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Abstract

We use classical electrodynamics calculations to investigate the plasmonic properties of
the post-transition metals Al, Bi, Ga, In, and Sn, which are active in the ultraviolet, focusing in
particular on the material- and resonance-dependent origins of plasmon broadening. Analytic Mie
theory, the modified-long wavelength approximation, and the quasistatic dipole approximation
together show that radiative processes dominate plasmon dephasing and damping in small (5-25
nm radius) Al, Bi, Ga, In, and Sn spheres. For Al, Ga, In, and Sn, the radiative contribution (~0.1—
0.2 eV) to the plasmon linewidth is 100-fold greater than the non-radiative contribution (0.001-
0.02 eV) derived from the bulk dielectric function. This is significantly different than what is
observed for Ag spheres, where non-radiative contributions (~0.1 eV) are the primary source of
broadening up to a radius of 25 nm. Overall, these data suggest that the plasmonic properties,
dephasing, and lifetimes for Al, Ga, In, and Sn —and to a lesser extent Bi— spheres are

qualitatively similar. To develop a more general understanding of the relationship between



plasmon energy and linewidth, we use a model for ideal free-electron Drude metals. It is seen that
the linewidth increases at higher energies even for lossless Drude metals, suggesting that the
increased broadening observed in UV-active metals is a generalizable observation. These data have
important implications for the use of these metals for ultraviolet plasmonics. The increased
importance of radiative damping for post-transition metals could influence the ability to harvest
photons, generate hot carriers, and enhance spectroscopy in the ultraviolet while providing new

opportunities for manipulating high-energy photons.

Introduction

Plasmonic metal nanoparticles have the remarkable ability to confine light into small
volumes. This phenomenon is due to localized surface plasmon resonance (LSPR), the collective
oscillation of conduction electrons.”* As a consequence of the LSPR, plasmonic nanoparticles
strongly absorb and scatter light and enhance electric fields at their surface. These properties have
proven useful for applications in sensing, Raman spectroscopy enhancement, metamaterials, and

catalysis.*®

The majority of work in this field has focused on Ag and Au nanoparticles because they
exhibit strong LSPRs in the visible and NIR regions and are easy to synthesize.’ Recent efforts
have expanded plasmonic capabilities into the UV and mid-infrared regions by focusing on a
broader set of plasmonic materials.!®!> The UV region is of particular interest because it presents

opportunities for high-energy photon harvesting,®> strongly enhanced spectroscopies due to

4

resonance in organic molecules and polymers,* '3 UV lithography,'* and enhanced optical

interactions with DNA and proteins.!>!8



Continued progress in this area requires understanding the fundamental and material-
dependent behavior of UV-active plasmonic metals. Numerous studies have investigated the
underlying photonic, electronic, and material-dependent mechanisms that determine the intensity
and quality of the LSPR for Ag and Au.!!!: 192! There is a less well-developed understanding of
these mechanisms in the subset of UV-active plasmonic metals, including Al, Bi, Ga, In, Mg, Rh,
and Sn.'>222% Recent work suggests that Al nanoparticles have plasmonic behavior that is distinct
from that typically seen for the noble metals, such that there are differences in the plasmon
linewidth, dephasing, and lifetime.?"> 334 Previous calculations for Bi nanoparticles support the
potential design of a plasmonic metamaterial with switchable optical filtering applications in the
near UV region.>> Better understanding of the material-dependent plasmonic properties for the
broader set of potential UV-plasmonic metals is important for their continued development and

application.

Analysis of the LSPR linewidth is particularly useful for understanding the material-
dependent plasmonic response. Using the plasmon linewidth, one can investigate the complex
dephasing processes that describe how the LSPR undergoes decay via electron-phonon

1820 and to a lesser extent,

interactions.?%2!:3¢ While the linewidths are well-studied in Au and Ag,
Al,2!2%-33 the material-dependent contributions to the LSPR for promising UV active metals, such
as Bi, Ga, In, and Sn, have not been systematically deconstructed.>’*® Doing so is essential for
understanding which materials are most promising in the UV. Previous work has shown that the
dephasing process is highly material dependent.?! In general, there are two contributions to the
plasmon linewidth: radiative and non-radiative. Radiative contributions describe interactions

between photons emitted by the particle and the polarization of electrons within the particle. Non-

radiative contributions describe intrinsic electronic transitions determined by the composition that



are derived from the bulk dielectric function. In noble metals, the plasmon quality and lifetime are
dictated by a balanced combination of non-radiative and radiative contributions for most particle
sizes.?>! For Al, however, it was shown that radiative broadening dominates the LSPR in small
spherical particles active in the 200-250 nm region.?’: 3! Understanding the contributions to the
linewidth—specifically, the balance of radiative and non-radiative contributions— is essential for
designing UV plasmonic materials with efficient LSPRs, long plasmon lifetimes, and strongly

enhanced near fields.

In this Article, we explore the contributions to the plasmon linewidth in Ag, Al, Bi, Ga, In,
and Sn spheres. Using generalized Mie theory, the modified long-wavelength approximation
(MLWA), and the quasistatic approximation, we explore the size- and material-dependent LSPR
for these elements. Dielectric functions were taken from the following references: Ag,*® Al*
Bi,"'Ga,*** In,* and Sn*. We report that for small (5-25 nm radius) Al, Bi, Ga, In and Sn spheres
active in the UV, radiative contributions are the dominant broadening process for the LSPR.
Specifically, radiative contributions account for >95% of the LSPR linewidth for all spherical Al,
Ga, In, and Sn sizes considered (5-25 nm); this is in contrast to Ag nanoparticles of the same size,
where non-radiative contributions are the primary determinant of LSPR broadening.
Consequently, we find the quasistatic approximation cannot accurately describe small Al, Bi, Ga,
In, and Sn spheres due to the importance of field retardation effects for all sizes. MLWA,
meanwhile, accurately describes the dipolar LSPR in spheres up to a radius of ~25 nm due to its
ability to account for radiative damping and dynamic depolarization. For radii greater than ~25
nm, Mie theory is required to account for multipolar resonances. We quantify the plasmonic
quality factor and lifetimes for these elements and find that the post-transition metals Al, Ga, In,

and Sn have similar plasmonic behavior. When taken together, these data suggest that Al, Bi, Ga,



In, and Sn have distinct LSPRs from Ag and Au due to the increased importance of radiative
broadening and the relatively small non-radiative contributions in the UV. Using an ideal free-
electron Drude model, we find that plasmon linewidth increases for lossless high plasma frequency
metals. Furthermore, the differences in the plasmonic behavior between the post-transition metals
can be understood in relation to their Drude-like behavior, the location of the LSPR, and the
intrinsic dielectric function of the metal. This has important implications for local field
enhancement, the importance of relative absorption to scattering, and the ability to utilize hot

carriers.4’ 6, 11-12, 46

Materials and Methods
Generalized Mie Theory

Mie theory calculations were used to calculate the optical response of spherical metal
nanoparticles with a radius of 540 nm, 25 vector spherical harmonics were included for all
calculations.> 47 Extinction, absorption, and scattering contributions are reported as optical
efficiency, Q, which is a unitless quantity. Surface scattering was not accounted for because it was

found to have a relatively small effect in previous work for Al,>!

and a background dielectric
constant of 1 (vacuum) was used for all calculations. Mie theory allows the calculation of the
extinction cross-section for a sphere, which is made up of the absorption and scattering

contributions (Equations 1-3).>
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Where £ is the wavevector given by k = 2n£b/ 2 /. a, and by, are the scattering coefficients which

contain the Riccati-Bessel functions used in Mie theory.*** We report extinction, absorption, and
scattering as efficiency, which is equal to the ratio of the cross-section to the particle geometric

cross-section, wa?.

Quasistatic Dipole Approximation

For spheres that are small relative to the wavelength, the quasistatic dipole approximation

can describe the LSPR.! The induced dipole is given by
P =aE (4)
Where E is the incident electromagnetic field and the polarizability of a sphere is given by
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Where ¢ is the complex frequency-dependent dielectric function, &y is the dielectric constant for
the background media, and « is the radius of a sphere. The quasistatic solution for the cross-section

of a sphere can be used to obtain the extinction cross-section given by Equation 6."*

eE—¢
Cextqs = 4mka® Im( D

m) (6)



Modified Long-Wavelength Approximation (MLWA)

For spheres that are large relative to the wavelength,! the radiative corrected field Eraa must

be accounted for in Equation 4, such that
P = a[E + Ea4] (7)

Where Erad 1s described by
2
Eraa = 21K3P + P (8)

In the medium n where k is the wavevector. The size-corrected dipole moment P can be determined

by multiplying Equation 4 by
2.5 k2 171
g=[1—§lk a—;a] 9)

Here, the radiation damping term scales by k* and dynamic depolarization term scales by k2.!

Linewidth Fitting and Decomposition

The total homogeneous linewidth T is determined by fitting the dipolar extinction peak
with a sum of Gaussian and Lorentzian functions, which helps account for peak asymmetry. This
method works best for particles that do not exhibit higher-order resonances (e.g. quadrupoles),
thus the values determined for the linewidths are limited to the particle radius at which a
quadrupole is observed for each element.

The total linewidth is determined by the combination of the radiative and non-radiative

contributions 92030

[' = Tagiative T+ Thon-radiative (10)



where T' is the linewidth of the LSPR based on Qext,and Iyon—radiative 1S determined from the

dielectric function according to %29

_ 2Im{e}
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where [, on—radiative 1S the linewidth associated with a dielectric function, [},giative 15 determined
from Ti.giative = I — Dhon—radiative- Equation 11 accounts for the bulk contributions to the
linewidth derived from the dielectric function but does not account for surface scattering.'®->! This
is excluded because surface interactions can be strongly dependent on the unique surface chemistry
of a nanoparticle, which would differ significantly for the metals described herein 22! 36

Additionally, previous related work on Al suggests that surface scattering effects are small in this

size regime.’!

Ideal Drude-like Model

The permittivity of an ideal free electron gas Drude metal was described using the Drude-

Sommerfeld model:> '%-32-54

2
Wp

e(w)=1- (12)

w(w+iy)

where w,, is the bulk plasma frequency and y is a phenomenological scattering rate. For the metals
described herein, the scattering rate was set to 0.01. The dielectric functions of the ideal free-
electron metals are calculated using a range of plasma frequencies from 620 eV. The dielectric
function is used for calculating the extinction efficiency using Mie theory and linewidth fitting as

described above.



Results and Discussion

Optical Properties of Ag, Al, Bi, Ga, In, and Sn Spheres

Multiple levels of theory were used to investigate the optical properties of spheres with
radii from 5-40 nm. Spherical nanoparticles were chosen due to their high-energy LSPRs that can
exist in the deep UV. Figure 1 depicts the Mie theory calculated size-dependent extinction
efficiency for Ag, Al, Bi, Ga, In, and Sn spheres. Al, Ga, In, and Sn support LSPRs well into the
deep UV from 150-300 nm, Bi supports a broad LSPR 250-350 nm, and Ag supports an LSPR
from 350-380 nm. The higher energy onset of the LSPR is material-dependent and is determined
by the dielectric function for each metal. While the analysis of the dielectric functions for these

metals has been covered elsewhere, '%-11:23

a comparison of the free electron density in these metals
qualitatively illustrates why Al, Bi, Ga, In, and Sn can support higher energy plasmonic resonances

than Ag.
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Figure 1. Calculated extinction of Ag, Al, Ga, In, Bi, and Sn spheres. Extinction efficiencies

calculated with Mie theory for 540 nm radius a) Ag, b) Bi, ¢) In, d) Sn, e) Al, and f) Ga spheres.

The particular characteristics of the dielectric function have complex physical origins.
These characteristics arise from the electronic band structure of the metal and phonon interaction.
These interactions can be broken down into three parts, interband transitions which promote the
temporary formation of electron-hole pairs, intraband transitions which are related to the plasma
frequency, and electron-phonon scattering, which is included in the Drude model as the scattering

rate term, y.> '%2° The plasma frequency is directly dependent on the free electron density of a

metal according to

Ne?
p EoMe

(13)
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where N is the number of free carriers, e is the charge of an electron, &, is the permittivity of free
space, and m. is the electron mass. The plasma frequency determines the frequencies below which
a metal can support a charge oscillation. Thus, while the particular characteristics of the dielectric
function determine the complete plasmonic response, the onset of plasmonic activity correlates
with the number of free carriers in the metal. In general, the metals with the highest free electron
density (Table 1),°* have the highest energy LSPRs (Figure 1), though this simple relationship
does not account for the important role of interband transitions, as will be discussed below. While

this relationship is well known and simplified here,! 1% 2°

it highlights how the intrinsic physical
properties of the post-transition metals Al, Bi, Ga, In, and Sn differentiate their plasmonic response

from the more conventional noble metals.

Table 1. Electronic properties of metals in increasing order of free electron density.

Metal Free Electron Density,
n (10%*/cm?)
Ag 5.86
In 11.5
Bi 14.1
Sn 14.8
Ga 15.4
Al 18.1

11



The Mie calculations show that the LSPR redshifts and broadens with an increasing radius
for all metals. Additionally, beyond a material-dependent radius, multiple peaks are observed in
the extinction spectra. These peaks correspond to higher-order modes e.g. quadrupolar, hexapolar,
and octopolar resonances.! *! These emerge due to the depolarization of the incident field across
the volume of the particle; they occur when the particle is significantly larger than the wavelength
of light, which causes a non-uniform electric field over the surface of the particle. Higher-order
modes emerge on the higher energy side of the LSPR peak, for example, the quadrupole for In
emerges at 180 nm for radii of 25 nm, while both a hexapole (180 nm) and quadrupole (210 nm)
are present for sizes greater than 40 nm. Al, Ga, and Sn exhibit similar behavior. In contrast, Ag
spheres with radii of 5-35 nm exhibit only a dipolar mode, with a quadrupole emerging for larger
radii. Unlike the other metals, Bi only has a weak quadrupole that emerges at radii greater than

~40 nm.

For comparison with the analytic Mie results, both the quasistatic approximation and
MLWA were used to simulate spheres of the same radius (Figures S1 and S2)." *® These two
levels of theory account for the size- and wavelength-dependence of the LSPR distinctly and
provide useful context for understanding the factors that determine plasmonic response. The
quasistatic approximation is generally accurate when the wavelength of radiation is much larger
than the particle size; it assumes that the particle is in a spatially uniform electrostatic field." *® For
Al, Bi, Ga, In, and Sn, which have LSPRs below ~250 nm, the quasistatic approximation does not
correlate well to Mie Theory (Figure S1). This can be rationalized because, for UV light where
the LSPR corresponds to a much shorter wavelength, the particle size is much closer to the

wavelength. For Ag, the quasistatic approximation is reasonably accurate for spheres with 5-30
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nm radii while for Bi, spheres remain quasistatic up to a 30 nm radius. Above these radii, red-

shifting and broadening of the LSPR is observed (Figure 1).

To account for the red-shifting and broadening observed in the dipolar LSPR, we use
MLWA, which includes radiative damping and dynamic depolarization effects (Figure S2).! 2%
Radiative damping is related to the spontaneous emission of photons due to the induced dipole. It
has a strong dependence on the free electron density of a metal and the particle volume and it
results primarily in damping and broadening.!' 2! Dynamic depolarization is related to
depolarization of the incident radiation across the particle and it results in the red shifting of the
LSPR as the particle size increases. Because it can account for these two phenomena, the MLWA
accurately describes the LSPR for all materials studied here up to the radius at which higher-order
modes emerge (Figure S2). Even for spheres as small as 5 nm in radius, there is some deviation
between the quasistatic approximation and Mie theory for Al, Ga, In, and Sn (Figure S3, S4).

Overall, the quasistatic and MLWA calculations suggest that size-dependent effects in the UV-

active plasmonic nanoparticle are distinct from those in Ag.

To better understand the measurable quantities that comprise the extinction spectrum, we
analyze the absorption and scattering efficiencies. Figure 2 depicts the absorption efficiency over
the same range of radii as Figure 1. In general, the absorption efficiency is narrower than the
extinction and it does not exhibit significant red-shifting with increasing size. For Ag spheres, the
absorption efficiency is greater (~10) than that observed for the other metals. While Al has a
maximum absorbance efficiency approaching 10, this occurs for the smallest sphere (5 nm) and
decreases rapidly with increasing size. Similar behavior is observed for Ga, In, and Sn. Previously

this size-dependent behavior was ascribed to a red-shifting of the LSPR toward the lossier part of
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the dielectric function for Al, a similar explanation appears to be true for Ga, In, and Sn.?*> 3! Bi

has the lowest absorption efficiency maximum for any of the metals investigated here.
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Figure 2. Calculated absorption of Ag, Al, Ga, In, Bi, and Sn spheres. Absorption
efficiencies calculated with Mie theory for 540 nm radius a) Ag, b) Bi, ¢) In, d) Sn, e) Al, and f)

Ga spheres.

In comparison with the absorption, the scattering efficiency is broadened, damped, and red-
shifted (Figure 3). These changes are due to the same phenomena described by the MLWA,
namely, radiative damping and dynamic depolarization." 2! As anticipated, Al, Ga, In, and Sn

exhibit similar behavior to the extinction spectra, such as broadened LSPRs for sphere radii
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exceeding 20-25 nm. The scattering efficiency exceeds the absorption efficiency in Al and Sn for
radii greater than 15 nm, in Ga and In for radii greater than 20 nm, in Ag for radii greater than 25
nm, and in Bi for radii greater than 35 nm. These data suggest that radiative and size-dependent
broadening effects are significantly more pronounced in all of the UV-active materials investigated
here, such that even at radii as small as 5 nm they are not well-described by the quasistatic dipole
approximation (Figure S3, S4). To better understand the contributions to broadening for the UV-

resonant metals, it is necessary to investigate the specific linewidth contributions to the LSPR.
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Figure 3. Calculated scattering of Ag, Al, Ga, In, Bi, and Sn spheres. Scattering efficiencies

calculated with Mie theory for 5-40 nm radius a) Ag, b) Bi, ¢) In, d) Sn, ) Al, and f) Ga spheres.



Contributions to the Linewidth

The total linewidth is determined by fitting the peak of extinction efficiency and is defined
as the full width at half maximum (FWHM) of the dipolar resonance (Methods). Figure 4 shows
the size-dependent values of the total linewidth I" that are obtained from the fit of the extinction
efficiency. As is well known, Ag has a narrow linewidth, nearly an order of magnitude less than
the other metals. For example, for a 15 nm radius sphere, Al and In have linewidths of ~1.3 eV,
while Ag has a linewidth of ~0.1 eV. Similarly, the linewidth is 1.5 and 2.2 eV for Sn and Ga,
respectively. Among the UV active metals, Al exhibits the narrowest linewidth, however, the

linewidths for In and Sn are similar (within 0.3 eV) for spheres with radii less than 15 nm.
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Figure 4. The plasmonic linewidth for Al, Ag, Bi, Ga, In, and Sn spheres. The homogeneous
linewidth I" for Al (blue squares), Ag (grey pentagons), Bi (green diamonds), Ga (orange

circles), In (red nablas), and Sn (purple triangles) as a function of wavelength (a) and radius (b).

To better understand the origin of broadening of the linewidths, it is important to
deconvolute the total linewidth into its non-radiative and radiative components (see Methods for
more information).!*?! Figure 5 depicts the deconvolution of the total linewidth I' for Ag, Al, Bi,
Ga, In, and Sn spheres. For Ag, the primary contribution to I" is non-radiative up to a radius of 30

nm, above which [radiative 18 @ greater contributor. This is because the non-radiative contribution
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does not change significantly as a function of the radius due to the flat nature of the Ag dielectric
function over this region while I'radiative increases as a function of particle volume.!®> 23! In
contrast, the linewidth contributions for Al, Bi, Ga, In, and Sn show that I" is primarily composed
of radiative broadening, with a small (<0.01 eV) non-radiative contribution. For Al, In, and Sn,
IMnon-radiative — the intrinsic broadening due to the bulk dielectric function —is less than 0.01 eV,
about an order of magnitude smaller than in Ag (~0.1 eV), while it is ~0.02eV for Ga. This means
that for Al, Ga, In, and Sn, [iadiative 1S ~100-fold greater than I'non-radiative, €ven for the smallest

sphere radius investigated here (5 nm).
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We note that the MLWA captures these differences in the broadening contributions
(Figure S2) by accounting for dynamic depolarization and radiative damping effects. In particular,
this can be understood by the k® scaling of the radiation damping term in the modified
polarizability, which is more pronounced at high-energy LSPRs.3!' While the linewidth
decomposition provides physical insight into the broadening mechanisms for the LSPR, it can also

be related to quantities such as the quality factor and plasmon lifetime.?°

Quality Factors and Dephasing Times

While the plasmon linewidth and its contributions aid in gaining physical insight into the
LSPR for different materials, quantities such as the plasmon quality factor and lifetime are of
practical importance and provide context for applications. The quality factor of a resonance,
defined as Q = E;spr/I’, describes the extent of local field enhancement and confinement of
light.** 56 The highest quality factors are observed for Ag, 1040, depending on the radius (Figure
6a). However, the Ag LSPR is limited to a small range in the visible region between 360 and 380
nm. In contrast, Al, Bi, Ga, In and Sn allow access to LSPRs over the broad range of UV
wavelengths from 140-300 nm, depending on the material. However, these LSPRs do have lower
quality factors than observed for Ag. For example, Al exhibits quality factors of 613 in the range
of 150—170 nm, while Sn and In quality factors are in the range of 4-8 in the range of 150-180 nm

and 170-230 nm, respectively (Figure 6a).

The homogeneous linewidth was also used to calculate the dephasing times (T) which

describe the time scale over which the plasmon oscillation is coherent.?’ These were determined
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according to the relation T = 2h/I".!%>° The dephasing time describes the time scale over which
a particle can support a coherent oscillation, where decoherence occurs due to radiation damping
and non-radiative processes. In general, the LSPR dephasing time increases with size due to the
effect of increasing particle volume on broadening (Figure 6b).2%2! As expected, Ag shows the
longest dephasing time of 14 fs for a sphere with a 5 nm radius. By comparison, the dephasing
times for Al, Ga, In, and Sn are in the range from 1-2.5 fs, while Ga and Bi are both less than 1 fs

for all size spheres studied here.
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Figure 6. The plasmonic quality and lifetime. The calculated plasmon quality factor a) and
lifetime (b) for Ga (orange circles), Al (blue squares), Sn (purple triangles), In (red nablas), Bi

(green diamonds), and Ag (grey pentagons).

Generalized Analysis of Linewidth Broadening Using An ldeal Free Electron Model

For a more generalized and physical interpretation of the impact of the LSPR energy on
the linewidth, we use a Drude model to generate dielectric functions for ideal free-electron metals
with plasma frequencies from 6-20 eV (Figure S5).52>3 We note that this model includes minimal
losses in the imaginary part of the dielectric function as compared to what is observed in the metals
discussed above (Figure S5). Figure 7a depicts the extinction efficiencies for the free-electron
Drude metals calculated using Mie theory for a 10 nm radius sphere. It is observed that the
extinction maxima occur at higher energies for increasing plasma frequency metals. To more
quantitatively understand the relation between plasma frequency and linewidth, Figure 7b shows
the linewidth analysis for the ideal free-electron Drude metal Mie calculations. Here, increasing

plasma frequency metals exhibit increasingly broad LSPRs.
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for the ideal Drude metals and for real metals for a 10 nm radius sphere: Al (blue square), Ag (grey
pentagon), Bi (green diamond), Ga (orange circle), In (red nabla), and Sn (purple triangle). c)
Depicts the primary linewidth contributions and wavelengths for the plasmonic materials

investigated in this work.

For comparison, we include the linewidths for Al, Ag, Bi, Ga, In, and Sn spheres of the
same size (Figure 4). Overall, we see that these metals do not follow a systematic trend in
comparison with the ideal Drude metals. This is due to the unique dielectric function (Figure S5)
of each metal, which adds significant complexity in comparison with the simple idealized Drude
model. However, excluding Bi and Ga, which can have complex interband-driven plasmons,’” it
is seen that the linewidths are comparatively greater for higher energy plasmons than for Ag

plasmons.

It remains difficult to generalize these results for all of the plasmonic metals due to the
unique intrinsic behavior that influences the plasmon linewidth and LSPR energy. Even comparing
metals such as Ga and In that have similar plasma frequencies (~1 eV difference), it is clear that
the interband behavior greatly impacts the extinction behavior near the resonance energy (Table
S1). Bi and Ga exhibit interband plasmonic behavior that differentiates them from traditional
plasmonic metals, and they deviate more from the plasma frequency dependence exhibited by the
ideal free-electron metals.’” In and Sn exhibit similar plasmon broadening, have similar real and
imaginary parts of their dielectric functions (Figure S5), and lie closer to the ideal free-electron

Drude metals.?> Finally, Ag and Al exhibit the most Drude-like behavior in the real part of the
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dielectric function, and their linewidths are most closely approximated by the ideal free-electron

Drude model (Figure 7b).

When taken together, we show the trend of increased plasmon broadening for higher
energy plasmons is observed for ideal free-electron Drude metals. However, the distinct interband
contributions and dielectric behavior for each metal prevents a generalizable analysis (Figure S5,
Table S1). These data show the impact of the high resonance energy on the large radiative
contribution to broadening (Figure 7¢) in Al, Ga, In, and Sn, while Ag, with a lower energy LSPR,
is not susceptible to the same extent of radiative broadening, hence the total linewidth is made up

of non-radiative and radiative contributions.

Conclusion

We have calculated the optical properties of spherical nanoparticles for metals with LSPRs
throughout the UV. We find that radiative contributions dominate the plasmonic response for Al,
Ga, In, Sn, and, to a lesser extent Bi, when compared to Ag. These results are consistent with

20-21,31-32, 36 \while demonstrating the

previous investigations for Al and noble metal nanoparticles
significance of radiative effects for promising UV-active post-transition plasmonic metals (Figure
7¢). For the radii studied here (5—40 nm), the radiative contribution makes up a larger fraction than
the non-radiative portion of the linewidth even for spheres as small as 5 nm in radius. This is
distinct from the behavior of Au and Ag, where non-radiative contributions dictate the linewidth
for small spheres.'% 2% 3! While there are relatively few experimental investigations for small Ga,

In, and Sn spheres, the calculated optical spectra and quality factors for these metals suggest that

their behavior would be qualitatively similar to Al in the UV. Finally, the deviations in broadening
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from metal to metal arise from a combination of the location of the LSPR and the intrinsic

dielectric behavior of the metal.’’

These results have broad implications for designing functional plasmonic nanoparticles in
the UV. The relative significance of radiative effects in small Al, Ga, In, and Sn spheres suggests
that radiative damping and scattering contributions could be a challenge for plasmonic
nanoparticles in the deep UV, however, there is evidence that Au dimers can still provide Raman
enhancement with significant radiative effects.® Furthermore, there are demonstrations that
anisotropic or film-coupled Al nanoparticles can support high-quality LSPRs and overcome
radiation damping pathways, similar possibilities likely exist for the other post-transition metals.
32,34,59-60 Meanwhile, strategies that involve the arrangement of plasmonic nanoparticles into two-
dimensional ordered arrays can dramatically narrow linewidths and manipulate radiative effects in
lasing arrays, metasurfaces, and pixel-based devices; similar strategies should be translatable to
the metals discussed herein.” 6> This work demonstrates that the plasmon resonances for the
post-transition metals Al, Bi, Ga, In and Sn in the UV are distinct from those for noble metal
nanoparticles and that these materials have distinct optical behavior in the UV that provides new

opportunities for plasmonics.

Supporting Information

Quasistatic and modified-long wavelength approximation calculated spectra, dielectric functions,

and plasma frequencies for Ag, Al, Bi, Ga, In, and Sn and for ideal Drude metals are included.

The Supporting Information is available free of charge on the ACS Publications website.
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