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Analysis of the plasmonic excitations in assemblies of three-dimensional electron clusters

Elli Selenius

and Sami Malola

Department of Physics, Nanoscience Center, University of Jyviskyld, FI-40014 Jyviskyld, Finland

Hannu Hékkinen
Departments of Physics and Chemistry, Nanoscience Center, University of Jyviskyld, FI-40014 Jyviskyld, Finland

® (Received 10 August 2020; revised 9 November 2020; accepted 11 November 2020; published 30 November 2020)

In the quest to built novel metamaterials with unique optical properties, three-dimensional assemblies of
metal clusters and nanoparticles are gathering significant attention. Organized geometries, such as tetrahedra
and icosahedra, can be built, for example, by using DNA strands or virus capsids as templates. Here we use
the jellium model and time-dependent density functional theory to study the plasmonic resonances in different
arrangements of eight-electron clusters from the electronic perspective. A charge transfer ratio index based on the
induced transition densities is used to quantify the charge transfer nature of the excitations at different energies.
We vary the size, shape, and intercluster separation, building systems of four-cluster tetrahedra, 12-cluster
icosahedra and cuboctahedra, and 20-cluster dodecahedra. All the studied systems are found to have charge
transfer plasmon-type excitations at low energies. Analysis of the electron-hole transitions contributing to the
transition dipole moment is further used to characterize these excitations, showing that they have significant
screening contributions unlike the higher-energy excitations. The understanding gained for the optical response
of these simple model systems can help in interpreting the properties of real, complex cluster systems.

DOLI: 10.1103/PhysRevB.102.195433

I. INTRODUCTION

Since the coupling of the plasmonic excitations in adja-
cent metal clusters or nanoparticles (NPs) changes the optical
response [1], assembly of such clusters or NPs is a way to
create materials with novel optical properties. The creation,
characterization, and application of these metamaterials, such
as three-dimensional (3D) assemblies or aggregates of plas-
monic NPs, has received significant attention in recent years
[2,3].

Single metal clusters or nanoparticles can support local-
ized surface plasmon resonances (LSPR), which are collective
oscillations of the conduction electrons on the surface of the
clusters. In dimers or other cluster assemblies, these plasmon
peaks can couple to form a bonding combination of the indi-
vidual plasmons [1]. Clusters or NPs that have a sufficiently
small separation can also support charge transfer plasmons
(CTPs), which involve the electron density oscillating be-
tween the individual clusters [4].

Three-dimensional arrangements of plasmonic NPs can
be assembled, for example, by using DNA templates [5,6],
manipulation with atomic force microscope [7], tethering or
coating the clusters with block copolymers [8—10], or using
viruses or virus-like particles as templates [11-13]. The ge-
ometries achieved include among others spherical vesicles
[10], tetrahedra [5-9], icosahedra [9,11], and other arrange-
ments with fivefold symmetries [12,13].

Spherical gold NPs in tetrahedral arrangements were stud-
ied theoretically by Urzhumov et al. [14] using the plasmon
hybridization (PH) model [1] and finite element frequency
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domain calculations. They proposed the concept of metaflu-
ids, which are fluids containing these plasmonic metaclusters.
Using the PH model and Drude theory, they found the plas-
mon resonance energies dependent on the separation of the
clusters.

One application for these plasmonic assemblies or “plas-
monic molecules” is surface-enhanced Raman scattering
(SERS). Via the creation of hot spots between the plasmonic
NPs, these assemblies were found to enhance the signal com-
pared to single NPs [8,10,12,13]. Pazos-Perez et al. fabricated
several 2D and 3D geometries of block copolymer-protected
Au NPs using evaporation of emulsion droplets [8]. The NPs
in the arrangements had a diameter of approximately 50 nm
and interparticle separations of around 2 nm. A big jump in the
SERS enhancement was observed going from planar geome-
tries to the tetrahedron. In the case of the plasmonic vesicles,
Huang et al. manufactured structures of several hundreds of
nanometers using different block copolymers as ligands and
gold NPs with diameters of 20, 50, and 80 nm [10]. The
assembly of the NPs was also achieved by subsequent emulsi-
fication and evaporation, and the separations between clusters
varied from 0.5 nm for the largest clusters to 11.6 nm for some
of the vesicles of the smallest clusters. They measured the
largest enhancements for the largest used Au NPs, proposing
that this might be due to the smallest intercluster separations
in these structures.

Arrangements of plasmonic nanoclusters can also be used
in light-assisted drug delivery [15]. The release of cargo can
be achieved, for example, by embedding metal NPs in the
outer layers of microcapsules [16] or coating loaded lipo-
somes with metal NPs [17]. In these techniques, the plasmon
resonance of the metal NPs is used to convert light into
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thermal energy, damaging the capsule or liposome and allow-
ing the material inside to exit.

In addition to larger nanoparticles, assemblies can also
be built of atomically precise clusters. Nonappa et al. have
fabricated spherical, hollow capsids with a diameter of
around 200 nm consisting of Aujp-pMBAy (pMBA = p-
mercaptobenzoic acid) clusters [18]. The self-assembly of the
clusters in a water-methanol mixture seems to be guided by
the balance of protonated and deprotonated carboxylic acids
in the ligands. Marjoméki et al. used Aujgy-pMBAy4 clusters
to coat enteroviruses with tens of clusters [19]. The clusters
were functionalized with maleimide linkers to attach to spe-
cific sites in the virus capsid. In the study the clusters were
used as labels for transmission electron microscopy, but the
authors suggested also using the geometry- and separation-
dependent optical properties of the clusters for spectroscopy
of the viruses and manipulation of the virus capsid by elec-
tromagnetic radiation. The clusters used in these two studies
were not plasmonic, but similar techniques could be used to
built plasmonic cluster assemblies.

To understand the plasmonic coupling and the optical
properties in different cluster assemblies from the electronic
perspective, we use the jellium model and density func-
tional theory (DFT) to study geometric arrangements of
eight-electron clusters with a tetrahedral, icosahedral, cuboc-
tahedral, and dodecahedral shape. We have previously studied
the LSPR in single clusters and bonding dipolar plasmons
in planar assemblies [20] and CTPs in dimers [21] using
the same methods. The simple jellium model enables us to
concentrate on the electronic response and to handle large
systems with lower computational cost than with fully atom-
istic models. In addition, we have seen that assemblies of even
the small eight-electron jellium clusters can support collective
excitations such as CTPs and bonding combinations of the
LSPRs.

Since there is a spherical shell closing for eight electrons in
the jellium model, we use a positive background in the shape
of a sphere for the clusters. This spherical symmetry of the
individual clusters also simplifies the analysis of the different
cluster assemblies, making it easier to observe the effect of
the geometry of the arrangement. For real clusters, the atomic
structure obviously prevents the shape of the eight-electron
sodium cluster from being exactly spherical. In atomistic ab
initio calculations, Nag is found to prefer a shape with the T,
point group, higher in symmetry than the neighboring cluster
sizes [22,23].

Zhang et al. have showed that for dimers of sodium clusters
with about 300 atoms, the atomic structure affects the exact
energies of the main absorption peaks and the maximum sep-
aration at which the CTP peak is manifested [24]. However,
the main trends for the absorption spectra were reproduced
also by the jellium model. The shape of Nag differs more from
a sphere than the shape of these larger clusters, but we can still
expect that the jellium assemblies can qualitatively reproduce
results of the corresponding atomic systems.

Classical simulations have been previously performed for
three-dimensional cluster arrangements with clusters the size
of tens of nanometers [5,7-10,12,14]. Unlike the LSPR-based
plasmons, the tunneling CTPs present at small separations
cannot be modeled using classical approaches [4]. Since our
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FIG. 1. The jellium backgrounds for the studied geometries:
(a) tetrahedron, (b) icosahedron, (c) cuboctahedron, and (d) do-
decahedron. The clusters are numbered for further reference. The
direction of the optical analysis (x) is indicated.

methods and systems allow us to reach the CTP region, we
will focus more on these less studied excitations.

The analyzed cluster assemblies have been chosen to be
shell-like or capsid-like to mimic the experimental setups
with capsids of clusters or clusters or NPs arranged on a
virus. In the experiments thus far, either the capsid or the
NPs have mostly been far bigger than the systems studied
here. However, our jellium systems serve as smaller-scale
models to study the optical phenomena of cluster systems with
subnanometer gaps in detail, using the methods and tools that
we have already developed for these jellium clusters. In the
future, our analysis can help to interpret the more complex
optical responses of real, atomistic cluster systems.

II. THEORY AND METHODS

The studied systems consist of spherical eight-electron
clusters, arranged in a hollow capsid-like formation. Tetrahe-
dral, icosahedral, cuboctahedral, and dodecahedral symmetry
were used, with 4, 12, 12, and 20 clusters, respectively. The
clusters were placed on the vertices of these shapes. The den-
sity of sodium was used for the jellium background, resulting
in a radius of r = 4.1 A for one cluster. The largest system,
dodecahedron, had an intercluster separation of S = 1.0 A=
0.25r. For the other geometries, two different separations
were used: S = 1.0 Aand § = 2.1 A = 0.5r. The jellium sys-
tems can be seen in Fig. 1.

The DFT calculations were performed with the real-space
grid GPAW program [25,26], which allowed us to easily con-
struct the systems. Because of the uniform background, the
LDA functional [27] was chosen for the exchange correlation.
In the case of charge transfer between clusters, LDA can
reproduce also charge transfer plasmons (see the supporting
information of Ref. [21]). The optical spectrum was calculated
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FIG. 2. The electron density (in gray) along the x axis for (a) a
single eight-electron cluster and (b) a dimer of two eight-electron
clusters with a separation of S = 0.25r. The x axis is the dimer axis.
The positive jellium background density is indicated with a dashed
line.

using the linear response time-dependent DFT (Ir-TDDFT) as
implemented in GPAW [28].

In GPAW, the jellium background is constructed by assign-
ing the positive background charge to certain gridpoints. For
the spherical jellium clusters, these are the gridpoints with
coordinates r for which

It —Ro| < N'7r, ey

where Ry is the center of the cluster, N is the number of
electrons of the cluster, and ry is the Wigner-Seitz radius of
sodium. We used the value r, = 2.08 A. Since the charge is
divided uniformly, inside the jellium spheres the background
density is approximately

4 - :
oy = (gnﬁ) ~ 0.0265 A3, (2)

This positive density is then added to the electron density
when calculating the Hartree potential, which contains the
Coulombic repulsion and attraction of the charges. The self-
consistently calculated electron density is not uniform but
experiences oscillations and spill-out from the positive back-
ground.

To illustrate the extent of this spill-out of electrons and
the electron density overlap for adjacent clusters, the elec-
tron density along x axis for a single cluster and dimer are
shown in gray in Fig. 2. The uniform positive background
density p; is indicated with a dashed line. The dimer has

a separation of S = 0.25r. The electron density for a dimer
of a separation of § = 0.5r can be seen in the supporting
information of Ref. [21], where the effect of the electron
density overlap on the CTPs is discussed for dimers. Fig-
ure 2(a) shows that the electron density tail extends about 2 A
outside of the jellium surface. For clusters with a separation
of §=0.25r=1.0 A, there is significant electron density
between the clusters, as can be seen from Fig. 2(b). For the
separation of § = 0.5r = 2.1 A, the electron density overlap
is smaller but non-negligible.

The calculations were performed at 0 K in vacuum, and
a minimum of approximately 8 A of empty space was left
between the jellium edges and the edge of the calculation
box. Because of the uniform jellium background, a relatively
large grid spacing of & = 0.4 A was employed. Testing the
convergence with respect to the grid spacing, the spectrum
of one of the tetrahedral systems was found to be the same
for h=0.3 A and h = 0.4 A. For the optical spectrum cal-
culation, the used energy cutoff was 7 eV for the tetrahedra,
6 eV for the icosahedra and cuboctahedra, and 5 eV for the
dodecahedron.

Selected peaks of the spectra were also further analyzed us-
ing the time-dependent density functional perturbation theory
[29], where the system is excited with a cosinoidal laser pulse.
This allows us to separate the contributions from different
Kohn-Sham electron-hole transitions to the transition dipole
moment and also to calculate the induced density. Here we
use a laser pulse polarized in the x direction, as indicated
in Fig. 1. We visualized these contributions employing the
dipole transition contribution map (DTCM) scheme [30,31].
This was combined with the Y, analysis [32], where the
Kohn-Sham orbitals of the clusters are projected into spherical
harmonics to show the superatomic symmetries. This analysis
was done for each spherical eight-electron cluster separately,
and the contributions were summed for the total system.

To have a quantitative measure of the charge transfer char-
acter of an excitation, we have employed an index, the charge
transfer ratio (CTR). In our previous study of dimeric systems
[21], we employed a similar index which was calculated using
the dipole moment of the charge transfer and the induced
dipole moment of the system. Now, due to the more com-
plicated symmetries of the systems, we employ an alternative
way to calculate a similar index. We want to compare the ratio
of the total induced charge momentarily transferred between
clusters at the studied excitation energy to the total induced
charge oscillating in the whole system.

Due to symmetry, the clusters that have a center at the
x =0 plane have a total of zero induced charge, and the
clusters at the left (right) all have either a positive or negative
charge. Thus, we can have a measure of the total charge
transfer between clusters by summing the induced charge for
all the clusters on the left. To normalize, we divide by the
total positive induced charge in the whole system, or half of
the integral of the absolute value of the induced density. Let
us use the index i for the clusters in one system, and divide the
calculation box to the left and right sides. Now we can write
the CTR index as

| Z,‘ in left Jcluster i Pind (I') dl'|
fall |10ind (I‘)|/2 dr ’

CTR = 3)
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TABLE I. The binding energy per cluster and HOMO-LUMO
gap for all the studied systems in units of eV. The abbreviations used
in the text are also shown. The values for two dimer systems consist-
ing of spherical eight-electron clusters are included for comparison.

Abbreviation Shape S/r E,/cluster ~ H-L gap
Thi Tetrahedron 0.5 0.073 1.17
Th2 Tetrahedron 0.25 0.19 0.98
Ihi Icosahedron 0.5 0.12 1.11
1h2 Icosahedron 0.25 0.32 0.82
Chl Cuboctahedron 0.5 0.098 1.12
Ch2 Cuboctahedron 0.25 0.26 0.80
Dh Dodecahedron 0.25 0.20 0.92
- Dimer 0.5 0.023 1.27
- Dimer 0.25 0.066 1.13

where p;uq(r) is the induced density and the summation goes
over all the clusters on the left side of the system. For example,
for the icosahedron visualized in Fig. 1(b), these clusters are
numbered 1-4. The integral in the numerator is performed
over the volume assigned for each cluster. The division of the
space between the clusters is done by using a Wigner-Seitz
type definition, assigning each grid point to the cluster that it is
closest to. In the integration in the denominator, we integrate
over the whole calculation cell.

If the CTR index is zero, the charge oscillations are
happening only inside the clusters, and no net charge is trans-
ferred between different clusters. The maximum value of the
index is 1, which would mean that all the induced density
oscillations happen between clusters. The absolute value in
the numerator makes sure that the index is always positive,
since the magnitude is the measurement of the amount of
charge transfer between clusters.

III. RESULTS
A. Binding energies and HOMO-LUMO gaps

The binding energies E}, per cluster and the HOMO-LUMO
(H-L) gaps for the different shapes and separations are listed
in Table I, as are the abbreviations given to each system.
The values for two systems of dimers consisting of the same
eight-electron clusters are also included for comparison. The
binding energy for the cluster arrangement is calculated as
E, = M Egjng. — Eqys, where M is the number of clusters in
the arrangement, E;,q. the energy of the single cluster, and
Eqy, the ground-state energy of the cluster system.

We can see that all the system have relatively large H-L
gaps close to 1 eV, as a consequence of the magic nature of
the spherical eight-electron cluster. A single, isolated cluster
has a H-L gap of 1.50 eV. The H-L gaps and binding energies
per cluster are quite similar for the different geometries. The
arrangements with 12 clusters have stronger binding ener-
gies per cluster than the systems with other sizes, with the
icosahedra having the biggest energies for both separations.
This trend in the binding energies follows the number of
nearest-neighbor interactions per cluster in the different ge-
ometries, the tetrahedra and dodecahedra having three, the

cuboctahedra four, and the icosahedra five nearest neighbors
for each cluster.

Decreasing the separation between the clusters from
S/r =0.5 to §/r = 0.25 has the same trend for each three-
dimensional shape: the binding energy per cluster increases
by 0.12-0.20 eV, and the H-L gap decreases by 0.19-0.32 eV.
The changes in the H-L gap can be explained by the further
hybridization and subsequent splitting of the electron orbitals
of the individual clusters when the clusters are brought closer
together.

B. Absorption spectra and CTR values

The absorption spectra and the CTR values for all the
systems are shown in Fig. 3. The absorption strengths have
been normalized by dividing by the number of clusters for
each system. The spectrum of a single eight-electron cluster
is shown for comparison. The clusters on the left side of the
cluster arrangement, included in the CTR calculations using
Eq. (3), are 1 for the tetrahedra, 1-4 for the icosahedra, 1-4
for the cuboctahedra, and 1-8 for the dodecahedron, using the
numbering from Fig. 1.

The spectra shown are the average for light polarized in
the x, y, and z directions. The cluster arrangements are highly
symmetric, and the spectra were checked to be almost identi-
cal for all the directions. The same has been observed for the
scattering spectra of tetrahedral and icosahedral superclusters
of larger nanoparticles both experimentally and computation-
ally [9].

For the larger separation, the /Al in Fig. 3(f) and Chl in
Fig. 3(g) both have one relatively sharp main peak at the
energies 2.61 eV and 2.62 eV, respectively. This peak is,
however, broader than and slightly red-shifted from the LSPR
peak of the single eight-electron cluster, at 2.72 eV, as seen in
Fig. 3(h). The red-shift and broadening of the plasmon peak in
the absorption spectra also has been observed in experiments
of plasmonic NP arrangements [10—13]. The spectrum of Th/,
however, supports a broad peak at 2.75 eV with a shoulder at
approximately 2.5 eV. This is because, on average, the clusters
in the tetrahedral arrangement are closer to each other than in
the other geometries, which have a larger empty space in the
middle. For all the cluster arrangements, the spectrum has a
low-energy tail that is absent for the single sphere.

We can observe that going from the larger separation to
the smaller, the main peak broadens and absorption strength
is transferred to smaller energies, as has been seen also for
the dimer systems [21]. This is clearer for the icosahedral and
cuboctahedral symmetries, which support quite a narrow peak
for S/r = 0.5, than for the tetrahedra. In these systems, we
can see that the optical spectra change drastically with respect
to changes in the intercluster separation. For S/r = 0.25, the
highest peak appears at slightly higher energies than for S/r =
0.5 for all the geometries.

Comparing the two different geometries with the same
number of clusters, icosahedron and cuboctahedron, we can
see that the spectra are very similar for the larger separation.
For S/r = 0.25, the spectra, while still similar, differ some-
what in the details. One explanation is the splitting of the
orbitals, which is similar for ChI and Ihl, but larger for Ch2
than for /h2, as seen in Figs. 4 and 5. The larger splitting
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FIG. 3. The absorption spectra and CTR values for all the studied systems. The absorption strength has been divided by the number of
clusters for each system. The spectrum of a single cluster, shown with a different y-axis scale, is included for comparison.

can be explained by the lower symmetry of the cuboctahedral
shape.

Following the CTR analysis, we can see that all the systems
have high CTR values at low energies, approximately up to
2 eV. The CTR index reaches its minimum at about 3 eV,
approximately the energy of the higher-energy shoulder of the
main peak. This indicates that the low-energy excitations have
a high charge transfer character, and the largest peak and its
shoulder are a result of charge oscillations inside each cluster
separately.

The increase in the CTR values going from the larger sep-
aration to the smaller are not very high, with Chl even having
one higher CTR values than Ch2. However, for the tetrahedra
and the icosahedra, the highest CTR value for S/r = 0.25 is
larger than for S/r = 0.5 and appears at higher energies. For
all the studied systems with two different separations, the CTR
values diminish faster when going to bigger energies for the
larger separation, which can be seen for example from the data
points near 2 eV in Fig. 3.

C. Analysis of the absorption peaks

In Fig. 4 we show the DTCMs and induced transition den-
sities for three selected excitations for both of the icosahedral
clusters. The main trends with respect to the energy of the ex-
citations are representative also of the three other geometries.
The analysis was made for light polarized in the x direction.
The contour plot shows the relative strengths of the positive
(red) and negative (blue) contributions to the dipole moment.
The dashed line marks e-A transitions from initial K-S state i
to final state f, with energies ¢; and €, respectively, for which
the energy of the excitationis £ = €, — ¢;.

The low-energy excitations shown in Figs. 4(a), 4(b), 4(d),
and 4(e) have a high CTR value, the highest for /Al being
the one at 1.57 eV and for /h2 the one at 1.84 eV. The
isosurfaces of the induced densities show that the induced
charge distributions inside one cluster are different on the
left and on the right side of the arrangement, clusters on the
left being more positively charged. From the DTCMs we can
see that the contributions to these excitations below 2 eV
are mainly from transitions from the 1P orbitals to the 1D
orbitals.

The higher-energy excitations, at 2.61 eV and 2.66 eV,
correspond to the largest peak and have a low CTR value.
From the induced density figures we can see that these ex-

citations correspond to the electronic charge oscillating inside
each cluster separately in-phase. These features indicate that
these peaks are bonding combinations of the LSPR peaks.
In addition to the 1P — 1D transitions, there are also some
appreciable contributions from 1P —2S.

The other clear difference between the high- and low-CTR
excitations is the ratio of positive and negative contributions to
the dipole moment. The percentage of the total strength from
the negative contributions of the total strength from all the
contributions is largest for the lowest-energy excitations and
decreases with increasing energy at least until about 2.5 eV.
This percentage for Ihl is 34%, 31%, and 6%, for the peaks
shown in Figs. 4(a), 4(b), and 4(c), respectively. Similarly,
for Th2, the percentages are 35% for the peak in Fig. 4(d),
30% for Fig. 4(e), and 8% for Fig. 4(f). Thus, the low-energy
excitations exhibiting a large CTR have relatively more con-
tributions from screening transitions than the excitations close
to the original LSPR peak. These transitions contributing neg-
atively lie mostly on the E = €y — ¢; line, meaning that the
energy of the transitions is approximately the energy of the
whole excitation. In contrast, the strongest positive excitations
lie mostly below this line.

The DTCMs and induced densities for the peak with the
highest CTR value for the rest of the systems with S/r =
0.25r, Th2, Ch2, and Dh2, can be seen in Fig. 5. The features
are similar to those for the peaks with highest CTR values
for the icosahedral systems. The cuboctahedron, which has
the most splitting in the 1P orbitals of all the geometries, has
consequently the biggest spread of energy differences €, — ¢;
in the contributing e-h transitions. The largest splitting can
be explained by the cuboctahedron having lower symmetry
than the icosahedron and the dodecahedron, and having more
clusters than the tetrahedron.

We can see strong negative contributions approximately
on the E = €7 — ¢; line also for all the excitations in Fig. 5.
The percentages of the negative e-h contributions are 29%
for the excitation in Fig. 5(a), 26% for Fig. 5(b), and 30%
for Fig. 5(c). The induced densities again show that the tem-
porary induced charge distributions are not symmetric with
respect to all the single clusters, only with respect to the
whole arrangement. These features are similar to those for
the CTP excitations for dimers of the eight-electron clusters
with separations of S/r = 0.5r and S/r = 0 [21], which also
appear in the same energy range between approximately 1.5
and 2 eV. Using the same terminology, the excitations seen in
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FIG. 4. The DTCM figures and isosurfaces of induced densities for selected peaks for the icosahedral geometries. (a—c) Separation S = 0.5r
(Ih1), (d)—(f): separation S = 0.25r (Ih2). The red and blue of the contour plot show positive and negative contributions to the transitions
dipole moment, respectively. The colors of the PDOS indicate the superatomic symmetries of the orbitals around each individual cluster in the
arrangement, and the PDOS shown is the sum of these projections. The gray indicates higher symmetries and electron density outside of the

projection spheres.

Figs. 4(a), 4(b), 4(d), and 4(e) and Fig. 5 can also be classified
as CTPs.

IV. SUMMARY AND CONCLUSIONS

We have studied the plasmonic excitations in geometric
assemblies of eight-electron jellium clusters using Ir-TDDFT.
We have also calculated the CTR index, a measure of the
charge transfer nature of the excitations, at different excita-

tion energies for each cluster. With the studied separations of
approximately 1 or 2 A, even a 1 A change can have a big
effect on the spectra. However, we found excitations with CTP
character at low energies for both separations.

For all the studied geometries, we see the same trends in
the optical response. The two arrangements with the same
number of clusters but different geometries, icosahedron and
cuboctahedron, have very similar spectra especially for the
longer separation. In addition, all the clusters support one
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FIG. 5. The DTCM figures and isosurfaces of induced densities for the peak with the highest CTR value for (a) Th2, (b) Ch2, and (c) Dh,

which all have a separation of § = 0.25r.

larger bonding plasmon peak (in some cases with a shoulder),
and one or several CTP peaks at lower energies.

The different nature of the excitations can be also seen
in the DTCM analysis: for the peaks with significant charge
transfer nature, the e-h transitions contributing to the tran-
sition dipole moment are mainly from 1P to 1D, and they
involve transitions with strong negative contributions. The
plasmon peaks at higher energies, on the other hand, are
formed mainly from positively contributing transitions and
include also 1P — 28 contributions.

The combination of the GPAW code and the simple jellium
model lends itself readily to the study of different cluster
arrangements. The geometries studied here are regular poly-
hedra. Since GPAW is a real-space grid-based code, any
arrangement of clusters is easy to assemble and compute.
The same methods and analysis tools can be extended to
more complicated or larger geometries as well as clusters of
different shapes. Conductive linking between the clusters can
also be modeled by channels of suitable jellium background
density.

Compared to real eight-electron sodium clusters, the uni-
form spherical jellium background is an oversimplification.
For example, since atomic Nag clusters are polygons in shape,
the relative orientations of the neighboring clusters can also
affect the charge transfer and plasmon coupling in an assem-
bly. The effect of the shape could be studied by changing
the jellium background from spherical to the experimental
geometry, which would be an interesting follow-up work.
Here we concentrated on the general trends varying the sep-
aration and arrangement, the results representing rather an
assembly of different cluster orientations than a single atomic
system.

In the experimental studies and applications, the clusters
usually consist of gold or silver atoms, not sodium. In these

noble metals, the d electron screening weakens the surface
plasmon resonance and thus reduces the interaction between
the plasmons of neighboring clusters [33]. Additionally, gold
and silver have smaller Wigner-Seitz radii than sodium, result-
ing in larger background density. This corresponds to smaller
electron spill-out lengths for these noble metals [34,35]. Since
the CTPs require electron density overlap, this indicates that
the onset of the CTPs would happen at smaller separation in
gold or silver arrangements. Because of these differences, no-
ble metal assemblies are expected to show a weaker coupling
in the absorption spectra than the jellium arrangements with
the density of sodium studied here.

Exact comparison to existing experiments is also hindered
by the generally much larger size of the NPs and interparticle
separations in the experimental plasmonic assemblies, such as
those mentioned in the introduction, compared to the jellium
arrangements studied here. Specifically, none of the articles
[5-13] report CTPs, which require very small intercluster
separations. So far, CTPs have not been observed for cluster
systems with similar arrangements and cluster sizes as studied
here. Atomically precise monolayer-protected metal clusters
[36] are promising candidates for building blocks of assem-
blies that would enable the experimental study of the plasmon
coupling and charge transfer oscillations in this size range.

The jellium studies can pave the way to more realistic
atomistic calculations for modeling these systems. For ex-
ample, even though the induced densities and DTCMs are
more complex for assemblies of monolayer-protected gold
clusters, the trends can be expected to be the same as here.
By comparing the results of jellium calculations and atomistic
calculations, the effect of the atomic structure can be sepa-
rated. In addition, the results for jellium assemblies can help
to identify the different features in the optical spectra for the
atomistic systems.
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