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Abstract
Plasmons, which are collective and coherent oscillations of charge carriers driven by an external
field, play an important role in applications such as solar energy harvesting, sensing, and catalysis.
Conventionally, plasmons are found in bulk and nanomaterials and can be described with classical
electrodynamics. In recent years, plasmons have also been identified in molecules and these
molecules have been utilized to build plasmonic devices. As molecular plasmons can no longer
be described by classical electrodynamics, a description using quantum mechanics is necessary. In
this Letter, we develop a quantum metric to accurately and efficiently identify and quantify
plasmons in molecules. A number, which we call plasmon character index (PCI), can be calculated
for each electronic excited state and describes the plasmonicity of the excitation. PCI is developed
from the collective and coherent excitation picture in orbitals and shows excellent agreement with
the predictions from scaled time-dependent density functional theory but is vastly more
computationally efficient. Therefore, PCI can be a useful tool in identifying and quantifying

plasmons and will inform the rational design of plasmonic molecules and nanoclusters.
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Plasmons are collective and coherent oscillations of charge carriers driven by an external

5-7

field."* They often have large optical absorbances®”’ and can capture light at extreme sub-

wavelength dimensions,® ' making them useful in many important applications, such as solar

11-15 16-19

energy harvesting, sensing, and catalysis.?’?2 Plasmonic materials currently being studied
are mostly nanoparticles and nanorods, whose size, shape, material composition, and other features
can be easily varied to tune the optical properties of plasmons.®!'#17:23-26 Nevertheless, the high
degree of accuracy needed for fabrication and lithography places limitations on the practical
implementation of these plasmonic materials.'#?"-?%

Recently, plasmons in molecules have been reported by several groups, including in few-

2933 as well as in polycyclic aromatic hydrocarbon ions.?”?*343% Compared

atom metal clusters
with nanomaterials, these molecules are cheaper to produce and easier to control due to the
advantages of chemical synthesis.**’ Furthermore, the length scale of molecules presents new
opportunities to capture photons with wavelengths inaccessible to nanoparticles.?’*® Thus,
significant advances may be achieved with molecular plasmons.

However, the accurate and efficient identification and quantification of plasmons in
molecules remain an unsolved problem.”**3%*5 Classical electrodynamics can be used to describe
plasmons in bulk materials and large nanoparticles but is not able to describe the behavior of
plasmons in molecules or nanoparticles smaller than a few nanometers.>>*”3® Therefore, a quantum
description for molecular plasmons is necessary. Nevertheless, the connection between a quantum
mechanical orbital description and the classical collective and coherent oscillation picture remains
unclear. In the past few years, several properties of plasmons have been utilized for identifying
plasmons in molecules. One such property is high absorption intensity, which can be quantified
with oscillator strength.?®**#*0 However, high absorption intensity is not equivalent to being
plasmonic, and there exist plasmonic excitations with low absorption intensities.*' Transition
dipole moment additivity has also been used to identify and quantify molecular plasmons based
on the inference that it is a measure of coherence.”?%33%4%47 By this criterion, the larger the
transition dipole moment additivity, the more plasmonic an excitation is. Nevertheless it is hard to
precisely define this additivity, and with a current definition,> the results may change subject to
orbital rotations. Collectivity is another property that has been used to identify molecular
plasmons. It has been defined as the number of transitions that significantly contribute to an

)37,38

excitation.’® Single particle component analysis (SPCA and transition inverse participation



ratio (TIPR)* have been used to measure collectivity. For each excitation, SPCA directly counts
the number of major transitions above a subjectively chosen threshold weight,*® whereas TIPR is
a more objective numerical index that uses transition density matrix information to measure
collectivity.*® While both these methods are useful for measuring collectivity, they do not measure
coherence and thus cannot identify all plasmons.*® Plasmonicity Index (P)** and Generalized
Plasmonicity Index (GPI)* identify plasmons based on their large induced potentials from external
fields. However, the performance of PI and GPI has only been compared to absorption

445 which as discussed above is an incomplete metric for plasmonicity.*! Excitation

intensity,
lifetimes have also been used to distinguish plasmons from non-plasmons because the vibronic
couplings of plasmons substantially reduce their excitation lifetimes relative to non-
plasmons.>**7-34% Nevertheless, this method does not reveal the underlying nature of a plasmon
or connect back to the collective and coherent oscillation picture.

Currently, the most theoretically rigorous way to identify plasmons in molecules seems to
be scaled time-dependent density functional theory (TDDFT) and scaled wave function theory.*!~
43 These methods identify plasmons based on the differing response of plasmonic and single-
particle excitations to the electron-electron interaction.** A scale factor 4 varying from 0 to 1 is
placed in front of the coulomb integral in the post self-consistent-field excited state calculations,
and excitation energies are calculated at each scale factor. Plasmonic excitations are sensitive to
the change of the scale factor while non-plasmonic excitations are insensitive to scaling. Scaled
TDDFT and scaled wavefunction theory connect to the collective and coherent picture of orbital
transitions and have been applied to identify plasmons in molecules.*' > A significant limitation
of these scaling methods is that they are computationally expensive as calculations must be
performed at many different scale factors from 0 to 1. An additional challenge is that the energetic
evolution of each excited state becomes difficult to trace as the scale factor A wvaries. This
problem is particularly severe in larger and more complex molecules when many excited states are
close in energy.>*

In this work, we develop plasmon character index (PCI) to identify and quantify plasmons
in molecules. This metric measures the collectivity and coherence of electronic excitations within
the quantum orbital transition picture. PCI is in excellent agreement with scaled TDDFT but has a

dramatically lower computational cost with calculations only performed on the real system (scale



factor 4 =1). Thus, PCI is an accurate and efficient metric for identifying and quantifying
plasmons in molecules.

In the free electron model, which can be used to understand plasmons in bulk, plasmons are
described as coherent superpositions of transitions with equal momentum transfer.!*>% In
molecules such as polyenes, conjugated m systems can be approximated as free electron gases, in
which transitions with the same change in orbital quantum number ( A ) roughly have the same
momentum transfer.*>* A constructive addition of these transitions describes collectivity and
coherence and therefore results in plasmonic excitations. *>*-° For example, in 1,3-butadiene, a
plasmon will occur with A = 2 as shown in Figure 1. According to a TDDFT calculation with the
B3LYP exchange-correlation functional,’' = it is the 2 'A, excitation with a constructive addition
of the HOMO—LUMO+1 and HOMO-1—-LUMO transitions, whose transition coefficients are
both positive and 0.53 and 0.45, respectively. This plasmonic behavior can be verified by a scaled
TDDFT calculation, in which the excitation energy of this state increases dramatically with the

increase of the scaling factor A. If we calculate the energy difference between scale factor 4 =0

and scale factor 1 =1 (AE)) for this excitation, the value is 4.39 eV as shown in Table 1. This is

in great contrast to the other excitation with A» = 2 (1 'Ay), whose configurations add destructively

and whose corresponding AE; value is a much smaller 0.10 eV.

LUMO +1 n=4
0.53
LUMO n=3
An=2
HOMO n=2
0.45
HOMO -1 n=1

Figure 1. Plasmonic 2 'A, excitation of 1,3-butadiene. It is primarily composed of
HOMO—LUMO+1 and HOMO-1—LUMO transitions with A» =2 . The two transitions add
constructively with positive transition coefficients of 0.53 and 0.45, respectively.



Table 1: n—n* 'A, Excitations of 1,3-butadiene

Excitation TDDFT
Excitation Energy AE;, (eV) Transition An  transition
(eV) coefficients?
HOMO -1 - LUMO 2 0.54
1A, 7.19 0.10
HOMO —- LUMO +1 2 -0.46
HOMO -1 - LUMO 2 0.45
21A, 8.88 4.39
HOMO — LUMO +1 2 0.53

a. Signs of the transition coefficients have been corrected by evaluating the phase of each orbital

involved at a chosen atomic site.

Note that constructive behavior is not necessarily directly observable from inspection of the
TDDFT eigenvector, since a change in the phase of an orbital involved will lead to a change in the
sign of the eigenvector.*** Rather, this constructive behavior should be observed by making every
molecular orbital have the same phase at a chosen atomic site and correcting the eigenvector signs
accordingly. This correction has been done for the transition coefficients in Figure 1 and Table 1.

Based on the analysis above, we can use the expression

Z X' AL AG

ia

(1)

to measure how constructive an excitation is, with i referring to the occupied orbital, a referring to
the unoccupied orbital, R referring to an individual atomic site under inspection, X'* referring to

the transition coefficient of the i — a transition, and A4, referring to the phase (-1 or 1) of the top

face of the m orbital at atomic site R. If the signs for every X!*A5A% term in the summation are
either all positive or all negative, there is a large collectivity and coherence from the different
transitions, which is reflected by a large absolute value for this summation.

This expression works well for polyenes, for which the value of |Z ia X "aA%Al%| is the same
for all R, that is, regardless of the choice of the atomic site. However, for more general and more
complicated © systems such as polycyclic aromatic hydrocarbons, the choice of the atomic site

could affect the value of |Zia Xiagk ﬁ|. Nevertheless, the collective and coherent picture of



orbital transitions can be recovered by viewing each atomic site as sampling a position in the

molecule, and then evaluating the additivity by summing over all atomic sites:

Z Z Xiagh AL
ia

R
Further improvements to the expression can be made by replacing the binary sign assignment

2.

R

(2)

with the molecular orbital values:

(3)

D Xiep(R)pa(R)

a

with ¢; (R) being the amplitude of the occupied molecular orbital at atomic site R and ¢, (R) being
the amplitude of the virtual molecular orbital at atomic site R, both of which are evaluated at the
same point above or below the molecular plane. With this change, transitions are weighted
differently at each atomic site, and the weights are determined by the value of the molecular
orbitals at that site.

Finally, we can extend the sampling to the whole coordinate space instead of limiting the
sampling to atomic site positions. This can be achieved by integration over the real space, and we

define the final expression as the plasmon character index (PCI):

PCI=f

Note that this expression can be further written in terms of transition density within the Tamm-

dr 4)

D X9y )ge(1)

Dancoff approximation, which only considers transitions from occupied orbitals to virtual

orbitals>*

PCI =f (¥~

Here |W°) is the ground state, |¥*) is the excited state, ¥T(r) and ¥ (r) are field operators that

W @]#)|dr = [l 0ldr ©)

create or annihilate an electron at position r, and p;(r) is the transition density. This simple
expression shows that PCI can be evaluated by integrating the absolute value of the transition
density over the whole coordinate space. Because transition density is a property of an excitation
and is invariant to orbital rotations, PCI also does not change with any orbital rotations, which is

a highly desirable property.



Furthermore, this PCI formulation is universal and is not restricted to t=—a* excitations. It
can also be evaluated for other types of excitations, such as c—c*, c—n*, and n—c™* excitations.
We will show c—n* and n—c* results later in the Letter.

Now that we have defined PCI, we may compare it with oscillator strength, which has

previously been used to identify plasmons in molecules with the definition:
2

(6)

2 2
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jr(‘P°|‘PT(r)‘P(r)|‘P”)dr
We can observe a few key differences between PCI and oscillator strength. First, the position
operator F is in the integrand for oscillator strength but is not present in PCI. Second, the absolute
value is taken after integration in oscillator strength whereas it is taken before integration in PCI.

In fact, if otherwise, PCI will constantly be zero due to the orbital orthogonalization properties in

Eq. (4). Third, oscillator strength has excitation energy (E, —E,) as a prefactor, whereas PCI

focuses only on the collective and coherent picture of the excitation and does not include excitation
energy in its expression.

We have implemented both scaled TDDFT and PCI in an in-house version of PySCF 3%’
which can be accessed through our group webpage. We tested PCI and compared the results with
scaled TDDFT on a series of conjugated trans-polyenes (1,3-butadiene, 1,3,5-hexatriene, 1,3,5,7-
octatetraene), polyacenes (naphthalene, anthracene, tetracene), and a more complicated polycyclic
aromatic hydrocarbon molecule, perylene, which has been used to make plasmonic devices in
previous literature.*> The geometry optimizations as well as all subsequent scaled TDDFT and PCI
calculations are performed with the B3LYP functional and 6-31G basis set. For scaled TDDFT,

AE; is calculated for all the states of interest, which generally requires tracing the energetic

evolution of each excited state. This is mostly performed manually with little ambiguity. However,
when the energetic evolution becomes complex, the overlaps of the eigenvectors between 4 =1
and A = 0 are calculated to facilitate the tracing.

For conjugated trans-polyenes, plasmons have been previously identified in their n—n*
excitations using the 1D free electron model.**** Scaled TDDFT characterizes these plasmonic

excitations as being sensitive to the change of the scale factor 1.*!™* We plot PCI and AE, values

together for the lowest 4, 6, and 6 n—n* excitations for 1,3-butadiene, 1,3,5-hexatriene, and

1,3,5,7-octatetraene, respectively, in Figure 2. From the figure, we can see a strong correlation



between PCl and AFE), . The larger PCl s, the larger AE, is. This is generally true for all observed
n—7* excitations of conjugated diene, triene, and tetraene. Roughly, points with PCI values larger
than 0.9 and AE, values larger than 1.5 eV correspond to plasmons identified in previous
literature.* Thus, PCI and AE, can both be metrics for plasmonicity in these systems. We will
refer to this PCI = 0.9 and AE, =1.5 eV as the empirical plasmonicity threshold and analyze all

systems in this study with this threshold. Interestingly, although the conjugated n systems are of
different sizes, the n—n* excitations in these three systems all roughly follow the same trend,

which we expect will also hold for longer conjugated polyene systems.
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Figure 2. PCI and AE, for n—n* excitations of conjugated polyenes. The lowest 4, 6, and 6

excitations are plotted for 1,3-butadiene, 1,3,5-hexatriene, and 1,3,5,7-octatetraene, respectively.
PCl and AE, have a strong correlation with all data points roughly following the same trend.

Plasmonic excitations also exist in polyacenes.?®*¢3%35 In principle, the plasmonicity of

1.*> However, the

n—m* excitations in polyacenes can be understood using a 2D free electron mode
hexagonal shape of the benzene rings brings complication to the analysis and makes it difficult to
assign 2D quantum numbers for momentum transfer. Thus, without referring to the momentum

transfer picture, we simply compare PCI with AE, for the lowest 6 n—mn* excitations for

naphthalene, anthracene, and tetracene. The results are shown in Figure 3.



Similar to the m—n* excitations of polyenes, we can again observe a strong correlation
between PCI and AE, in the n—n* excitations of polyacenes. In contrast to polyenes, we can
directly observe two clusters among the lowest n—n* excitations in polyacenes. The cluster with
small PCI and small AE, contains non-plasmonic excitations, whereas the other cluster with large
PCI and large AE; contains plasmonic excitations. We find that the empirical plasmonicity

threshold (PCI = 0.9 and AE;, =1.5 eV) can also be applied to polyacenes and is effective in

distinguishing plasmons from non-plasmons..
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Figure 3. PCl and AE, for n—n* excitations of polyacenes. The lowest 6 excitations are plotted

for naphthalene, anthracene, and tetracene. Two clusters can be identified with plasmons having
larger PCI and larger AE, and non-plasmons having smaller PCI and smaller AE, .

Plasmonic excitations for charged states have been investigated experimentally in prior
literature.?”?%333738 Here we compute and plot PCI and AE,, for the lowest 5 n—n* excitations in

the neutral, cation, and anion states of anthracene in Figure 4.
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Figure 4. PCI and AE, for the lowest 5 n—n* excitations in neutral, cation, and anion states of
anthracene. The strong correlation between PCI and AE, also holds for charged states. The lowest

few excitations of charged states are related to the SOMO. They have moderate PCI values and
can be categorized as semi-plasmons.

Similar to the neutral system, the n—n* excitations in the cation and anion of anthracene

also show a strong correlation between PCI and AE, and follow the same trend as the neutral

system. However, unlike the neutral system with two distinct clusters, the lowest t—n* excitations
in the cation and anion form one cluster in the middle. The common feature of these low-lying
excitations is that they all involve transitions into or out of the singly occupied molecular orbital
(SOMO). They appear in the visible range and have moderate PCI values in between the PCI
values for the plasmonic and non-plasmonic excitations of the neutral system. If we apply the

empirical plasmonicity threshold (PCI = 0.9 and AE,=1.5 eV) to these charged systems, these

excitations do not quite meet the criteria of being plasmonic. However, their plasmonicity is
generally larger than those of the neutral non-plasmons. Thus, we may refer to these excitations as
semi-plasmons. Hence, changing from the neutral state to the cation or anion state turns on semi-
plasmons in the visible region for polycyclic aromatic hydrocarbons. This is largely in agreement
with prior literature that has observed the same effect experimentally and rationalized the results

based on changes in the electronic structure of the molecule.?”-?%333738 Nevertheless, one important



result from our study is that these SOMO-related excitations are less plasmonic than the plasmons
in neutral systems, which is reflected by the moderate PCI and AE, values.

We next test PCI in larger and more practical polycyclic aromatic hydrocarbon systems to
verify its generality. We use perylene and its charged states as test systems because they have been

used to make plasmonic devices in recent literature.>>*® PCI and AE, values for the lowest 5

n—m* excitations in the neutral, cation, and anion states of perylene are plotted in Figure 5. We
again see a strong correlation between PCI and AE, , which we also observed in all systems
studied above where both are reliable metrics for plasmonicity. This indicates that PCI and AE,
continue to be reliable metrics for identifying and quantifying plasmons in large systems.
According to the empirical plasmonicity threshold, there is one plasmon in the neutral system,
with a PCI value of 1.25 and a AE, value of 1.77 eV, which is dominated by the HOMO to LUMO
transition. For the charged states, the lowest few n—n* excitations all involve the SOMO, as was
the case with the charged states of anthracene. However, for the excitation in both the anion and
the cation with the largest PCI and AE, values, its largest transition is still from what was the
HOMO in the neutral state to what was the LUMO in the neutral state. These two excitations
appear slightly below the empirical plasmonicity threshold and thus may be described as semi-
plasmons. They have relatively large oscillator strengths and occur within the visible range,

matching prior experiments in which the differences in spectra between the neutral and charged

states of perylene have been utilized to make a color switching electrochromic device with applied

voltage.?>-38
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Figure 5. PCI and AFE, for the lowest 5 n—n* excitations in neutral, cation, and anion states of
perylene. The strong correlation between PCl and AE, can still be observed in this more complex

molecule.

We also tested PCI on excitations that are not of the m—n* type. The results of the lowest
10 o—n* and n—c™* excitations and lowest 6 n—n* excitations for 1,3,5-hexatriene are plotted in

Figure 6. We see a strong correlation between PCI and AE, for the c—n* and n—oc™ excitations

as well as for the n—n* excitations. This indicates that while the collective and coherent picture
of orbital transitions in the m—n* excitations of polyenes is the starting point for the development
of PCI, PCl is also able to identify and quantify plasmons regardless of the type of excitation and
thus is a general tool to describe plasmonicity. Notably, the n—n* excitations follow a different
trend than the c—n* and n—oc™* excitations, indicating that the AE, -PCI correlation depends on
the type of excitation. According to the empirical plasmonicity threshold, most of these c—n* and

n—ac* excitations belong to the non-plasmon category, which is reasonable since it is difficult for

electrons in different types of bonds to oscillate collectively and coherently.
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Figure 6. PCI and AE, for n—n*, c—n* and n—c* excitations of 1,3,5-hexatriene. The strong
correlation between PCl and AFE, still can be observed in 6—n* and n—c* excitations, indicating

the generality of PCI. Notably, the c—n* and n—c™* excitations are generally less plasmonic and
follow a different trend than the n—n* excitations.



The good correlation between PCI and AE; can be rationalized following the analysis in
Ref. 45. If eigenvectors are assumed to have little change at different scale factors, scaled TDDFT

(rl )pt (r2 ) drl er

can be perceived to simply scale the term _[ P t‘ | . A crude approximation can be
-n

made by replacing 1/ |r, —r, | by J(r, —r,), then the scaled term becomes .[ | p,(r)|* dr, which is

the square of the L2 norm of the transition density. It bears similar information as the L1 norm,
which is what PCI measures according to equation (5). In principle, GPI also contains similar
information with the caveat that GPI has an empirical damping factor I' in its expression.*’

As noted previously, oscillator strength is an incomplete metric for plasmonicity. In Figure
7, the relationship between oscillator strength and PCI as well as the relationship between oscillator

strength and AE, are plotted for the low-lying n—n* excitations of conjugated polyenes (1,3-
butadiene, 1,3,5-hexatriene, and 1,3,5,7-octatetraene). In contrast to the plot of AFE, and PCI

(Figure 2) for these same molecules where a strong trend is observed, there is no apparent
correlation between oscillator strength and PCI or between oscillator strength and AE;.

Furthermore, some plasmonic excitations have small oscillator strengths, and thus cannot be

identified with oscillator strength alone. Hence, PCI and AE; have much stronger predictive

power than oscillator strength in identifying and quantifying plasmonic excitations, but between

PCland AE,, PClis vastly more efficient.
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Figure 7. Oscillator strength and PCI as well as oscillator strength and AE, for t—n* excitations
of conjugated polyenes. The lowest 4, 6, and 6 excitations are plotted for 1,3-butadiene, 1,3,5-
hexatriene, and 1,3,5,7-octatetraene, respectively. There is no apparent correlation between



oscillator strength and PCI, or oscillator strength and AE,, suggesting that oscillator strength is

not a good metric for plasmonicity.

In this Letter, we developed PCI, a metric to accurately and efficiently identify and quantify
plasmons in molecules. PCI evaluates the collectivity and coherence of excitations in the orbital
picture using transition density information. PCI is in excellent agreement with scaled TDDFT
results in identifying and quantifying plasmons in conjugated polyenes, polyacenes, and more
complex polycyclic aromatic hydrocarbons. It can be applied to both neutral and charged systems
and works generally regardless of excitation type. Compared to scaled TDDFT, PCI does not need
to artificially scale the Coulomb interactions or trace the evolution of excitations. It only performs
calculations on the real system and is thus vastly computationally cheaper than scaled TDDFT,
making PCI practical to implement for large and complex molecules. Thus, PCI is a powerful tool
for efficiently identifying and quantifying plasmonic excitations regardless of size or excitation

type and can facilitate the rational design of plasmonic molecules and nanoclusters.
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