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Optical manipulation of charge on the nanoscale is of fundamental importance to an array of proposed
technologies from selective photocatalysis to nanophotonics. Open plasmonic systems where collective electron
oscillations release energy and charge to their environments offer a potential means to this end as plasmons can
rapidly decay into energetic electron-hole pairs; however, isolating this decay from other plasmon-environment
interactions remains a challenge. Here we present an analytic theory of noble-metal nanoparticles that
quantitatively models plasmon decay into electron-hole pairs, demonstrates that this decay depends significantly
on the nanoparticle’s dielectric environment, and disentangles this effect from competing decay pathways.
Using our approach to incorporate embedding material and substrate effects on plasmon-electron interaction,
we show that predictions from the model agree with four separate experiments. Finally, examination of coupled
nanoparticle-emitter systems further shows that the hybridized in-phase mode more efficiently decays to photons
whereas the out-of-phase mode more efficiently decays to electron-hole pairs, offering a strategy to tailor open

plasmonic systems for charge manipulation.
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Localized surface-plasmon (LSP) resonances, the collec-
tive oscillations of conduction-band electrons in noble-metal
nanoparticles (MNPs), have a fundamental role in nanoscale
optics and electronics [1]. These collective phenomena offer
unique control of light [1,2], heat [3,4], and charge [5,6]
in nanoscale systems, and studies of their basic properties
continue to promise new applications in a range of fields from
selective catalysis [7] to quantum computing [8]. The inter-
conversion of LSPs to individual electronic excitations, so-
called Landau damping [9], has gained particular experimental
interest [5,10-13]. Studies report changes in LSP spectra due
to changes in particle environment, such as substrate or em-
bedding material [11-13], as potential signatures of enhanced
interconversion rates, indicating that Landau damping depends
on the MNP’s dielectric environment in analogy to Purcell
enhancement of a fluorescent molecule’s radiative decay [14].
Still, disentangling Landau damping from other effects, such as
optical energy transfer [15], presents significant experimental
challenges and complicates the interpretation of results. A
theory of LSP-electron interaction capable of incorporating
environmental effects from substrates to other optical emitters
is needed to guide experiments and offer a platform to optimize
nanoparticle systems for electron-hole pair generation.

Landau damping is known to increase with decreasing MNP
size [16—18] and is most significant at length scales where
classical descriptions of LSPs require quantum-mechanical
modification. Recent research on MNPs [19-22], MNP aggre-
gates [23], and bulk metals [24-27] has confirmed this result
while emphasizing the importance of an accurate description
of the metal’s electronic structure, electron spill out, and
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nonlocal dielectric effects. Meanwhile, a large body of research
has taken quantum descriptions of small metal clusters and
has worked to develop atomistic models of LSPs in larger
clusters [28—35]. In most cases, however, MNPs are described
in isolation, and the incorporation of environmental effects is
often computationally intractable.

In this Rapid Communication, we present a quantitatively
accurate analytic theory of Landau damping in noble metals,
accounting for optically active environments. We compare
the theory to four experiments: the photofragmentation spec-
troscopy by Tiggesbiaumker ef al. [36] on silver clusters in
vacuum, the matrix deposition spectroscopies by Charlé€ et al.
[37] and Harbich et al. [38] on silver clusters in argon, and
the electron energy-loss spectroscopy (EELS) by Scholl et al.
[39] on silver nanospheres on 3-nm carbon substrates. After
incorporating dielectric background and substrate effects, we
demonstrate that the theory reproduces the observed LSP
energies in all four experiments over decades of cluster sizes
from ~245000 atoms to 5 atoms, reconciling experiments
previously thought to disagree [28] and showing the environ-
mental effects’ role in determining quantum LSP properties.
We conclude by generalizing the theory to predict the quantum-
corrected energies of hybrid LSP-emitter systems relevant to
studies of nanoparticle assemblies [40], MNP-quantum dot
systems [41], and LSP-enhanced molecular spectroscopies
[42]. Surprisingly, we find that, unlike the radiative properties
of LSP-emitter systems [43], the hybridized out-of-phase LSP-
emitter mode decays to electron-hole pairs most efficiently, and
we suggest future experiments to measure this effect.

To elucidate the mechanism by which LSPs disintegrate
into electron-hole pairs, we first consider an isolated silver
nanosphere. The inset of Fig. 1(a) depicts a sphere with radius a
characterized by infinite frequency dielectric response &1, mod-
eling screening due to core electrons [16,18,39], and plasma
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FIG. 1. Predictions and validations of the model. (a) The silver nanosphere’s (the inset) absorption cross section is computed with Mie theory
(the black curve) and compared to iwg (the red dashed line) fora = 10 nm and &, = 1, confirming the model’s reproduction of classical results.
(b) Comparison of the free space (¢, = 1, the red line) and argon-embedded (g, = 1.7 [44], the green line) LSP energy to photofragmentation
spectroscopy in vacuum (the white triangles, one standard deviation error bars) [36] and matrix deposition spectroscopies [37,38] in argon (the
black circles with one standard deviation error bars and gray boxes). Quantitative agreement between the theory and the experiments shows that
the theory effectively incorporates embedding dielectric effects. (c) Comparison of the LSP energy to EELS on a carbon substrate (the black
circles, two standard deviation error bars) [39] with data from Ref. [36] for reference. When the model is extended to incorporate the carbon

substrate (the blue curve, &, = 1, &3 = 3), the predicted renormalized LSP energies agree excellently with measurement.

frequency w, embedded in material with dielectric constant
. Both ¢/ and w), are estimated by fitting a frictionless free-
electron (Drude) model to optical frequency dielectric data
[45] for bulk silver (see the Supplemental Material (SI) [46]).
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where g, and py, are generalized LSP coordinates and
momenta defined by the total conduction electron density’s
projection onto the ¢,m multipole moments’ field within the
nanosphere. When retardation effects across the MNP are
neglected [18], these projections oscillate with frequencies

W = \/Ka)%,/[ﬂsl + (£ 4+ 1)&;] and mode volumes Vi, =

{3/[le; + (£ + 1)ey]} Vs where Vi is the sphere’s volume.
Equation (1) also introduces the electron positions x; and
momenta p;, which couple to the collective motion through
A(x), the LSP vector potential. It is this interaction that governs
Landau damping.

The validity of our estimates of &; and w, can be assessed
by comparing the model’s prediction for the LSP energy

In the SI [46], we consider conduction electrons confined to
the MNP by a potential U, (x) and show that their mean-field
Coulomb interaction gives rise to a set of multipolar oscilla-
tors corresponding to particle-localized collective electronic
motion, so-called LSPs [47]. The system’s Hamiltonian is

2
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[46] with that from Mie theory [48], the exact solution to
Maxwell’s equations for a dielectric sphere. This is performed
in Fig. 1(a) where the model’s predicted absorption resonance
under z-polarized plane-wave excitation (the red dashed line)
is compared to the Mie solution for an a = 10-nm silver
nanosphere computed with complex-valued bulk dielectric
data [45] (the black line). We see that the predicted resonance
energy agrees with the exact solution and that the excitation
source selects only the £ = 1, m = 0 LSP mode, confirming
that the MNP’s optical properties are dipole dominated at small
radii [16,18,39].

We now quantize Hpe. and calculate the leading-order
effects of electron-plasmon interaction perturbatively. U, (x)
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is modeled as an infinite spherical well, and the resulting
electron wave functions and energies are specified in Ref. [16].
Although this approximation neglects the complexity of sil-
ver’s band structure and electron spill out at small sizes, an
important effect in alkali metals [22], we show below that
this greatly simplified electronic structure is sufficient for
describing environmental effects on the noble MNPs of interest
here.

To calculate the decay rate for LSPs to electron-hole pairs,
we consider transitions between the initial and the final Fock
states |¢;) = |110;0.,05) and |¢¢) = [010; 1,,15) of the form
|Nems e np) with Ny, plasmons in the £,m mode, and n, (n,)
electrons (holes) with quantum numbers e (k). All omitted
occupation numbers are equal to zero, and the restriction to
£ =1, m = 0 is based on the discussion of Fig. 1(a).

Using Fermi’s golden rule with the interaction Hamiltonian
in Eq. (1), we find the LSP decay rate to electron-hole pairs
[46],

64V10 82 ! dx
— | VX +w),

r ,Vio) =
tree (@10, V10) 370V, ha ), v

@

where v = hwo/€r, € = 5.5 eV is the Fermi energy of silver
[16] and xy = max{0,1 — v}. Note ['fe. o 1/a, demonstrating
that Landau damping becomes more significant as MNP size
decreases, in qualitative agreement with previous studies [ 16—
20]. T'ree can also be used to approximate the second-order
change in LSP energy, resulting in the renormalized energy
haty ~ /(T + Altree)? — (Al free/2)%.

In Fig. 1(b), we compare iw}, to photofragmentation spec-
troscopy [36] of silver clusters in free space (¢, = 1, the red
line) and to matrix deposition spectroscopies [37,38] of silver
clusters embedded in argon (e, = 1.7 [44], the green line). We
see that fiw}, rapidly blueshifts as a decreases in excellent
agreement with the datasets, validating our approximations
and indicating that our theory effectively incorporates the
embedding dielectric. Although not obvious, we show in the
SI [46] that I increases with the embedding dielectric
constant ;. Thus, LSP decay to electron-hole pairs is faster
for MNPs in high dielectric materials since the plasmon field

(a)

—_
[a]

)

€3

1—\sub / 1_Wfree

<
o0

2 4 6 8
€3

10 12 14

—
—
=]

=

is more confined to the particle’s interior and electron-plasmon
interaction is therefore larger.

In Fig. 1(c), we further compare Lo}, in free space (the
red line) to data obtained via EELS on a 3-nm carbon substrate
[39]. The prediction only qualitatively agrees with the blueshift
in the EELS data, generally overestimating the measured
LSP energy. Although it is possible to modify &; and w,
to shift our estimate to lower energies, this would be at the
expense of agreement with Mie theory [Fig. 1(a)]. This check
is critical since simultaneous agreement with Mie theory and
measurement at small sizes shows that the model correctly
transitions from quantum to classical electrodynamics. Thus,
we instead extend the theory to include substrate effects,
demonstrating that the resulting LSP energies agree with Mie
theory and all four experiments [36—-39] simultaneously.

The £ = 1, m = 0 LSP field outside the MNP is identical
to that of a point dipole located at the sphere’s center [46].
This observation motivates using the method of images to
incorporate the substrate. A point dipole with dipole moment
d located above an infinite plane with dielectric constant &3
induces an image dipole d; = —d(e3 — &;3)/(¢3 + €;) in the
opposite direction for the experimentally relevant case of
€3 > & [15]. Although the substrates in experiments have finite
thicknesses, the dominant image contribution is that of the
infinite half-space [49], which we verify by accounting for the
finite substrate in the SI [46]. Here, for simplicity, we model
the substrate as infinite [Fig. 2(a), the inset], and we modify
Hiee to include d;,

Hsub = Hfree - le . El
e
Db Arx) +Aix) pil. (3)

2m,c

where dg is the LSP dipole moment and E; and A; are the
image electric field and vector potential. Here it is evident that
the substrate affects the MNP, both through LSP coupling and
through modification of the vector potential within the particle.

The LSP coupling can be diagonalized via transformation
leading to a substrate-dressed LSP with mode volume Vio =

Vio — 2g and resonance frequency @9 = \/a)%o(l —2g/Vio)

<
o

Line width (eV)

I
o
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FIG. 2. (a) Substrate-dressed Landau damping relative to ' as a function of &;. Suppression of the decay rate quickly saturates as &3
increases. Thus, the change in optical properties from free space (¢3 = 1) to any substrate (3 > 1) is large compared to the change between
low and high dielectric substrates. (b) Size dependence of the substrate-modified LSP linewidth accounting for LSP-electron interaction and
intrinsic substrate losses. The black dashed line shows I'g., and if €3 is complex valued (the blue curve), intrinsic substrate losses can cause an
increase in linewidth, pushing the system into a regime where LSP decay to electron-hole pairs and to near-field interaction compete.
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where g =ma’(es — &2)(e — £2)7/6(e3 + £2)(e1 + 2€2)7,
and we assume d is parallel to the substrate. This indicates in
agreement with other studies [13] that the LSP mode volume
and energy both decrease due to electrostatic substrate effects.

The remaining interaction term modifies the perturbation
theory above. The LSP decay rate can be recalculated under the
approximation that the image vector potential operator A, (x;)
can be treated as A;((x;)). This approximation is valid since
fluctuations of the electron position will destructively interfere
as the number of electrons increases. The perturbation theory
gives

. 64V €2 ('dx _
Tan(@10, Vio) = 1 — = - VX (x + )
373Vs ha J; D
= |1 — |’ Tee(@10, Vi0) )

for the substrate-modified rate of LSP decay into electron-hole
pairs. Here ¥ = li@o/€F, Xo = max{0,1 — },and @ = (] —
e2)(e3 — €2)/24(e3 + €2).

[sup 1s compared to Mg for varying €3’s in Fig. 2. Interest-
ingly, in contrast to the &, dependence of [, real-valued 3 >
1 universally suppresses decay [Fig. 2(a)] since A is opposite
A within the particle, screening the coupling to electrons. Only
when ¢3 is complex valued [Fig. 2(b)], indicating that the
substrate has intrinsic losses, can energy transfer result in an
increase above the free space LSP linewidth, pushing the LSP
into a regime where Landau damping and near-field energy
transfer become competitive. We stress, however, that this is
due to intrinsic loss in the substrate not due to the enhancement
of electron-hole pair generation, illustrating the difficulty in
disentangling these processes.

Using Eq. (4) we can calculate the quantum-corrected
substrate-dressed LSP energy as was done previously. This is
plotted in Fig. 1(c) (the blue curve) with €3 = 3 for carbon, and
we see that the modified resonance energies agree excellently
with the EELS data [39] where the free space calculation
fails. Since the previous calculation is simply a special case
(e3 = & = 1) of Eq. (4), we have presented a single theory that
quantitatively agrees with classical electrodynamics and all
four experiments [36-39] over a wide range of particle sizes.

Our theory explicitly models LSP-electron interaction and
dielectric environment effects but neglects intrinsic losses in
bulk silver [45], ligand effects, and electron spill out while
using a local dielectric function and a relatively simple approx-
imation to the MNP electronic structure. This indicates that
LSP-electron interaction dominates LSP loss at these sizes and
that environmental effects play a much more significant role
in determining quantum plasmon properties than previously
thought [39].

Interestingly, in Fig. 1(c), the EELS data appear to shift
off the substrate-modified calculation and to the free space
calculation for ¢ < 3 nm. Full-wave simulation of Maxwell’s
equations [46] explains this effect, showing that substrate-
induced reductions in LSP energy are large for @ > 3 nm but
vanish for smaller particles. That this feature of the data can
be qualitatively reproduced in simulations indicates that it is
due to retardation and not a quantum effect.

We now extend the theory to incorporate an optical emitter,
such as a quantum dot, fluorophore, substrate resonance, or
second MNP to illustrate how LSP decay to electron-hole pairs
is altered in more complex environments. As depicted in the

inset of Fig. 3, we neglect the emitter’s electronic structure and
model it as a point dipole oscillating at frequency wen, located
adistance s from the MNP surface. Equation (1) now becomes

2
qem> - le . Eem

em 7

+(,!)
2pem

2Vem
ZH‘ZC lZm- Aen(X) + Aen(x) Pl (5)
where pen and gen, are the generalized emitter momentum and
coordinate and E.,, and A.,, are the emitter electric field and
vector potential. The mode volume V., is defined in connection
to the emitter dipole moment, which is assumed to be de,, =
CVem PemZ, where C is a dimensionless constant that gives the
results below general applicability. This Hamiltonian shows
that, like the substrate, the emitter couples both to the LSP
directly and to the individual electrons through A.,.
The direct LSP coupling can again be diagonalized through
transformation. This results in two hybridized LSP-emitter

normal modes with eigenfrequencies defined by

2 _ 2
wy _wem/l

HLSP—em = Hfree + <

2 2 ;2
008”0 + iy e, SIN” 0

28w10Wem

————sin 6 cos 0, (6)
vV VlOVem

and mode volumes,

2
Vi = Vem/lO em/10 cos’ 0 + Vem/lO sin” @
lO/em
29w, \%
4 Z8@em/10 [ Tem/10 G g cos 6. %)
wio/em \ Vio/em

Here tan(20) = 2gwi0®Wem/~/ V1o Vem(wgm
2CVigVem(e1 — £2)/~/127(a + 5)°.

The rotation angle 6 characterizes the degree of mixing
between the LSP and the emitter and is positive when wey, >
wip. In that case, the — and 4+ modes correspond to the well-
known in-phase and out-of-phase eigenmodes of a coupled
dipole system [43,50]. At 6 = 0°, when w9 and ., are
sufficiently detuned or the separation distance s is much larger
than a, the LSP and emitter are essentially uncoupled, and the
— mode reduces to the LSP, whereas the + mode reduces to
the emitter. On the other hand, if w;¢ and wey, are degenerate
or s is very small, 6 approaches 45°, and the LSP and emitter
are significantly mixed.

This transformation modifies the second coupling term in
Eq. (5), and both the in-phase (—) and the out-of-phase (+)
modes interact with electrons differently. Calculating these
interaction terms, a perturbation theory can be carried out for
each mode, again using A¢n(X;) & Aen((X;)). The resulting
decay rates are

—a)fo), and g =

m 167TVm C 3
I (w_,V_)= Dem 08 6 — em T4
w1 3Vio

X 1ﬂfree(a)— s V—)7

T (ws,Vy) = +,/16” 10 _TT o5 6
Wy, =

X Dree(@y, V). (8)
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FIG. 3. Evolution of the renormalized in-phase (left) and out-of-phase (right) normal modes of the coupled MNP-optical emitter system
(the inset) as a function of a for three separation distances s = 1, 5, and 10 nm. The in-phase mode tracks the uncoupled LSP (left, the black
dashed line) and shifts to lower energies as the s decreases. Alternatively, the out-of-phase mode tracks the uncoupled emitter (right, the black
dashed line) and shifts to higher energies as s decreases. Furthermore, as the MNP radius decreases, shifting of Ziw;( causes a rapid decoupling

of the LSP and emitter, resulting in a rapid redshift of 7«7 .

Note that the emitter vector potential destructively interferes
with the decay in the in-phase configuration where A and
A are misaligned within the particle but constructively
interferes in the out-of-phase configuration where A and A,
are aligned within the particle. This implies that, if the modes
are mixed, the out-of-phase mode more efficiently decays to
electronic excitations than the in-phase mode. This is in stark
juxtaposition to the hybridized modes’ coupling to near-field
energy transfer and far-field radiation where the in-phase
mode’s larger dipole moment makes it the more efficiently
decaying hybrid resonance [43].

Equation (8) can be used just as the decay rates previously
to calculate the quantum-corrected eigenenergies fiw. For
the case where the emitter is another silver nanosphere with
fixed radius (4 nm, hw., = 3.55 V), we plot in Fig. 3 the
eigenenergies as a function of a for three separation distances
s=1,5, and 10 nm, and we compare to the uncoupled
(g = 0) energies (the black dashed curves). We see that o™
qualitatively tracks the LSP and shifts to lower energies as
s decreases with a maximal shift when w;y ~ wen. On the
other hand, /iw? tracks fiwen and shifts to higher energies as
s decreases.

Interestingly, as a decreases, the shift of the in-phase mode
becomes severe enough that the LSP and emitter effectively
decouple and the out-of-phase mode rapidly collapses back to
the uncoupled emitter energy, giving it a dramatically different
a dependence. This pronounced change highlights previously

unexplored quantum effects on plasmon hybridization. Mea-
surement of the hyrbridized LSP-emitter modes’ dependence
on MNP size would support the prediction that the out-of-phase
mode more effectively couples to electrons, suggesting new
strategies to disentangle LSP decay pathways.

In this Rapid Communication we have developed an an-
alytic theory of noble-metal LSPs in optically active envi-
ronments. By incorporating dielectric environment effects on
LSP-electron interaction, our theory agrees with Mie theory
[48], photofragmentation spectroscopy [36], matrix deposi-
tion spectroscopies [37,38], and EELS [39] over orders-of-
magnitude changes in size with only two parameters defined by
bulk dielectric data [45], indicating that environmental effects
play a significant role in plasmonic Landau damping.

Current work on optimizing plasmonic systems for charge
manipulation often relies on indirect spectral signals to
elucidate nanoscale behavior. Experiments are in turn re-
quired to design systems which isolate Landau damping
from other decay pathways, such as near-field energy trans-
fer and far-field radiation. Our approach disentangles LSP-
electron and LSP-photon interactions by showing that the
out-of-phase mode of a hybrid LSP-emitter system more
strongly couples to electrons whereas the in-phase mode
more strongly couples to photons. As a whole, this Rapid
Communication shows that just as LSP radiative properties are
strongly environmentally dependent, LSP decay to electron-
hole pairs can be suppressed or enhanced by environmental
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factors. Our approach therefore provides an analytic platform
to tailor the optoelectronic properties of open plasmonic
systems.
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