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ABSTRACT: Herein, we investigate the optical properties of quantum plasmonic metasurfaces
composed of metallic nano-objects with subnanometer gaps according to the time-dependent
density functional theory, a fully quantum mechanical approach. When the quantum and classical
descriptions are compared, the transmission, reflection, and absorption rates of the metasurface
exhibit substantial differences at shorter gap distances. The differences are caused by electron
transport through the gaps of the nano-objects. The electron transport has profound influences for
gap distances of ≲ 0.2 nm; that is, approximately equal to half of the distance found in conventional
gap plasmonics in isolated systems, such as metallic nanodimers. Furthermore, it is shown that the
electron transport makes the plasmon features of the metasurface washed out and produces broad
spectral structures in the optical responses. In particular, the reflection response exhibits rapid
attenuation as the gap distance decreases, while the absorption response extends over a wide
spectral range.

1

A plasmonic metasurface within which metallic nano-objects are (a) smaller than the wavelength
of the incident light and (b) periodically placed on a plane, has been attracting substantial attention
in terms of its highly beneficial optical characteristics for designing various optoelectronic
devices.1–2 Subject to the irradiation of an optical field, the electromagnetic energy of light is
confined in the constituent nano-objects as a plasmon—a collective motion of electrons—
generating locally enhanced plasmonic fields around the objects. This plasmon property,
manifested by its enhanced optical capturing capacity, has opened up many practical applications
of the metasurface, such as subdiffraction lensing,3–4 monochromatic or color holography,5–8
polarization converters,9–10 polarization-selective elements,11–12 and others.13–14
In most investigations conducted to date, the optical properties of metasurfaces that are
composed of nano-objects whose gap distances are at the wavelength or subwavelength scales
have been explored. Recently, experimental studies have reported on metasurfaces with gap
distances as small as a subnanometer.15–16 For example, the optical properties of a plasmonic
metasurface with subnanometer gaps made of gold nanospheres coated with tunable alkanethiol
ligand shells were reported16 in which the interparticle distance was controlled from 0.45 to 2.8
nm. It has been found that owing to the significantly intense optical confinement at the gaps, the
metasurface yielded a high-refractive index that could not be achieved in naturally occurring
transparent materials.
In the last decade, tremendous attention had been paid to subnanometer gap plasmonics in
isolated systems with metallic nanodimers constituting a typical paradigm.17–23 In brief, the
research findings were based on interesting observations in which substantial differences existed
between descriptions using classical and quantum theories. In the classical description, in which
the surface of nanoparticles are modeled as ‘discontinuous’ boundaries, the solutions of Maxwell’s
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equations yield an extremely enhanced and confined electromagnetic field at the gap as the
nanoparticles come closer to each other. By contrast, in quantum description with ‘continuous’
boundaries expressed using realistic electron density distributions, the charge transfer processes
across the gap that were caused by electron tunneling suppressed the field enhancements,
especially at small gap distances (≲ 0.4 nm).17, 19, 21–22, 24 This suppression in the gap plasmonics
has been confirmed by experiments.20,

25–26

It is often crucially important to know when the

quantum effect starts to appear; for example, in plasmonic applications that are based on strong
optical enhancement and confinement, including in surface-enhanced Raman scattering (SERS)
technologies27–30 and other nanophotonic systems.31–34
In view of the broad applicability of metasurfaces, it is particularly concerning how the quantum
effects appear in them. However, to the best of our knowledge, there have been no prior
experimental or theoretical reports that have discussed the quantum effects. Measurements carried
out on the metasurface with a minimum gap distance of 0.45 nm16 have been reproduced by
classical theory. This may be reasonable owing to fact that the effects of electron tunneling on
isolated systems with gap distances of ≳ 0.4 nm have been small.
In this study, quantum plasmonic metasurfaces composed of metallic nanospheres with
subnanometer gaps were theoretically investigated by a fully quantum mechanical method using
the time-dependent density functional theory (TDDFT)35–36 combined with a two-dimensional
(2D) course-graining approach.37 We will show the transmission, reflection, and absorption rates
of the metasurface to elucidate the quantum effects in the optical properties. Our results indicate
that there are substantial differences between the classical and the quantum descriptions for
metasurfaces with gap distances ≲ 0.2 nm. This gap distance is almost equal to half of the critical
threshold distance in isolated systems presented in previous studies.17, 19–22, 25-26 Our results also
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indicate that the quantum effects make the plasmonic features washed out in the frequency domain
and produce broad spectral structures in the optical responses at small gap distances. In particular,
the reflection shows rapid attenuation as the gap distance decreases, while the absorption extends

…

over a broad frequency range. These findings indicate that they are suitable as optical absorbers.

…

…

…

…

…
Figure 1. Schematics of the studied metasurface consisting of nanospheres periodically arrayed
on the xy plane: (a) top and (b) side views. The incident light has Ex and Hy components and
propagates toward the negative z direction. The symbols a, d, and l, drawn using red, blue, and
green arrows, denote the diameters of the spheres, the gap distances, and the lengths of the
periods, respectively.
The studied system is displayed in Figure 1a and 1b. In these figures, metallic nanospheres with
diameter a are periodically arrayed on the xy plane with a gap distance d and a period length l.
The incident light is linearly polarized with the Ex and Hy components, and propagates along the
negative z direction. To take into account quantum mechanical effects with a moderate
computational cost, we employed the spherical jellium model (JM) that replaces ionic structures
with a positive background charge with a sharp surface. Despite its simplicity, the JM can describe
the actual plasmonic behavior of electrons in metallic nanoparticles.17,

19, 38

In particular,

qualitative agreements with measurements have been reported for an isolated metallic nanodimer
with a subnanometer gap that accounted for the effects caused by electron tunneling.20, 25
In the JM, the Wigner–Seitz radius rs related to the average charge density, n, n+ = ((4)rs3/3)-1,
specifies the medium. Herein, rs = 4.01 Bohr, which corresponds to the Na metal. Each nanosphere
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was set to accommodate 398 electrons that correspond to a closed shell structure. The resultant
diameter of the nanosphere a was 3.1 nm. The size is sufficiently large so that the nanoparticle
exhibits a typical plasmonic resonance.21
To calculate the optical responses of metasurfaces, we employed linear-response TDDFT, which
is extensively used for the optical responses of molecules39 and solids40 at a first-principles level.
We assumed an adiabatic approximation for the exchange-correlation potential and used the local
density approximation.41 Numerical calculations were carried out using SALMON, an open-source
code (https://salmon-tddft.jp/) developed in our group.42 The Supporting Information contains a
detailed description of the adopted numerical approach.
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Figure 2. (a) Optical absorption cross-section of a metallic dimer (the inset shows the relevant
schematic) calculated based on classical theory, whereby the constituent nanospheres have the
same diameters as those in the case of the metasurface, as shown in Figure 1. The horizontal
and vertical axes denote the gap distance d and optical frequency, respectively. The white
dashed lines indicate the loci at which d = 0 nm, while the yellow lines indicates loci at which
d = 0.4 nm. (b) Results generated by the TDDFT in conjunction with the JM.
First, to facilitate a comparison between the isolated and periodic systems, we briefly describe
the optical response of a nanodimer that consists of metallic nanospheres identical to those used in
the metasurface calculations. Figure 2a and 2b show the absorption cross-sections of the dimer
calculated using the classical theory and the TDDFT, respectively. In the classical theory, the
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Drude model was used. Details of the theories are explained in the Supporting Information. In both
theories, the absorption properties are dominated by the bonding dipolar plasmon (BDP) mode for
gap distances d ≳ 0.4 nm. The red shift that appears in both theories is caused by the increase in
the coupling strength as the two spheres approach each other. However, when d ≲ 0.4 nm,
substantial differences can be observed between the two results. In the classical theory, there
appears an additional bonding quadrupolar plasmon (BQP) mode at a higher frequency region until
d = 0 at the contact point of the two spheres. For d < 0 nm after the geometrical overlap of the
spheres, the charge transfer and its high-order-plasmon (CTP and CTP’) modes emerge. By
contrast, in the TDDFT, quite different spectral distributions are manifested for d ≲ 0.4 nm. The
BDP disappears prior to the direct contact and a hybridized form of the BQP and the CTP becomes
visible. This is caused by the charge transfer due to the electron tunneling through the gap region
between the nanospheres. These trends had already been established in previous studies.17, 19–22
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Figure 3. Spectral distributions of the transmission (T), reflection (R), and absorption (A) rates
of the metasurfaces calculated by the classical theory (a–c; subscript C) and by the TDDFT (d–
f; subscript Q). A common color scale applies for C and Q. All distributions are shown as
functions of the gap distance d and the optical frequency. Similar to Figure 2a and 2b, the white
and yellow dashed lines indicate the loci at which d = 0 and 0.4 nm, respectively.
We now move to our main subject of the present study. Figure 3 shows the calculated spectral
distributions of the transmission (T), reflection (R), and the absorption rates (A) of the plasmonic
metasurfaces for gap distances ranging from d = −0.2–2 nm. They are obtained by employing a
2D coarse graining approach.37 The relevant details are described in the Supporting Information.
Figure 3a–3c shows results based on the use of the classical theory, while Figure 3d–3f shows the
results estimated based on the TDDFT with the use of the JM. For d ≳ 0.4 nm, the quantum and
classical descriptions generate almost similar results that are characterized by a single peak derived
from the BDP mode. Even though the BDP mode also appears in the isolated system, as shown in
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Figure 2, we find much larger red shifts compared with the nanodimer case. This is rationalized
by the fact that the constituent nanospheres in the metasurface suffer a more intense
electromagnetic coupling effect compared with the dimer case owing to its periodically arrayed
geometry. These features match well with those reported in the previous investigation,16 whereby
the plasmonic gap distance was explored to be as small as 0.45 nm in the measurements and
simulations according to the classical theory. When d ≲ 0.4 nm, the bonding octopolar plasmon
(BOP) mode emerges, and is clearly visible in the classical description at a higher frequency region.
Compared with the isolated system, the BQP mode does not appear in the optical response because
of the full symmetry on the xy plane. By decreasing the distance to d = 0 nm or less, the void
plasmon (VP) and its higher-order plasmon (VP’) modes appear when the classical theory is used.
We now look into the electron transport effects at small d regions. As has been depicted in Figure
2c and 2d, the BDP mode disappears at d = 0.4 nm in the case of the nanodimer. Conversely, as
observed in Figure 3d–3f, the BDP mode excited on the metasurface survives within a much
smaller distance, which can be as small as d ≈ 0.2 nm. As it has already been noted, the resonant
frequency of the BDP in the metasurface is much smaller than that in the nanodimer. Thus, the
changes in the optical responses caused by the classical and quantum effects are different between
the nanodimer and the metasurface, reflecting their geometrical differences. These results indicate
that the studied metasurface maintains a strong optical confinement and enhancement in the gap
distance as small as d ≈ 0.2 nm, which is much smaller than the critical distance d ≈ 0.4 nm in the
nanodimer. Furthermore, although the classical theory yields similar spectral distributions among
T, R, and A, those calculated by the TDDFT yield a difference at d ≲ 0.2 nm, R related to the BDP
vanishes immediately, while T and A remain and are extensively spread in frequency, representing
washed-out plasmonic features of the constituent nanoshperes in the metasurface. In particular at
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d = 0 nm, R is less than 0.5%, while A is maintained at 10% in the visible frequency range. This
indicates that they are suitable for an optical absorber.43–46
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Figure 4. (a–d) Spatial distributions of electric current density on the xy plane0.00
(z = 0) at the
1.00
0.00top-right
resonant frequency of the bonding dipolar plasmon (BDP) mode, BDP (shown in the
white boxes). The maximum intensity is normalized in each figure, showing j (x, y, z = 0,  =
BDP) |/| j |max. Real- and imaginary-parts are shown in the left and the right panels, respectively,
for d = 2, 0.6, 0.4, and 0.2 nm. The light blue arrows indicate that their vector distributions with
their lengths are associated with the magnitude. Dashed pink lines indicate the unit cell with a
period l. The electron transport takes place through the x = xG plane. (e) The imaginary parts of
the currents are displayed as a function of y at the plane x = xG.
To elucidate the mechanism that produces the differences between the classical and quantum
descriptions, we visualized the spatial distributions of the electric current density, j(r, ),
calculated by the TDDFT. For an electric field with frequency omega, E(t) = E0cos(t), the electric
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2.00

3.00

current density is given by j(r, t) = Re[j(r, )]cos(t)−Im[j(r, )]sin(t). We refer to Re[j(r, )]
as the conductive current because it has the same phase relation to the applied electric field.
Additionally, we refer to Im[j(r, )] as the dielectric because it has a phase difference of /2.
Similar investigations by the classical theory are presented in the Supporting Information. Figure
4a–4d shows the electric current density in the xy plane (z = 0) at the resonant frequencies of the
BDP mode, BDP. The maximum value is normalized in each figure, showing j (x, y, z = 0,  =

BDP) |/| j |max. The real and imaginary parts of the current are shown in the left and right panels,
respectively, for d = 2, 0.6, 0.4, and 0.2 nm. The light blue arrows indicate the vector distributions
of the current, whereby their lengths are associated with the magnitudes. The dashed pink lines
indicate the unit cell with a period l. At d = 2 nm, Re[j] is almost spatially uniform inside the
sphere, as observed in Figure 4a. As d decreases, the currents tend to be localized at both ends of
the sphere. This localization, which causes the red shift of the BDP mode as observed in Figure 3,
is caused by the attractions among the positive and negative charges that appear at both ends of
the neighboring nanospheres.17, 19–22 As it has been mentioned in the Supporting Information, this
behavior is also observed in the classical description. By contrast, as shown in Figure 4d, at d =
0.2 nm, the current distribution in the TDDFT shows a drastic change that is not observed in the
classical theory. In Re[j], there appears a hole in the electric current distribution at both ends of
the sphere along the y = 0 axis. In Im[j], a clear opening of the current owing to the electron
transport is observed in the x = xG plane along the y axis. To elucidate the electron transport clearly,
we plot the current distribution Im[j] against y in the x = xG plane in Figure 4e using the gap
distances of Figure 4a–4d. This shows that the electron transport increases gradually as d decreases
up to around 0.4 nm, and then increases abruptly toward d = 0.2nm. The j/| j |max value at d = 0.2
nm is close to 0.9, indicating that the current is almost maximized at the gap plane xG. This abrupt
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change of the current can be rationalized by the change of the relation between the potential barrier
height and the energy of the highest occupied orbital. In fact, we have found that they coincide
with each other at around d = 0.3nm. Therefore, the electron transport process can be classified to
the two situations: (a) At d ≳ 0.3 nm, electron transport takes place by the quantum tunneling; (b)
at d ≲ 0.3 nm, electron transport is dominantly caused by the over-barrier process so that a large
amount of electrons can move through the gaps. The electron transport over the potential barrier
rationalizes the disappearance of the BDP mode at d = 0.2nm, as shown in Figure 3d–3f, and
displays the qualitative differences in the results between the quantum and the classical
descriptions.
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Figure 5. Spectral distributions of the two-dimensional (2D) complex conductivities of the
metasurface as a function of the gap distance d (Re[2D] is plotted in (a) and Im[2D] in (b) in
atomic units). The contributions to the 2D complex conductivity at the gap plane x = xG are
shown [Re[2D(x)(x = xG)] in (c) and Im[2D(x)(x = xG)] in (d)]. Precise definitions are described
in the Supporting Information. A common color scale applies to the real and the imaginary parts.
The black and pink dashed lines indicate the loci at which d = 0 nm and 0.4 nm, respectively.
To clarify the effects of electron transport within the entire spectral region, we show the spectral
distributions of the 2D complex conductivity of the metasurface, with Re[2D] and Im[2D] in
atomic units in Figure 5a and 5b, respectively. The optical quantities T, R, and A, in Figure 3d–3f
are obtained from the 2D conductivity. As explained in the Supporting Information, it is possible
to express the 2D conductivity as an integration over x, 𝜎2D (𝜔

1

(𝑙 ∫

(

𝜎2D ( , 𝜔 . Figure 5c
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and 5d show a contribution at the gap plane, x = xG, to the conductivity, Re[2D(x)(x = xG)] and
Im[2D(x)(x = xG)]. In the region 0 < d < 0.2 nm, a negative contribution (blue-colored region)
appears in Re[2D(x)(x = xG)]. This is caused by the current density of the VP mode whose direction
is reversed around the gap plane x = xG. In Im[2D(x)(x = xG)] in d < 0.2 nm, a positive contribution
appears in the broad frequency region. As observed from Figure 5c and 5d, which displays
Re[2D(x)(x = xG)] and Im[2D(x)(x = xG)], the electron transport at the gap plane x = xG contributes
substantially to the 2D conductivity. Based on this result, we conclude that the onset of electron
transport is at approximately d ≈ 0.2 nm.
The execution of this study was based on various approximations, which are outlined below in
conjunction with the limitations of this study. Although the JM is known to provide a reasonable
description for plasmonic features of metallic nanoparticles, descriptions of the tunneling effect
between nanoparticles may not be realistic enough because the tunneling is sensitive to a precise
structure at the interfaces at the atomic scale, as has been shown in recent studies.21 Electron
tunneling was studied21 in a metallic nanodimer consisting of realistic Na clusters. This study
revealed that the JM could not account for the lightning rod effect that is caused by the electron
concentration at the edges of the clusters. First-principles calculations that incorporate precise
ionic structures could account for these effects in our targeting metasurface. However, in practice,
this is a rather difficult task because the shapes of the fabricated nanoparticles arrayed on the
metasurface are quite random.15–16 Accordingly, we could not apply the periodic boundary
condition that was used in the present work.
Although we have considered very small nanoparticles whose diameters are 3.1 nm, insights
into the electron transport should have robustness for larger systems because previous studies that
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dealt with nanodimers showed substantial agreements despite the spatial scale differences between
theory and measurements.21 To explore the electron tunneling effects, the quantum corrected
model (QCM)19 was developed and successfully applied to isolated systems, such as nanodimers.
This model is based on the classical theory with some modifications that take into account the
electron tunneling effects. While the TDDFT has been used in this study, the QCM is also a
prospective candidate for the exploration of quantum plasmonic metasurfaces with subnanometer
gaps. Furthermore, given that the QCM requires a moderate computational cost compared with the
expensive TDDFT, it will be useful for investigating larger systems. We consider that the
application of the QCM to the metallic metasurface and the comparison with the TDDFT results
is an important topic for a future study.
In conclusion, this study has presented a theoretical investigation into quantum plasmonic
metasurfaces with subnanometer gaps. The optical responses of a metasurface composed of twodimensionally arrayed metallic nanospheres have been examined based on the use of the TDDFT
with the JM. We have shown the transmission, reflection, and absorption rates of the metasurface
as a function of the gap distance. It has been shown that substantial differences exist between the
classical and the quantum theories when the gap distances become less than approximately 0.2 nm
owing to the electron transport. This threshold distance is almost half of the typical threshold
distance known for isolated systems, such as metallic nanodimers. It has also been shown that the
quantum effects make the plasmon features washed out and produce broad spectral structures in
the optical responses. In particular, the reflection shows rapid attenuation as the gap distance
decreases, while the absorption response is maintained over a broader spectral range. The
knowledge obtained in this study is expected to be beneficial in view of the growing interests in
metasurfaces with gap plasmonics, and will provide relevant guidelines for their design.
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