made up by only one (or a
few) highly renormalized single-electron excitations [40].
In this case, the strong hybridization of CT and plasmon
modes is evident [43] and the final plasmonic feature is
made up by two CT excitations with a mixed “plexcitonic”character [44]. Moreover, new CT channels involving deeper occupied hybridized states will now contribute
to the response. The AC current across the junction will
be then enhanced by the participation of hybridized CT
modes in the plasmonic response and, to a lesser extent,
by the aforementioned depletion of the potential barrier
between the clusters. As a consequence, a redistribution of the spectral weight around the original BDP frequency is expected, which results on changes of the width
and shape of the surface plasmon peak. In addition, due
to the enhanced current between the nanoparticles, the
BDP will be blueshifted [45].
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Atom
vac. Na Mg Al Si P
S Cl Ar Fe
ωp (eV) 2.81 2.91 2.91 2.92 2.89 2.88 2.87 2.85 2.81 2.88
∆ωp (eV) 0.31 0.55 0.49 0.32 0.39 0.37 0.32 0.31 0.31 0.58
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TABLE I. Frequency (ωp ) and width (∆ωp ) of the main plasmon resonance for a Na297 dimer bridged by a single atom.
Note the sensitivity of the width on the atomic element that
constitutes the junction.
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The above considerations perfectly explain the results
depicted in panels (b) of Fig. 2 and 3 [see also Table I,
where we present the maximum and the width (FWHM)
of the plasmon peak for different atomic junctions]. The
inclusion of an Ar atom does not change at all the optical absorption, but the intensity of the induced current
increases for ω > 1 eV range due to the depletion of the
potential barrier. However, for the rest of the junctions
there is a noticeable modification of the plasmonic response which depends on the specific atomic element. In
general, the main BDP feature is blueshifted, broadened,
and for the Fe case also fragmented.
This dependence plenty manifests in the behavior of
the induced current. A fair estimation of the changes in
the current due to the one-atom junction itself is given
by |I(ω) − I0 (ω)|, where I0 (ω) is the intensity of the induced current for the bare Na297 dimer. As we may see
in panel (c) of Fig. 3, there is a plasmon-induced strong
enhancement of the CT-modes contribution to the current. Besides, for the Mg- and Fe-bridged systems there
are new oscillatory features which correspond to higherfrequency series of CT excitations from occupied s-like
hybridized states of the Mg and Fe atoms. In fact, for
the case of Fe the hybridization of one of these CT excitations is so intense that it can be distinguished not only in
the AC current spectrum but also in the optical absorption, being the main responsible of the aforementioned
split of the BDP.
Finally, the existence of CT modes is also reflected on
the AC-current phase ϕc (ω) = arctan[=I(ω)/<I(ω)] (see
Fig. 4). When such modes do not exist (as in the bare
and Ar-bridged dimers), the induced current in the static
limit (ω → 0) is in phase with the external E-field, which
is the expected behavior of a “pure” tunneling regime.
Then, in the low-frequency range, where the driving Efield is mainly the external one, ϕc (ω) oscillates around
zero, although the center of the oscillations is shifted to
negative values for higher frequencies. Since this shift is
more pronunced for the Ar-bridged dimer and appears
at lower frequencies than for the bare dimer, we may attribute it to the opening of new excitation channels above
the potential barrier betwen the two clusters. Finally,
in the “plasmonic” frequency range, where the driving
E-field is mainly the induced one, the phase increases
almost monotonically from ϕc (ω) ' 0, in such a way
that ϕc (ω) ' π/2 at the BDP frequency [18, 22] and
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FIG. 4. Unwrapped phase shift ϕc (ω) of the photoinduced
AC current across the one-atom junction: (a) low frequency
range (0 − 2 eV); (b) “plasmonic” frequency range (2 − 4 eV).
The black and red vertical lines in Panel (b) are located at
the BDP plasmon frequency of the clean and the Al-bridged
dimer, respectively. The cualitative behaviors of ϕc (ω) for
Na- and Fe-bridged dimer are very similar than the ones corresponding to Al- and Mg-bridged dimers, respectively.

ϕc (ω) ' π at the BQP frequency.
By contrast, when the current is mainly established
by excitations of CT modes (for instance, Mg- and Albridged dimers), ϕc (ω) ' −π/2 in the static limit, as
correponds to an out-of-resonance transition. Then, the
phase increases monotonically to a value approximately
equal to zero until the onset of CT excitations is reached
and, eventually, it slowly increases in an oscillatory manner to a value ϕc (ω) ' π/2 around the bare-dimer
(b)
BDP plasmon frequency ωc . Finally, the behavior for
(b)
ω > ωc as the frequency increases is qualiatively simlar
than in the previous case. However, it is worth emphasizing that the phase ϕc (ω) at the corresponding BDP
frequency is closer to π than to π/2, which is the most
noticeable outcome of the existence of CT excitations in
this frequency range.
In conclusion, we have elucidated and illustrated by
means of ab-initio calculations the mechanisms of the
optoelectronic response in hybrid systems composed by
metallic plasmonic nanoparticles bridged by atomic junctions. We have shown how the changes in the optical
and transport properties of the system depend strongly
on the nature of the single atom junction but, unlike the
DC regime in the limit of zero bias, the induced current is also affected by the overall DOS of the nanoparticles. Furthermore, the AC current can be enhanced
through the hybridization of surface plasmon resonances
and charge-transfer modes. Thus, the control of various
parameters, such as the geometry of the nanoparticles,
their separation, type of molecules constituting the junction, and also the dielectric environment, would offer us
unique ways towards new molecular optoelectronic devices.
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[21] A. Varas, P. Garcı́a-González, F. J. Garcı́a-Vidal, and
A. Rubio, J. Phys. Chem. Lett. 6, 1891 (2015).
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