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ABSTRACT

The absorption spectra for face-centered cubic nanoparticle dimers at various interparticle distances are investigated using time-dependent
density functional tight binding. Both homodimers and heterodimers are investigated in this work. By studying nanoparticles at various
interparticle distances and analyzing their vertical excitations, we found that as the interparticle distance decreases, a red shift arises from
contributions of the transition dipole moment that are aligned along the z-axis with nondegenerate features; blue shifts occur for peaks that
originate from transition dipole moment components in the x and y directions with double degeneracy. When the nanoparticles are similar
in size, the features in the absorption spectra become more sensitive to the interparticle distances. The best-fit curves from vertical excitation
energy in the form of AR for AE edshift/ABbjueshite v R are determined. In this way, we determined trends for absorption peak shifts and how

these depend on the interparticle distance.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025672

INTRODUCTION

Nanoparticles such as gold and silver have many applications
in chemistry, physics, and biology due to their optical properties
and their high physical and chemical stability." * Localized surface
plasmon resonances (LSPRs)” " are unique optical characteristics of
nanoparticles. The LSPR originates from the collective oscillation of
conduction electrons upon excitation with an external electric field.
Due to plasmonic coupling, the optical properties of nanoparticles
are highly affected by their neighboring particles.'' '

A nanoparticle dimer is the simplest system to study nanopar-
ticle interactions. Dimers can provide a model for the system-
atic study of nanoparticle plasmonic interactions and can pave
the way for further understanding of hybridized plasmons'"'""* in
more complex systems. When the surface plasmons are excited, a
large electromagnetic field enhancement can occur in a nanopar-
ticle junction. Studying nanoparticles not only provides phys-
ical insights about nanoparticle interaction but also provides
more understanding regarding the resulting electromagnetic field
enhancements.

Many previous theoretical studies have employed density func-
tional theory (DFT) and time-dependent density functional the-
ory (TD-DFT)"™"”* for describing quantum mechanical effects
on the optical properties of large systems.”” ' Density func-
tional tight binding (DFTB)’>"’ and its time-dependent formalism
(TD-DFTB)™*" are great potential candidates to improve the com-
putational efficiency of these methods with a small decrease in accu-
racy. Sanchez and co-workers have used TD-DFTB to investigate
the relaxation dynamics of LSPRs in nanoclusters.”” ** Wong and
co-workers used real-time TD-DFTB to study the electron dynam-
ics of a plasmonic antenna and showed the capabilities of TD-
DFTB for the calculation of plasmonicity.” "' In 2018, Alkan and
Aikens used the TD-DFTB formalism to study the optical prop-
erties and electronic structures of silver nanorods and nanorod
dimers."” Their results show a good agreement between TD-DFTB
and TD-DFT in that the spectral shapes, energies, and inten-
sity trends from the TD-DFT calculations can be reproduced by
TD-DFTB.

Due to the high computational efficiency of DFTB and TD-
DFTB, these methods can be used on large systems. Moreover,
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because DFTB and TD-DFTB allow for explicit treatment of elec-
tronic structure, they can more accurately predict absorption spec-
tra compared to classical methods in the cases where quantum
mechanical effects become important. Quantum mechanical meth-
ods are required to treat effects such as electron tunneling and charge
transfer plasmons that are especially evident when the interparti-
cle distance between nanoparticles becomes small. In this study, we
employ the TD-DFTB method to examine how the optical prop-
erties of homodimers and heterodimers are tuned as the inter-
particle distance changes. The polarization of the transition dipole
moment is an important consideration in dimers. As the distance
of the silver nanoparticle dimer decreases, we find that the exci-
tation energy will blue shift when it comes from a dipole transi-
tion perpendicular to the dimer interaction axis (i.e., polarized in
the x and y directions) and shows up with a doubly degenerate
feature. Furthermore, the excitation energy will red shift when it
comes from a dipole transition polarized along the dimer interac-
tion axis (z direction) and shows up with no degeneracy. Our study
can answer three important questions regarding dimer nanoparticle
systems:

(1) Why do new peaks show up upon decreasing the interparticle
distance?

(2) When the distance between the nanoparticles in the dimer
decreases, why does the highest peak blue shift for some
systems and red shift for other systems?

(3) When the distance decreases for one dimer system, what
causes the highest peak to blue shift for some distance range,
but red shift for another range?

COMPUTATIONAL METHODS

All density functional tight binding (DFTB) calculations of
face-centered cubic (FCC) silver nanoparticles are performed using

Dimer A Dimer B

Dimer C Dimer D
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the Amsterdam Density Functional (ADF) 2016 program.”
Time-dependent density functional tight binding (TD-DFTB)"""
calculations are performed using the self-consistent-charge (SCC)
formalism and the Hyb-0-2 parameter set."**’ The SCC convergence
threshold is defined by the maximum change between two succeed-
ing SCC cycles. In the calculation, we set the charge convergence
tolerance to 1 x 10™°. The linear-response TD-DFTB method allows
for each excited state to be represented with multiple determinants,
each of which represents a single orbital-to-orbital transition. Prior
to the linear response TD-DFTB calculation, the single orbital tran-
sitions with an oscillator strength smaller than 1 x 10~* are removed,
and the rest are coupled into the excited state. The smoothed absorp-
tion spectra are convoluted with Gaussian broadening with a full
width at half-maximum (FWHM) of 0.05 eV. Because of the high
efficiency of TD-DFTB, the largest test case corresponding to the
Agi6s dimer takes around 2 h on one computer node with 15 cores
to calculate 4000 excited states for the spectrum.

The geometries of the monomers are created by a FCC coordi-
nate generator using a lattice spacing of 4.0853 A (from bulk silver)
and choosing desired silver FCC spherical radius cutoffs of 4 A, 7A,
8 A, and 8.5 A. The FCC silver nanoparticles Agi4, Agos, Agiis, and
Agie4 are generated; their coordinates are provided in the supple-
mentary material. We construct the dimer structures by using dif-
ferent combinations of monomers at various interparticle distances
(6A,7A,8A4,9A4,10A4,124,154,17 4,20 4,25 4,30 A, 40 A,
and 50 A). The distances are measured by considering the distances
between the two closest atoms from different nanoparticles in the
dimer structure along the z-axis. No geometrical optimizations are
performed for these structures.

Four homodimer systems are studied in this work (Fig. 1): Agi4
dimer, Ago, dimer, Agii¢ dimer, and Agjes dimer. Six heterodimer
systems are also examined (Fig. 2): Agis and Agoy, Agis and Agis,
Ag14 and Ag164, Ag92 and Agng, Ag92 and Ag154, and Ag116 and
Ag164-

FIG. 1. Structures of FCC homodimer nanoparticles.
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The interaction between the excited states of two nanoparticles
is sometimes treated as a weak perturbation to the Hamiltonian and
is expressed as a dipole-dipole interaction.'®” Then, both AE,edshift
and AByjyeshirt would be proportional to |u[*R ™, where p is the dipole
moment of the excited state for the monomer and R is the distance
between two dipoles. In this work, the best-fit curves in the form
of AR for AE,eqshitt/ ABbieshitt vs R are determined. In the equa-
tion, R is the distance between the two monomer nanoparticles and
A and b are the parameters to be optimized. AE eqshift/ AEblueshife 1S
the energy difference between the energy of the absorption peak at a
given value of R and the energy of absorption at a long distance (50
A). For optimized A and b, the AE egsnif and AEpjuesnie from the best-
fit curve agree with the AE eqshit and AEpjyeshit from the TD-DFTB
calculation.

In this paper, we present two approaches to analyze the absorp-
tion spectra of nanoparticle dimers. In the first approach, we study
the highest peak and the overall profile of the absorption spectra and
compare with experimental results. The next approach is to analyze
individual vertical excitation energies, which are also called “stick

ARTICLE scitation.org/journalljcp

FIG. 2. Structures of FCC heterodimer nanoparticles.

spectra.” Spectral broadening is included in the first approach by
convolving the stick spectra with a Gaussian line shape of a given
width. The stick spectra are the source of the simulated absorption
spectra. The highest peak in the overall absorption spectrum may be
formed from a single excited state with a very high intensity. How-
ever, it may also be caused by several close excited states. Thus, it
is helpful to employ both approaches when analyzing absorption
spectra.

Using the vertical excitation energy information, we can deter-
mine the transitions that are responsible for the highest intensity
peak and why the highest peak will blue shift at one distance range
and red shift over another range. By using the vertical excitation
energies, we can analyze a specific excited state, which is critical
for studying the absorption peak shifts in nanoparticle dimers. In
this paper, we use vertical excited state information to analyze sev-
eral high intensity peaks. In the vertical excitation energy analy-
sis, we found that the exponential function can be fitted to the
energies, whereas it is not feasible to do this for the broadened
spectra.
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RESULTS AND DISCUSSION

Absorption spectra of monomers of FCC-structured
silver nanoparticles

Absorption spectra for monomer nanoparticles with different
sizes are shown in Fig. 3. For Agiy the strongest peak is located
at 3.22 eV [Fig. 3(a)]. For Age, two strong peaks at 2.87 eV and
2.99 eV are observed [Fig. 3(b)]. Numerous low-intensity peaks are
also present in this system. Above 3.5 eV, the absorption spectra pro-
file is governed by the high density of states. For Agie, the highest
peak is at 2.87 eV [Fig. 3(c)]. Similar to Ago,, the absorption pro-
file above 3.2 eV is determined by the density of states. For Agies,
the absorption spectra profile is determined both by distinct peaks
at 2.89 eV and 2.96 eV and the high density of states [Fig. 3(d)]. The
solid-state features (i.e., that the absorption profile is governed by
a high density of states instead of a strong electronic state) become
clearer for Agies.

Absorption spectra of silver nanoparticle
homodimers

In this section, we investigate the absorption spectra of homod-
imers of FCC silver nanoparticles (Agis, Agoz, Agiis, and Agies) at
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different interparticle distances (6 A, 7 A, 8 A, 9 A, 10 A, 12 A, 15 A,
17 A, 20 A, 25 A, 30 A, 40 A, and 50 A) (Fig. 4).

For the Agi4 dimer [Fig. 4(a)] at an interparticle separation of
50 A, we found the highest intensity peak at 3.22 eV, which is the
same excitation energy as the Agi4 monomer. However, the intensity
is twice that of the Ag;4 monomer due to the doubling of the num-
ber of electrons in the system. As the interparticle distance decreases
from 50 A to 15 A, the energies of the highest peaks remain at
3.22 eV. However, from 15 A to 6 A, the intensity decreases and the
highest peak energy blue shifts from 3.22 eV to 3.24 eV. In addi-
tion, a new peak appears at 3.18 eV when the interparticle distance
decreases to 6 A.

For Ago, [Fig. 4(b)], similar characteristics to the Agi4 dimer
are found. At a large interparticle distance (i.e., from 50 A to 15
A), the highest intensity peaks all occur at 2.99 eV, similar to the
monomer nanoparticle. For this dimer system, the highest peak (at
2.99 eV) blue shifts as the interparticle distance decreases from 15 A
to 6 A. The second highest peak red shifts from 2.82 eV to 2.81 eV.

For Agiie [Fig. 4(c)] at large interparticle distances, the absorp-
tion peaks occur at 2.87 eV, which is the same as the absorption peak
of the monomer. From 50 A to 12 A, the highest absorption peak
blue shifts from 2.87 eV to 2.89 eV. From 12 A to 6 A, the peak red
shifts from 2.89 eV to 2.87 eV. To understand these shifts, it is not

(b) Ags,
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FIG. 3. Calculated absorption spectra for FCC silver nanoparticle monomers. (a) Ag1s, (b) Aggy, (C) Ad116, and (d) Agses.
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gigg The Agiis dimer is analyzed by studying the excited states
2 g that comprise its absorption spectra. In Figs. 5-8, the best-fit curve
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2 AE edshift and AEpjueshife at the TD-DFTB level of theory for this sys-
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Energy (eV) (Figs. S1-S8). The best-fit curve for vertical excitation energies do
Homodimer Ag;, S0A not follow an AR™ relationship, which is expected because the

dipole-dipole interaction does not hold at short distance, due, in
part, to the interaction and mixing of higher multipolar oscillations
of nanoparticle dimers.”"”* The b value observed in our work is less
than 2, which was the value observed in the “plasmon ruler” work of
Jain ef al.”*™*

For the Agi16 dimer, the vertical excitation energies are shown
in Figs. 5-8 with detailed data in Tables S1-S4. As shown in Fig. 5
and Table S1, as the distance decreases from 50 A to 6 A, the highest
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Energy (eV)
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which is exactly opposite to the trends for Agos.
With the discussion above, three specific questions arise: (1) FIG. 6. Distance dependence of the absorption energy from the second highest

intensity excitation of the Agys dimer and the predicted distance dependence of

Why does a new peak show up at short distance for the Agis dimer, this absorption energy in the form of £ = AR~?, with A = 0.0545 and b = 1.3521.

or why does the peak split? (2) Why, for the Agiis dimer, does the
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FIG. 7. Distance dependence of the absorption energy from the third highest inten-
sity excitation of the Agy1s dimer and the predicted distance dependence of this
absorption energy in the form of £ = AR, with A = 0.0696 and b = 1.5119.

intensity peak red shifts from 2.90 eV to 2.87 eV. The overall trend of
the shifts agrees with distance dependence function AR that would
be expected from a classical dipole-dipole interaction. Figure 6 and
Table S2 show the distance-dependent shift in the second highest
intensity peak of the Agii¢ dimer, which is doubly degenerate. The
trend of the second highest peak agrees with a distance dependence
function AR™’; however, it has positive sign of A, which is the oppo-
site compared to the highest intensity peak, which means that the
peak blue shifts as the distance decreases. Figure 7 and Table S3 show
a similar trend to the second highest peak with a doubly degener-
ate state that also fits the distance dependence function; similarly,
the peak blue shifts as the interparticle distance decreases. As shown
in Fig. 8 and Table S4, the fourth highest intensity peak, which is
also doubly degenerate, shares similar trends as the second and third
highest intensity states.

By analyzing the direction of the transition dipole moment, we
found that the highest peak arises from a transition dipole moment
in the z direction in agreement with the nondegenerate feature we
found in the excitation energy. In contrast, the second, third, and
fourth highest peaks come from transition dipole moments in the x
and y directions, which agree with the doubly degenerate features in

the excitation energy. From the plasmon hybridization model, 718
2.893
2.892 \
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FIG. 8. Distance dependence of absorption energy from the fourth highest energy
excitation of the Agys dimer and the predicted distance dependence of this
absorption energy in the form of £ = AR=>, with A = 0.1500 and b = 1.8516.
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the interaction of transition dipoles that are oriented along the inter-
dimer axis (in the z direction) leads to a bright state that red shifts
with decreasing interparticle distance (Fig. S2), whereas the inter-
action of transition dipole moments that are perpendicular to the
interdimer axis (i.e., in the x and y directions) leads to a bright state
that blue shifts with decreasing distance (Fig. S3).

For the three other homodimer systems, the relation between
absorption peak shifting and the direction of the transition dipole
moment involved is the same as described for Agiis (Figs. S4-525).
All transition dipole moments in the z direction are nondegenerate;
for these states, as the distance between nanoparticles decreases, the
absorption energy red shifts. Double degeneracies are observed for
all transition dipole moments in the x and y directions; with decreas-
ing interparticle distance, the absorption energies for these features
blue shift.

All the vertical excitation energies polarized along the z-axis
decrease in energy as the distance decreases (corresponding to a neg-
ative A value) and all the vertical excitation energies polarized in
the x-y plane increase as the interparticle distance decreases (with
a positive A value). When the highest peak is dominated by dipole-
dipole interaction polarized along the z-axis, the highest peak in
the absorption spectra red shifts as the nanoparticles in the dimer
become closer. However, when the highest peak is dominated by
dipole-dipole interaction that is polarized in the x-y plane, the high-
est peak in the absorption spectra blue shifts as the interparticle
distance decreases.

When an overall peak in an absorption spectrum has significant
contributions from vertical excited states with different polarization,
the highest peak can blue shift over a certain range and red shift at
another range. As an example, in the Agi1s homodimer, the high-
est peak blue shifts when the nanoparticle distance decreases from
50 A to 20 A and red shifts from 15 A to 6 A [Fig. 4(c)]. Moreover,
by comparing the intensities of the vertical excitations, we found that
the highest intensity excitation at 50 A arises from a z-polarized exci-
tation with an intensity of 57.55, and the second highest intensity
feature is doubly degenerate and polarized in the x-y plane with an
intensity of 26.39. The peak near 2.89 eV in the broadened absorp-
tion spectra of Fig. 4(c) arises primarily from a combination of the
states presented in Figs. 5-8, which means that as the interparti-
cle distance decreases from 50 A to 6 A, one vertical excitation red
shifts (Fig. 5), while three vertical excitations blue shift. All these
individual shifts combined yields the overall absorption peak shift
for Agiie. In the case of Agiis, the total intensity of contributions
polarized in the x-y plane combined is close to that polarized along
the z-axis. The reason why it is difficult to see a consistent trend
for the highest energy peak is because the individual vertical exci-
tation energies are very close in energy. This provides an answer for
the second question regarding why Agi1s experiences a blue shift at
intermediate distances and a red shift at the shortest interparticle
distance.

Using data from vertical excitation energies of Agi4, we found
the highest energy peak red shifts. The energies with double degen-
eracies blue shift. The new peak that shows up at a short distance
corresponds to the energy that red shifts, explaining the reason why
the new peaks show up upon decreasing the interparticle distance.
As the interparticle distance decreases, the highest absorption peak
of Agyy is blue shifted; this arises because the absorption profile is
dominated by vertical excitation in the z direction, whereas vertical
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excitations in the x and y directions are relatively weaker. At a short
interparticle distance, the vertical excitation in x and y directions
shifts to lower energy and becomes recognizable from the overall
profile.

The opposite trend for Agiss compared to Ago, arises because
the highest peak for Agjes is dominated by the dipole-dipole inter-
action in the z-axis and the highest peak for Agy, is dominated by
the dipole-dipole interaction polarized in the x-y plane. For Ago,,
the dipole-dipole interaction in the x-y plane increases the energy
as the interparticle distance decreases, which yields a blue shift in
the absorption profile for this peak. On the contrary, for Agies, the
dipole-dipole interaction polarized along the z-axis decreases the
peak energy as the interparticle distance decreases, which leads to a
red shift trend in the absorption profile. The peak shifting is related
to the polarization direction of the dipole-dipole interaction. In the
case of Agiie, the contributions polarized in the x-y plane com-
bined are close to that polarized along the z-axis so that the overall
peak shows a blue shift in a certain distance range and a red shift in
another distance range in the absorption profile.

Absorption spectra of heterodimer FCC structure
silver nanoparticles

Similar to the homodimers at a large interparticle distance, the
intensity of the absorption spectra of heterodimers is essentially the
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sum of the intensities of the two constituent monomer nanoparti-
cles because of the lack of interaction at a large interparticle distance.
The absorption spectra for heterodimer nanoparticles comprised of
different monomer combinations (Agis, Agos, Agiis, and Agies) at
different distances are shown in Fig. 9. For Agi4 interacting with
Agoy and for Agii interacting with Agies, only minor peak shift-
ing in the absorption profile is observed [Figs. 9(a)-9(c)], which we
attribute to the relatively small size of Agis compared to the other
three nanoparticles. Due to the comparable size and similar absorp-
tion energies of Agoz, Ag116, and Age4, the peak shift and the inten-
sity change at different interparticle distances [Figs. 9(d)-9(f)] are
more obvious compared to heterodimer systems involving Agy4. For
Ago) interacting with Agi16 and Agies, the absorption peak shifts are
relatively large compared to the case when Agi4 interacts with Agiie
and Agies. Only a very small shift in the absorption peak occurs
when Ago, interacts with Agy, at different distances [Fig. 9(a)]. In
contrast, the peak shift is much larger when Ago; interacts with Agi16
[Fig. 9(d)] at different interparticle distances. We conclude that the
size is one of the key features for understanding nanoparticle het-
erodimer optical properties. When monomers are similar in size,
the distance-dependent sensitivity of various features in the over-
all profile of the absorption spectra also increases; for example, peak
shifting is found to be greater when two monomers are similar in
size. In systems where the two sizes of nanoparticles are relatively
distinct, the distance dependent shifts observed in the absorption
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Agies, and (f) Agi1s and Agies.
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spectra are relatively weak. Considering the difference in the domi-
nant excitation energy of Agi4 and the other nanoparticles, the exci-
tation energy itself is another potential key factor that affects peak
shifting in the absorption spectra.

For a heterodimer composed of Agiis and Agies, only one
absorption peak is observed at a large interparticle distance. When
the distance between monomers decreases, the highest peak red
shifts and then blue shifts. From Figs. S22-S24, we can find that
the highest peak from the absorption profile comes from different
polarization in similar energy ranges (2.89 eV, 2.91 eV, and 2.85 eV).
As the distance between nanoparticles get closer, the red shift trend
competes with the blue shift. Thus, at large interparticle distances,
the dipole-dipole interaction in the z direction is dominant, which
appears as the red shift of the highest peak. At shorter distances, the
trend is dominated by the dipole-dipole interaction between excita-
tions polarized in the x-y plane; the two different interactions lead to
peaks that begin to separate from each other. Starting from interpar-
ticle distances of 8 A and shorter, during the red shifting process, the
second highest peak becomes distinct from the peak with the highest
oscillator strength.

By analyzing the vertical excitation energies, we found that the
origin of the absorption at large interparticle distances arises from a
combination of the interaction of dipole moments polarized in the z
direction and polarized in the x-y plane. As the distance decreases,
the interaction of the dipole moment in the z direction is smaller
and the interaction of the dipole moment polarized in the x-y plane
increases, which corresponds to the red shifts and blue shifts of the
peak.

CONCLUSION

In summary, we have investigated the optical properties of
monomers and dimers of face centered cubic (FCC) Ag nanopar-
ticles. By theoretically studying the absorption spectra, we can find
the origin of the red shifts and blue shifts of absorption peaks.
Due to the three-dimensional complexity of isotropic nanoparticles
compared to one-dimensional nanowires and nanorods, the transi-
tion dipole moments that arise in the FCC dimer system are more
complex.

For homodimer nanoparticles with two strong peaks (e.g.,
homodimer Ago, and homodimer Ages), one blue shift is observed
with the distance decrease from 50 A to 6 A, while the other peak
red shifts as the dimer get closer. For homodimer nanoparticles with
one peak (e.g., homodimer Agi4), the highest peak blue shifts as the
distance decreases because the dipole-dipole interaction is polarized
in the x-y plane. For Agii6, the dipole-dipole interaction from both
the z direction and x-y plane is similar in energy so that the highest
peak blue shifts from 50 A to 20 A and the highest peak red shifts
from 15 A to 7 A. As the interparticle distance decreases, the red
shift of the highest peak comes from contributions to the transition
dipole moment with components along the z-axis. In contrast, the
peak blue shift as the interparticle distance decreases mostly comes
from the contributions of the transition dipole moment in the x and
y directions and shows up with a doubly degenerate feature. This
provides a physically intuitive analysis for understanding why the
highest peak blue shifts and red shifts at certain distance ranges.
The calculated transition energy between different states from DFT

ARTICLE scitation.org/journalljcp

methods can be reasonably well fit by a function of the form of AR™
by the classical dipole-dipole interaction analysis.

We also found the size dependence of absorption spectra for
heterodimer systems and analyzed them quantitatively. When the
difference in the size of the two nanoparticles is large, the spectra are
only weakly sensitive to the interparticle distance. However, when
the size of two nanoparticles in a heterodimer system is similar, the
distance-dependent features become more sensitive.

In conclusion, TD-DFTB is an efficient method to study large
plasmonic systems that contain quantum mechanical characteris-
tics. By studying the vertical excitation energies, we can discover
more profound physical meaning than by comparing broadened
absorption spectra.

SUPPLEMENTARY MATERIAL

See the supplementary material for tables and figures of inter-
particle distance vs peak energy for silver nanoparticle dimers,
calculated absorption spectra for silver nanoparticle dimers at 50
A, plasmon interaction diagrams, and coordinates of FCC silver
nanoparticle monomers.
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