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ABSTRACT: Metallic nanoparticles placed in close proximity
support strong localized surface plasmon resonances. One such
resonance, known as the charge transfer plasmon, involves the
physical transfer of electrons between the nanoparticles and,
thus, exists only in dimers bridged with conductive junctions.
Here we analyze the quantum effects associated with these
type of plasmon modes by studying the optical response of a
metallic dimer bridged with a two-level system. We find that
the charge transfer plasmons are observed in the absorption
spectrum only when one of the energy levels of the two-level

system is resonant with the Fermi level of the nanoparticles. Furthermore, we explicitly show that, for the resonant configuration,
the conductance of the junction reaches a value equal to one quantum of conductance, 2¢*/h. Our results establish a connection
between the optical response of plasmonic nanostructures and quantum transport phenomena, thus bringing a new perspective

to quantum plasmonics.
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S urface plasmons, the collective oscillations of the
conduction electrons of metallic nanostructures, have
been the subject of extensive investigation in the past years
due to their extraordinary ability to confine electromagnetic
energy into subwavelength spatial regions, and therefore to
produce strong near fields."” These properties have been
exploited to develop applications as diverse as photothermal
cancer therapies,s”4 ultrasensitive sensors,>® or enhanced
photovoltaic devices.”® Surface plasmons are commonly
described through classical approaches based on solving
Maxwell’s equations using local dielectric functions. However,
these approaches fail when dealing with nanostructures with
length scales on the order of a few nanometers.” In those cases,
a more elaborate description has proved necessary to
understand effects related to size quantization,m_17 non-
locality,lg_24 or tunneling,zs_29 which emerge from the
quantum nature of the conduction electrons. To that end,
different approaches based on, for instance, the time-dependent
density functional theory (TDDFT)'"*>2¢3%3! or hydro-
dynamic models'***** have been developed.

The advances in the nanofabrication techniques have allowed
the experimental verification of some of the predicted quantum
plasmonic effects in systems involving individual nano-
particles,**** particles coupled to metallic films,** or closely
spaced dimers.>’ "> Indeed, the dimer geometry is very well
suited to observe the quantum nature of plasmons due the
strong near fields at the gap and the possibility of electron
tunneling. Metallic dimers are well known to support a strongly
radiative mode known as the bonding dipolar plasmon
(BDP)***! consisting of an in-phase oscillation of the
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individual nanoparticle dipolar plasmons.** Additionally,
another mode known as the charge transfer plasmon (CTP)
appears at low energy when the two particles of the dimer are
connected through a conductive junction.”*****~* This mode
involves a substantial current flowing between the nanoparticles
via the junction, which results in the particles exhibiting a net
charge of opposite sign. For that reason, the CTPs are
sometimes thought of as a hybridization of monopole modes.*

A classical description of these resonances involves the
solution of Maxwell's equations with the junction modeled
using a finite conductivity that is plugged into the dielectric
function.*® Although this approach leads to accurate results for
bulky junctions,*”*® it cannot completely describe the behavior
of dimers bridged by quantum systems, such as atoms*”*° or
molecules.>>* In those cases, the discrete electronic structure
of the junction strongly influences the optical response of the
metallic dimer, as it has been recently shown experimentally.*®

In this paper we investigate the quantum effects associated
with the CTPs through the analysis of the optical response of a
small metallic dimer bridged with a two-level system (TLS, e.g.,
an atom, a molecule, or a quantum dot). Using a fully quantum
approach, we calculate the absorption spectrum of the system
and correlate it to the electronic structure of the junction. Our
results show that a CTP appears in the spectrum only when an
energy level of the TLS is resonant with the Fermi level of the
metallic nanoparticles, thus enabling the flow of electrons
through the junction. Furthermore, by explicitly calculating the
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conductance of the junction, we find that, for the resonant
configuration, this quantity reaches a value equal to one
quantum of conductance, G, = 2¢*/h. The results presented in
this work bring a new perspective to the investigation of the
quantum effects in the plasmonic response of metallic
nanoparticles by shedding light on their connection with
quantum transport phenomena.

B RESULTS AND DISCUSSION

The system under study is depicted in Figure 1a. We consider a
metallic dimer composed of two identical gold nanoparticles
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Figure 1. Description of the system under study. (a) A spherical two-
level system (TLS, e.g., an atom, a molecule, or a quantum dot) with a
diameter of 6 au is placed between two metallic nanoparticles with a
diameter of 32 au separated by a gap of 8 au. (b) Equilibrium one-
electron potential (red line) and background potential (gray line),
both plotted along the dimer axis for the case in which the background
potential of the TLS is Vg = —4.6 €V. The Fermi level of the
nanostructure is shown by a dashed black line (=52 eV). (c)
Equilibrium electronic density of the system on the xz-plane for the
same situation as in panel (b).

with a diameter of 32 au, separated by a gap of 8 au, in which a
TLS is placed in order to form a junction. The latter is modeled
as a small sphere of 6 au in diameter and simulates an atom, a

molecule, or a quantum dot. The whole structure is embedded
in vacuum and possesses cylindrical symmetry about the z-axis.
In order to analyze the behavior of this system, we use a fully
quantum approach based on the TDDFT>*> in the adiabatic
local density approximation,””*® which has been successfully
used in previous investigations of the plasmonic response of
metallic nanostructures.'”'>'*#*>*7 'We consider only the
conduction electrons of the metal and model the metallic
nanoparticles within the jellium approximation, in which the
ionic background charge is replaced by an uniform charge
density ny. The value of n, is chosen to match the density of
gold, which corresponds to a Wigner—Seitz radius of 3 au. The
same procedure is used to model the TLS, whose radius is
chosen equal to the Wigner—Seitz radius. This ensures that the
TLS adds a single electron to the system. In the absence of
external fields the effective one-electron potential is then given
by

Vesr(r) = Vo(x) + Vigln(x) = no()] + Vi [n(r)]

where Vi is the Hartree potential, n is the electronic density, n,
is the background ionic charge density, and V. is the
exchange—correlation potential, corresponding to the Per-
dew—Zunger functional within the local density approxima-
tion.® V, represents a uniform background potential
terminating at the surfaces of the nanostructures that confines
the electrons to the nanoparticles and the TLS. For the
nanoparticles, the value of this potential is fixed at —4.6 eV in
order to ensure a reasonable position of the Fermi energy of the
system (5.2 eV below the vacuum level) and therefore to obtain
the appropriate electron spill-out. On the contrary, the value of
the background potential for the TLS is left as a parameter,
Vs (see Figure 1b). This allows us to control the position of
the energy levels of the TLS with respect to the Fermi level of
the nanoparticles. Further details on the theoretical approach
can be found in the Supporting Information.

Figure 1b shows the background potential (gray line) and the
resulting equilibrium one-electron potential (red line) plotted
along the dimer axis (z-axis), for the particular case in which
Virs = —4.6 eV (see Figure S1 in the Supporting Information
for other values of Vi;g). As a consequence of this election, the
depth of the one-electron potential at the TLS is nearly the
same as at the nanoparticles. Furthermore, the presence of the
TLS clearly lowers the potential barrier of the junction, leaving
it slightly above the Fermi level of the system (black dashed
line). For values of Izl > 36 au the potential rises sharply to
zero, thus confining all electrons to within the nanoparticles
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Figure 2. Optical response of the system under study. (a) Absorption spectrum for the bare metallic dimer (gray line) and for the dimer with the
TLS (red line). In the second case we choose Vi = —4.6 eV. The inset shows a zoom-in of the low-energy region. (b) Snapshots of the induced
charge distributions calculated at photon energies of (i) 5.05 eV, (ii) 0.65 eV, (iii) 1.10 eV, and (iv) 1.5S eV.
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and the TLS. The corresponding equilibrium electronic density
is plotted in Figure 1c for the xz-plane. It clearly shows Friedel
oscillations over the whole volume of the nanoparticles. This is
a direct consequence of the small size of the system, which
leads to a discretization of the electronic levels. For larger
systems, with a less discretized density of states, the electronic
density is smoother within the nanoparticle, with salient Friedel
oscillations remaining only near the surfaces.'"”'* On the other
hand, the electronic density in the junction shows the
occupation of a single energy level of the TLS. Interestingly,
due to the lowering of the potential barrier caused by the TLS,
the electronic density in the gaps between the particles and the
TLS does not drop to zero.

Once the ground state of the system is known, we can
compute its optical properties using the random phase
approximation within the linear response theory®® (see the
Supporting Information for more details). For the sake of
simplicity we neglect the background polarizability of the metal
and focus on the effects mediated by the conduction electrons.
We choose the external field to be polarized along the z-axis
and assume that it is uniform over the extension of the
nanostructure, which is justified by the small size of the latter.
Figure 2a shows the absorption spectrum for the bare metallic
dimer (gray line) and for the dimer with the TLS (red line)
placed at the gap. In the second situation, we choose the
background potential of the TLS to be equal to that of the
nanoparticles (i.e, Vig = —4.6 eV). In both cases, the high-
energy part of the spectrum is dominated by a BDP that
appears at 5.05 eV. The nature of this mode is confirmed by the
induced charge distribution plotted in Figure 2b(i), which
displays a clear dipolar pattern on the surface of each of the
nanoparticles.

The situation is very different for the low-energy part of the
spectrum. As shown in the inset of Figure 2a, a set of three new
peaks emerge in this region when the TLS is placed at the gap.
Similar resonances have been also observed in previous works
analyzing the response of a nanoparticle dimer bridged with a
sodium atom.*” Examining the corresponding induced charge
distributions shown in Figure 2b(ii)—(iv), we observe that the
three modes display a monopolar pattern on the surface of the
particles. Interestingly, modes (iii) and (iv) also show an
oscillation of charge inside the sphere most likely due to finite
size effects. The monopolar pattern is a signature of the flow of
charge through the junction associated with a CTP mode and is
in stark contrast to the BDP mode, for which each nanoparticle
remains charge neutral (cf. Figure 2b(i)).

The excitation of a CTP requires the transfer of charge from
one particle of the dimer to the other. The results plotted in
Figure 2a show that, in spite of the small interparticle distance
of our system, the direct tunneling of electrons across the gap
does not provide enough charge flow to sustain a CTP (cf. red
and gray lines). This means that the only possible mechanism
leading to the excitation of a CTP in our structure involves the
use of the levels of the TLS as the conductive channels that
allow the electrons to flow across the junction (see the sketch
shown in Figure 3a). Therefore, we expect the existence of the
CTP to be determined by the position of the levels of the TLS
relative to the Fermi level of the nanostructure. In order to
confirm this hypothesis, we analyze the response of the system
for different values of the background potential of the TLS,
VrLs. As shown in Figure 3b, the variation of this parameter
allows us to control the position of the levels of the TLS. Each
dot in that plot represents an energy level of the whole
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Figure 3. Interplay between the charge transfer plasmon and the
electronic structure of the nanostructure. (a) Schematic of the physical
mechanism leading to a CTP. (b) Electronic structure of the system as
a function of the background potential of the TLS, V1. Each dot
represents an energy level of the system, while its size is proportional
to the localization of that level on the TLS. The black dashed line
indicates the Fermi level of the system (—5.2 eV). (c, d) Absorption
spectrum of the system as a function of Vi ¢ plotted in two different
formats.

nanostructure. The size of the dot is proportional to the degree
of localization of that level on the TLS, which is calculated by
integrating the squared modulus of the corresponding wave
function over the volume of the TLS, /1y sdrl¥(r)I?, and allows
us to distinguish the levels localized in the TLS from the rest of
the states.

For small values of Vg, we find a group of states localized in
the TLS, all of them with energies close to the Fermi level of
the system (black dashed line). These states originate from the
splitting of the ground state of the TLS due to the interaction
with the nanoparticles. As the background potential becomes
deeper, the states move down in the energy diagram and
become more localized on the TLS, as seen from the increase
of the dot size. Interestingly, due to the stronger localization,
the interaction with the nanoparticles is reduced, and therefore
the splitting disappears. For Vi < —16.2 eV a second level
localized on the TLS emerges at high energies, which
corresponds to the excited state of the TLS. Again, the
interaction with the nanoparticles splits this state into a few
states with very close energies. It is important to note that here
we modify only Vipg the geometry and aspect ratio of the
overall system remain constant in all cases.

Figure 3¢ and d show the low-energy part of the absorption
spectrum of the system calculated for the different values of
Vs considered in panel b. These results clearly show that the
CTP modes appear in the spectrum only when there is a state
localized in the TLS whose energy is close to the Fermi level of
the system, thus confirming our initial hypothesis. This is
clearly the case for Vi g = —4.6 €V, in which the presence of
two states, localized in the TLS, around the Fermi level results
in the strong absorption spectrum that was discussed in Figure
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2. As V5 takes more negative values, and therefore the states
localized in the TLS move away from the Fermi level, the CTP
modes disappear and the spectrum becomes featureless. The
weakest absorption is obtained for Vi g = —16.2 eV, coinciding
with a situation in which the Fermi level lies midway between
the ground and the excited TLS states. The CTP modes
reappear in the spectrum only for Vi g < —23.1 eV, when the
excited TLS state moves close enough to the Fermi level.

We can complete the characterization of our system and get a
better understanding of the CTP modes by calculating explicitly
the conductance of the junction. In order to do so, first we
obtain the total charge that flows through the junction by
integrating the induced charge density over the volume of one
of the metallic spheres. The results of this calculation are
plotted in Figure 4a (red line) as a function of the background
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Figure 4. Transport properties of the junction. (a) Induced charge on
one of the nanoparticles (red line) and induced potential drop
calculated at the inner surfaces of the nanoparticles on opposite sides
of the junction (gray line). Both quantities are plotted as a function of
the background potential of the TLS, V5. (b) Conductance of the
junction in units of the quantum of conductance, G, = 2¢*/h, also as a
function of Vi In all cases we assume a photon energy of 0.65 eV.

potential of the TLS. In all cases we assume a photon energy of
0.65 eV. As expected, the charge is accumulated in the particles
for the values of V¢ for which we observe the CTP modes in
the spectrum, while its value drops to zero for Vi g = —16.2 €V,
exactly when the low-energy part of the absorption spectrum
turns featureless (cf. Figure 3c and d). Once the charge is
known, and since we are working in the frequency domain, the
current flowing through the junction is obtained by multiplying
the charge by iw, where @ is the oscillation frequency. Figure 4a
also shows the potential drop built in the junction (gray line),
calculated at the surface of the nanoparticles on opposite sides
of the junction. This quantity, which is obtained from Poisson’s
equation using the induced charge, shows a dependence similar
to the charge, although its value remains almost constant as
ViLg is varied.

The conductance is then calculated as the ratio between the
current and the potential drop across the junction. We plot this
quantity in Figure 4b as a function of V. It clearly follows the
same dependence as the charge; namely, the conductance is
significant only when a level localized in the TLS is resonant
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with the Fermi energy of the nanoparticles. For small V1, only
the ground state of the TLS contributes to the conductance. In
contrast, when Vs becomes more negative, the conductance is
solely due to the TLS excited state. But when neither the
ground state nor the excited state is resonant with the Fermi
level (as is the case for Vg = —16.2 eV), the conductance
drops to zero. Interestingly, in the resonant condition, this
quantity reaches a value equal to one quantum of conductance,
G, = 2¢*/h. This fact, which is not surprising since there is only
one level available to the electrons to cross the junction, is a
clear signature of the quantum character of this system.
Furthermore, it suggests that the contact resistance between the
TLS and the metallic nanoparticles is zero, which is consistent
with the small potential barrier existing between the TLS and
the nanoparticles as shown in Figure S1 of the Supporting
Information. If we add more levels to the junction, either by
having a bridging element with a more complex electronic
structure or by having multiple TLS in the gap, the maximum
conductance will be increased, eventually reaching a classical
behavior.>>

B CONCLUSIONS

In summary, we have studied the quantum properties of the
CTPs supported by a metallic dimer bridged with a TLS,
representing an atom, a molecule, or a quantum dot. Using a
fully quantum approach based on the TDDFT, we have been
able to correlate the absorption spectrum of this system with
the electronic structure of the junction. We have found that a
CTP can be observed in the spectrum only when an energy
level of the TLS is resonant with the Fermi level of the metallic
nanoparticles. This demonstrates that the existence of the CTP
is determined by the electronic structure of the junction, in
clear agreement with recent experimental works.>® Further-
more, by explicitly calculating the conductance of the junction,
we have shown that in the resonant configuration this quantity
reaches a value equal to one quantum of conductance, G, =
2¢*/h. Although our simulations have been performed for small
systems containing ~300 electrons, we expect our results to
hold for much larger systems, but the quantum character of the
junction will be lost if the number of conduction channels in
the junction becomes sufficiently large. An experimental
verification of our theoretical predictions would require the
tuning of the electronic levels of the junction. This can be done
in various ways; one possibility is to load the junction with
molecular species having different HOMO—LUMO gaps.>> An
alternative path is to rely on externally applied static electric or
magnetic fields to modify the electronic structure of the
junction.* Additionally the Fermi energy of the nanoparticles
can be changed by using metals with different work functions.
All our calculations have been performed within the linear
response theory. However, for large applied fields the system is
likely to exhibit nonlinear behaviors, including the possibility of
direct tunneling of electrons between the two nano-
particles.***!
connection between the plasmonic response of metal
nanostructures and quantum transport phenomena, thus
bringing a new perspective to the emerging field of quantum
plasmonics, which may enable the development of new

The results presented here establish a new

applications in nanophotonics and optoelectronics.
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We provide a description of the theoretical formalism used in
this work and the background and the equilibrium one-electron
potentials for different Vg, The Supporting Information is
available free of charge on the ACS Publications website at
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