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ABSTRACT: Spatial and momentum distributions of excited

charge carriers in nanoplasmonic systems depend sensitively on Volume
Photoemission

optical excitation parameters and nanoscale geometry, which
therefore control the efficiency and functionality of plasmon-
enhanced catalysts, photovoltaics, and nanocathodes. Growing
appreciation over the past decade for the different roles of
volume- vs surface-mediated excitation in such systems has
underscored the need for explicit separation and quantification
of these pathways. Toward these ends, we utilize angle-resolved
photoelectron velocity map imaging to distinguish these
processes in gold nanorods of different aspect ratios down to
the spherical limit. Despite coupling to the longitudinal surface
plasmon, we find that resonantly excited nanorods always
exhibit transverse (sideways) multiphoton photoemission distributions due to photoexcitation within volume field
enhancement regions rather than at the tip hot spots. This behavior is accurately reproduced via ballistic Monte Carlo
modeling, establishing that volume-excited electrons primarily escape through the nanorod sides. Furthermore, we
demonstrate optical control over the photoelectron angular distributions via a screening-induced transition from volume
(transverse/side) to surface (longitudinal/tip) photoemission with red detuning of the excitation laser. Frequency-dependent
cross sections are separately quantified for these mechanisms by comparison with theoretical calculations, combining volume
and surface velocity-resolved photoemission modeling. Based on these results, we identify nanomaterial-specific contributions
to the photoemission cross sections and offer general nanoplasmonic design principles for controlling photoexcitation/
emission distributions via geometry- and frequency-dependent tuning of the volume vs surface fields.
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lectron emission studies of solids under ultraviolet dynamically controlling plasmonic charge carrier distributions
(UV) or Xray irradiation have been essential to in emerging photocatalytic,' """ photovoltaic,'”"* and nano-
fundamental developments in quantum mechanics cathode” ' applications.

and insights into electronic structure and physical properties At the heart of this issue is the negligible linear momenta of

of materials." Of particular recent interest has been the
elucidation of photoemission dynamics from nanoscale
materials, with special emphasis on plasmonic metal nano-
particles and nanostructures.””” The presence of low-energy
visible and near-infrared (IR) plasmon resonances and the
extraordinary optical field concentration in these systems has
revitalized the nearly century-old problem of distinguishing Received:  October 29, 2020
between (i) electron excitation throughout the material Accepted: December 31, 2020
volume, followed by ballistic transport and escape, and (ii) Published: January 11, 2021
excitation and emission directly from the surface.'’”"> A

detailed understanding of these mechanisms in nanoscale

systems will provide additional opportunities for designing and

incoming photons compared with outgoing electrons.
Momentum conservation thus demands electron scattering
with a massive third body during photoexcitation and emission.
Volume-mediated excitation is dominated by scattering with
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the periodic lattice potential when such a transition is
energetically allowed, but visible/near-IR excitation energies
are often below the relevant interband energies in noble
metals, and intraband excitation must instead proceed via
scatterin% with phonons, defects, impurities, or other
electrons.”®*' The local n-photon volume excitation density
depends on the total magnitude of the electric field, [E(r)*". By
contrast, surface photoexcitation/emission arises due to the
translational symmetry breaking at the metal—environment
interface and thus involves scattering with the surface potential
barrier, including contributions from surface electromagnetic
field variations, localized surface states, and the evanescent
external decay of internally delocalized Bloch wave func-
tions.'**** In nanoplasmonic systems, the few-nanometer
exponential decay of external electric fields can contain
sufficiently large wavevector components to act as a prominent
source of momentum.”® Unlike volume excitation, the local n-
photon surface-mediated excitation rate depends only on the
surface-normal component of the electric field, |E, (r)|*", which
has been exploited to distinguish volume wvs surface photo-
emission contributions from metal films via s- and p-polarized
electromagnetic fields.”*>° Further details on the volume vs
surface photoemission paradigm and potential ambiguities in
this dichotomy can be found in SI Section I, along with a
discussion of possible coherent vs incoherent multiphoton
photoexcitation pathways and implications thereof in SI
Section 2.

Localized surface plasmonic field enhancement hot spots are
often highly spatially distinct from volume field-enhanced
regions, yielding correspondingly distinct spatial and angular
photoexcited carrier distributions’”*® and providing a
relatively unexplored optical control degree of freedom that
can be harnessed for plasmonic devices. Plasmonic hot carrier
catalysts, for instance, already exhibit high reaction efliciencies
and product specificity compared with thermallzr activated
processes,lé’17 as demonstrated via CO, conversion” and H,0
splitting'**® for solar fuel production. However, further
enhancements in catalytic activity and device functionality
can be achieved by controlling the plasmonic carrier spatial
and momentum degrees of freedom to complement aniso-
tropic coatings'®**~** and even introduce nanoscale site
selectivity,”** with similar opportunities in broadband photo-
detection®™*> and solar energy conversion.”**” Plasmonic
nanoparticles and nanostructured arrays also serve as bright
photocathode emitters,”*® with possibilities for optically
controlled current directionality” in terahertz nanoelectronics'”
and femtosecond electron imaging®*’ applications. While
internal electron emission at metal-molecule'* or metal—
semiconductor >***" interfaces is often classified by either
“direct” excitation at the surface or “indirect” transfer following
volume excitation,'®'”*"*”*! these mechanisms closely parallel
surface vs volume photoemission for metal—vacuum interfaces.
A deeper understanding of volume and surface effects in
nanoplasmonic systems is therefore essential to a variety of
applications, regardless of the collection medium.

The primary focus of the present work is to distinguish
volume vs surface photoemission pathways in plasmonic
nanoparticles by the distinctly different photoelectron
momentum distributions. We begin with the observation that
laser excitation of longitudinal dipolar surface plasmon
resonances (SPRs) in gold nanorods results in transverse
(orthogonal) multiphoton photoemission (nPPE) through the
cylindrical sides, which is shown to be due to volume
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excitation. We then demonstrate a previously unexplored
transition from volume (transverse/side) to surface (longi-
tudinal/tip) #PPE that occurs with red detuning of the
excitation laser, resulting from the more effective metallic
screening of internal electric fields at lower frequencies. A
combination of three-dimensional (3D) velocity-resolved
semiclassical volume and quantum surface nPPE modeling
reproduces all of these effects and enables quantitative
characterization of the photoemission cross sections. Most
importantly, we demonstrate that the relative volume vs surface
nPPE contributions depend primarily on plasmonic field
enhancement distributions, which are readily simulated via
classical numerical (e.g., finite element or finite difference)
methods for solving Maxwell’s equations. Although measure-
ments are performed in the 2-, 3-, and 4-photon regimes with
visible and near-IR excitation to overcome the ~4.3 eV gold
nanorod work functions, much of the analysis is general with
respect to process order and is therefore expected to remain
valid down to the linear regime for single-photon applications.
These results provide general design principles for (i)
engineering nanoplasmonic geometries to promote volume
or surface processes and (ii) dynamically controlling the
corresponding photocurrents via optical frequency- and/or
polarization-dependent plasmonic field distributions.

RESULTS AND DISCUSSION

Transverse Volume Photoemission from Gold Nano-
rods. Strong electric near-field enhancements are generated at
the tips of gold nanorods where conduction electrons pile up
during dipolar longitudinal localized SPR oscillations. At the
same time, appreciable field enhancements are also generated
within the metal volume. The surface-normal fields concen-
trated at the nanorod tips are spatially well separated from the
volume fields, which are concentrated near the center of the
cylindrical body, leading to distinct surface vs volume
photoexcitation/emission pathways. These are illustrated in
Figure 1la, along with the scanning photoelectron imaging
microscopy (SPIM) experimental configuration (Methods).
Different photoemission angular distributions are expected for
the two mechanisms,”’ depending upon the nanoparticle
geometry and the electric near-field distribution of the excited
plasmon mode, which provides a direct means of identifying
the source of plasmonic carriers (electrons and their
corresponding holes) via single-particle, angle-resolved photo-
electron velocity mapping.

Photoemission spectra are shown in Figure 1b for nanorods
of similar diameter, D = 21 + 4 nm (Figure S1), but different
lengths and thus aspect ratios (L/D), illustrating the
anticipated linear increase of the dipolar SPR wavelength
with nanorod aspect ratio for L/D 2 2, as summarized in
Figure $2.*>* Only longitudinal SPRs are investigated, as the
transverse nanorod SPR excitation is much weaker and does
not reveal additional insights for the present purposes.
Additionally, while only dipolar modes are excited in the
present size and frequency range, higher-order multipolar SPR
modes are fully accounted for in the finite element simulations
(Methods). For the gold nanorod work function around 4.25
eV, electrons must absorb multiple photons to overcome the
surface potential barrier, with nanorod resonances ranging
from 950 nm (1.3 eV photon energy, n = 4 photons) at L/D =
S down to the spherical limit of S40 nm (2.3 eV photon
energy, n = 2 photons) at L/D = 1. Measurements of the
photoemission dependence on linear laser polarization (angle
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Figure 1. Characterization of nanorod surface plasmon resonance
photoemission properties. (a) Configuration of SPIM experiments,
illustrating volume and surface emission from an illuminated gold
nanorod (with a cutaway showing the volume excitation). (b)
Multiphoton photoemission spectra, measured for nanorods of
various aspect ratios, fit to nonlinear Lorentzian profiles. (c) Signal
dependence on linear laser polarization in the azimuthal (xy)
plane, fit to cos”(# — 6,,4) and shown with scanning electron
micrographs of the correlated nanorods (L/D = 1.5, 2PPE and L/
D = 4.5, 4PPE), where laser polarization 8 = 0° is along the x axis.
(d) Photoelectron velocity map collected at the longitudinal
resonance of the correlated L/D 3.2 nanorod in the inset,
exhibiting transverse photoemission. (e) Summary of photo-
emission directionality for all nanorods of various aspect ratios
and spatial orientations, with transverse distributions observed in
every case. Data colors (here and elsewhere) are mapped to the
corresponding wavelength. Scale bars: 20 nm.

0) in the azimuthal plane (Figure 1c) show clearly defined
longitudinal resonances along the long nanorod axes, notice-
ably narrowing in the 4-photon regime (L/D ~ 4.5) relative to
the 2-photon regime (L/D ~ 1.5) due to the nPPE « E*"
cos”(0 — 6,,4) dependence of the field projection along the
nanorod axis. Pulse durations around 150 fs (Methods), pulse
peak intensities of 10° W cm™ (ST Section 4), and calculated
nanorod extinction cross sections around 107'° cm™ lead to
the excitation of nearly 10* plasmons/pulse, which is much
larger than the 2—4 quanta absorbed in nPPE (one nPPE event
every ~10° pulses, with a 75 MHz laser repetition rate), thus
justifying a classical treatment of the plasmonic fields.

While longitudinal electron emission outward from the
highly field-enhanced nanorod tips has been observed in the
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strong-field tunneling7’44 and transitional regimes,5 here we
find that weak-field nPPE is predominantly transverse
(orthogonal) to the resonantly excited longitudinal nanorod
axis, as demonstrated in Figure 1d. In other words, electrons
are evidently emitted from the sides rather than the tips of the
nanorods. We observe this transverse photoemission for every
nanorod investigated (Figure le), irrespective of aspect ratio
(L/D = 1.5=5), surface ligands (Figure SS), size (D = 10—40
nm, Figure S5), or corresponding size-dependent differences in
faceting.* Electron thermalization effects during the pulse
duration are accounted for via two-temperature modeling,*° as
discussed in detail in the SI Section 4, where intensity-
dependent studies also demonstrate negligible thermionic or
thermally assisted emission effects. Furthermore, measure-
ments with even shorter (dispersion-compensated) 40—50 fs
pulses yield the same transverse nPPE distributions (Meth-
ods).

As the surface-normal field (IE,|*" for nPPE) is negligible on
the nanorod sides under longitudinal dipolar SPR excitation,
the transverse photoemission distributions provide a strong
initial indication that volume-mediated nPPE is dominant for
resonantly excited nanorods. Electrons excited throughout the
nanorod volume are thus expected to escape ballistically from
the cylindrical body with a predominantly transverse
distribution and from the hemispherical tips with a nearly
isotropic distribution. As a starting point, assuming uniform
excitation throughout the nanorod volume and a short inelastic
mean-free path (1, << D), the relative side wvs tip
contributions can be approximately estimated by the ratio of
corresponding surface areas, which works out to be Sy4./Sy, =
L/D — 1. We therefore expect the photoemission distribution
to become isotropic as L/D — 1 (Syq. < Syp) or to become
increasingly dominated by transverse contributions as L/D —
0 (Sside > Stip)'

To show definitively that the photoemitted electrons
primarily originate within the volume of the resonantly excited
nanorods, photoemission distributions are measured as a
function of nanorod aspect ratio. As anticipated, the two-
dimensional (2D) velocity maps in Figure 2a demonstrate that
the photoemission angular distributions become more
isotropic with decreasing aspect ratio and completely isotropic
in the spherical limit. The radially integrated angular
distributions in Figure 2¢ can be characterized by an angular
contrast, AC, defined as

_ (|l counts) — (L counts)

(|| counts) + (L counts)

(1)

where the brackets denote averaging (within +2°) over the
two longitudinal (0° and 180°) and transverse (90° and 270°)
directions on the 2D velocity maps. This definition of the
angular contrast provides a model-independent metric of how
transverse (AC — —1) or longitudinal (AC — 1) a given
distribution is. Angular contrast values are summarized as a
function of aspect ratio in Figure 2e, where AC clearly
becomes more negative (transverse) as the nanorod aspect
ratio increases and goes to zero in the isotropic spherical limit,
as expected for the volume photoemission mechanism. The
resonant excitation frequency primarily influences the radial
distributions, with little impact on the angular distributions (SI
Section 6), such that the AC trend in Figure 2e is due to the
varying nanorod geometry and the corresponding photo-
excitation spatial and momentum distributions. Note that the
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Figure 2. Volume photoemission distributions as a function of aspect ratio. (a) Correlated electron micrographs and velocity maps for a
series of nanorods excited at their longitudinal SPRs, down to the spherical limit. Nanospheres of larger D = 70 nm are studied compared
with nanorods (D = 20 nm) for sufficient signal levels, but this is neither expected nor observed to affect their photoemission properties.
Scale bars: 50 nm. (b) Velocity distributions for the same nanorods as in (a), modeled using the ballistic (three-step) Monte Carlo theory.
(c) Radially integrated angular distributions from the velocity maps in (a) with transverse (L) and longitudinal (||) directions indicated and
0° along the x (v,) polarization axis. (d) Process order summary of n-photon photoemission measured via power-law intensity-dependent fits
(also see Figure S3; error bars are standard errors of the fits) for all investigated nanorods under longitudinal SPR excitation, shown with
overall sigmoidal fits. The SPR wavelength axis is linearly mapped (except around L/D = 1) to the aspect ratio (Figure S2). (e)
Photoemission angular contrast of all investigated nanorods for longitudinal SPR excitation, becoming more negative (transverse) with
increasing aspect ratio and isotropic in the spherical limit. Ballistic Monte Carlo theory curves shown for uniform and nonuniform (finite
element simulated) internal fields. The error bounds shown for the simulated fields case assume an inelastic mean-free path between 7 nm
(top) and 5 nm (bottom), with the primary curve calculated at 6 nm.

angular contrast, AC, and the photoemission mechanisms or corresponding angular contrast values are observed in the
described herein are not to be confused with molecular transition regions between process orders, and the photo-
photoionization and the corresponding anisotropy parame- emission physics is qualitatively the same at all nonlinear
ter."” orders studied herein, just with a different total excitation
A summary of nonlinear process order, n (where nPPE energy (nAw), corresponding nonlinear absorption cross
I}), from intensity-dependent measurements performed on sections, and more spatially diffuse E* field distributions
resonance for each nanorod studied (Figure S3) is shown in compared with E?". We thus anticipate that the present
Figure 2d. The results show a clear sequential transition from n observations can be extrapolated from the multiphoton
= 2 up to n = 4 with increasing SPR wavelength and linearly regimes down to the linear regime for systems with lower
correlated increasing aspect ratio (Figure 1b and Figure S2). emission barriers, including metal—semiconductor and metal—

The well-defined integer process orders and transitions verify molecule junctions.
that the present studies are performed in the perturbative It is interesting to briefly highlight that L/D = S nanorods
nPPE regime rather than the optical field emission’®** or resonant in the 4PPE regime are approximately S-fold brighter
thermionic regimes (see SI Section 4 for an extended than L/D = 3 nanorods resonant in the 3PPE regime, which
discussion). Non-integer process orders in the transition are themselves approximately S-fold brighter than nanospheres
regions arise naturally in the power law fits and reflect the resonant in the 2PPE regime. This can be seen in the summary
weighted sum of two contributing process orders (SI Section of resonant nPPE cross sections in Figure S2 for I & § X 107
4).° No sudden changes in photoemission angular distributions W cm ™ input intensities. Thus, despite the higher orders of
1569 https://dx.doi.org/10.1021/acsnano.0c09045
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perturbation and stronger screening (see General Design
Principles), the geometrical effects of stronger internal
plasmonic fields and larger excitation volumes for longer
rods win out. Nevertheless, for a particular particle geometry,
the photoemission rate decreases by multiple orders of
magnitude with increasing process order (even neglecting the
effect of detuning from resonance).*’

To understand the volume #PPE distributions in further
detail, we implement a Monte Carlo method within the
ballistic, three-step photoemission model.’® In this model,
electrons are first excited to randomly selected vector momenta
(approximating isotropic phonon-mediated multiphoton ex-
citation) with n-photon Fermi—Dirac weighting, from points
selected randomly throughout the nanorod volume. The
volume element selection probability is weighted by the
nonlinear internal field enhancement (IE/E,/**) determined via
electrodynamic finite element simulations with the ligands and
substrate accounted for (Methods). The calculated pulse-
averaged electron temperature of 1000 K (SI Section 4) is
utilized for the excited Fermi—Dirac distribution to account for
minor effects of electron heating during the pulse duration.
Excited electrons then travel ballistically over some distance
(d) to the surface with an exponential survival probability for
inelastic hot—cold electron—electron scattering, o e~ The
inelastic mean-free path, A, ~ 5 nm,>"*” is approximately
constant over the narrow threshold energy range of interest
(~4.5—6 eV above the Fermi level), and we account for the
possibility of the nascent photoexcited electrons surviving a
single inelastic scattering event with sufficient momentum to
subsequently escape, although the contribution of these
partially thermalized electrons is found to be negligible.
Finally, electrons that reach the surface with sufficient
surface-normal momentum to overcome the potential barrier
escape into the surrounding medium with a quantum
transmission probability (SI Section 6).

Refraction at the surface barrier and escape cone effects due
to perpendicular momentum loss and parallel momentum
conservation are fully accounted for in the 3D spatially and
velocity resolved calculations. Trajectories following internal
surface reflection could also be readily incorporated into the
modeling and may be relevant for particle dimensions similar
to or less than the inelastic mean-free path.”>>* However, these
trajectories are safely neglected here, as A, is much smaller
than the particle dimensions and internally surface-reflected
electrons will have negligible probability of reaching another
surface with sufficient energy to escape. While direct analytical
integration methods have been used to investigate three-step
volume photoemission from certain high-symmetry geo-
metries,”>> the Monte Carlo method provides a computa-
tionally efficient means of integrating over all photoexcited
electron trajectories for arbitrary nanoparticle geometries.”***°
Further details of the ballistic Monte Carlo method are
described in SI Section 6.

The calculated Monte Carlo velocity maps in Figure 2b and
angular contrasts in Figure 2e accurately reproduce the
experimental angular distributions, with a small discrepancy
between the experimental and calculated angular contrast
values due to minor surface photoemission contributions on
resonance, as examined in the next section. Although the
measured nanorod work function (4.25 + 0.1 eV) is utilized in
the calculations for an accurate Fermi edge, the overall radial
distributions are evidently not reproduced as well as the
angular distributions. This can be attributed to our
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approximation of (i) constant joint density of states and (ii)
energy-independent excitation matrix elements utilized in the
modeling. For detailed investigations of the radial distributions,
ab initio treatments of the band structure and multiphoton
excitation channels could also be incorporated.””
Frequency-Controlled Volume vs Surface Photo-
emission. For further insight into the roles of both volume
and surface photoemission processes, we simulate the electric
near-field distributions as a function of excitation frequency
(and thus detuning from SPR) in Figure 3a. Unlike the well-
known uniform internal fields for ellipsoids,*® internal fields for
nanorods are stronger near the center due to a more uniform
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Figure 3. Finite element simulations of volume and surface
plasmonic field enhancements. (a) Volume (IE/Eyl) and surface-
normal (IE,/El) field enhancement maps for an L/D = 3 nanorod,
viewed in the xy plane (ligand layer and ITO substrate accounted
for but not shown; see Methods). Volume fields are dominant at
higher excitation energies (e.g., SPR + 0.3 eV), while surface fields
are dominant at lower excitation energies (e.g., SPR — 0.3 V). (b)
Ratio of the nonlinear surface field integral (as in eq 3a) to the
nonlinear volume field integral (as in eq 3b) for a series of
nanorod aspect ratios across the n = 2—4 spectral regions. The
point on each curve indicates the calculated surface plasmon
resonance wavelength. The fluctuations in the 2PPE regime are
primarily due to the onset of 5d-band absorption and dispersion.
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Figure 4. Transition from volume to surface photoemission with red detuning. (a) Experimental and (b) theoretical velocity maps at various
detunings from the SPR of the correlated example nanorod, showing the transition from volume (transverse) to surface (longitudinal)
photoemission. (c) Summary of angular photoemission contrast values for nine nanorods, with data points for the example rod in (a) and
the theoretical curve from (b). All nanorods display consistent behavior and transition from the volume regime (shaded, AC < 0) into the
surface regime (AC > 0) around —0.25 eV detuning. (d) Relative volume and surface contributions determined from the fit of a™ in (c). (e)
Volume and surface nPPE cross sections for the example nanorod in (a).

hemispherical surface charge distribution at the tips. The
corresponding electric field vectors destructively cancel within
the tip regions but add constructively near the nanorod center.
Such central concentration of the field distributions leads to
more centralized excitation of electrons, which subsequently
escape almost exclusively from the sides of the nanorods rather
than the tips, due to the limiting inelastic mean-free path (~$
nm). This results in more negative (transverse) angular
contrast values compared with uniform excitation throughout
the nanorod body, as seen by comparing the two theoretical
curves Figure 2e. It should once again be emphasized that this
is an entirely different phenomenon from centralized heating
effects that have been observed due to higher electron kinetic
energies in the center of the nanorod during plasmon
oscillations.” Thermal effects are negligible in the intensity
range (I, &~ 0.05—0.1 GW cm™?) of these perturbative studies
(SI Section 4).

While the overall field enhancement is strongest on the
plasmon resonance, the relative surface field contribution
increases with red detuning due to enhanced Drude screening
of the internal fields at lower frequencies. The ratio of these
nonlinear surface vs volume field enhancement integrals, which
is proportional to the ratio of the surface vs volume
photoemission, is summarized for different aspect ratios in
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Figure 3b. The total n-photon photoemission rate can be
written as

nPPE = (o{"(w) + o{"(@))I] )
The generality of eq 2 with respect to coherent vs incoherent
processes and possible surface—volume cross terms are
examined in SI Section 2, with cross terms effectively ruled
out due to the large spatial separation between volume and
surface-normal field-enhanced regions. Furthermore, previous
studies have 4pr_edominantly found plasmonic nPPE to proceed
coherently,”****~°" which is vital to femtosecond (especially
<10 fs) electron sources and coherent control applications.®
Nevertheless, the essential design principles to be discussed
would remain valid in the presence of incoherent surface-
volume cross terms (SI Section 2). The surface and volume
nPPE cross sections in eq 2 are given by

as(")(w) = cs(”)(w)rls(”)(w) /IEL(r, w)/E *"dS (3a)
and
(@) = P @) 1B 0)/Ef"dv b)
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respectively, in which the ¢ and ¢}’ factors are related to the
surface and volume nonlinear absorption densities and 7§ and
7 are the emission quantum yields for n-photon excitation.
Strictly speaking, the volume emission quantum yield in eq 3b

is a volume-averaged quantity:

/n\(/”)(r, )E(r, w)I*"dV
Iy, o)y

(@)
(4)

which thus depends on the geometry and can be determined
via ballistic Monte Carlo modeling using the simulated
plasmonic fields. Typical values for 77\(,") for nanorods are
between 0.1% and 1%, as quantified via full nanorod surface
maps in Figure S8, although this depends strongly on the
excitation frequency® and may also be substantially enhanced
by surface roughness®* as well as for lower-order processes
with smaller barriers such as one-(photon photocatalysis and
photovoltaics. By comparison, 7 only depends on the
(generic) properties of the locally flat surface potential barrier
and is therefore not geometry specific. As a result, the only
geometry-specific quantities are the field enhancement
integrals in eqs 3a and 3b, which encode the plasmonic
response of the system and can be determined via finite
element modeling, and 7, which can be determined via
Monte Carlo modeling. The remaining quantities, n{ and
", are properties only of the nanoparticle material and/or
nanoparticle—vacuum interface. Thus, if these material
quantities are characterized experimentally, then 6§ and o}
are fully determined, and the surface vs volume contributions
may be quantitatively extended to arbitrary nanoscale or even
macroscopic geometries.

The 2D angle-resolved photoelectron velocity maps can be
utilized to distinguish the volume and surface distributions and
separately determine 6" (w) and o{’(@). Considering the
dramatic change in the relative nonlinear surface vs volume
field enhancements with detuning (Figure 3b), the photo-
emission is expected to transition from the transverse volume-
dominated distribution (AC < 0) that is always observed
around the SPR to a longitudinal surface-dominated
distribution (AC > 0), with only modest red detuning. This
is precisely what is observed in Figure 4a, with the angular
contrast summarized in Figure 4c becoming positive around
Ahw —0.25 eV detuning. Unlike transverse volume
emission, the longitudinal surface emission is often asymmetric
due to amplification of any tip field asymmetry (i.e, due to
slight tip curvature differences) by the nonlinear process. For
example, a 10% difference in the tip fields results in a factor of
2 difference in 4PPE rates (o |E/Ey®). To take such
asymmetry into account, the angular contrast values are
obtained by averaging over both longitudinal directions (eq 1).
The measured angular contrast values for nine sample
nanorods resonant between 700—800 nm (L/D = 2.5-3.5)
are summarized in Figure 4c, which all display very similar
behaviors with detuning. Notably, the range of detuning values
crossing AC = 0 is about a factor of 3 narrower than the spread
in the SPR energies due to sample heterogeneity, as explicitly
shown in Figure S9. This indicates that detuning is the
predominant cause of the transition from volume- to surface-
dominated photoemission for a specific geometry, with no
sudden change observed for the 3PPE—4PPE process order
transition at a specific excitation energy. Although higher input
intensities are utilized at —0.4 eV red detuning (I, ® 2 GW
cm™%, compared with ~0.05 GW cm™ on resonance), this

~
~
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maintains the local tip surface fields by compensating for the
drop in the plasmonic enhancement with detuning from
resonance, along with a small overcompensation to achieve
surface nPPE levels comparable to the volume nPPE levels on
resonance. Intensity-dependent measurements (Figure S10)
verify that the surface emission at —0.4 eV red detuning
remains in the multiphoton regime, rather than the strong-field
or thermionic regimes.

For a careful separation of surface and volume contributions,
the 3D photoemission distributions (and 2D projections) are
modeled for both mechanisms taking the correlated nanorod
geometry into account (Figure 4b). Volume photoemission
distributions are again calculated via the ballistic Monte Carlo
method, while the surface nPPE theory developed by Yalunin
and co-workers®® is implemented to model the surface
photoemission distributions. The implementation of this
surface nPPE theory to arbitrary nanoparticle systems is
described in detail in the SI Section 7 and in previous work.®
The combination of the semiclassical volume Monte Carlo and
quantum surface nPPE theories provides a general theoretical
framework for modeling 3D photoelectron spatial and
momentum distributions in arbitrary nanoplasmonic geo-
metries. In all experiments and theory, the 3D photoelectron
velocity distributions are projected/integrated over the v,
degree of freedom, leading to the 2D (vx,vy) velocity maps
(Methods). Possible effects of the ITO substrate on the 3D
distributions and 2D projections are discussed in the SI
Sections 6 and 7 and in previous work.”

The ratio of the calculated surface vs volume contributions,
0" /6(, depends on the ratio of the field integrals (Figure 3b)
as well as the geometry-independent coefficients in eqs 3a and
3b. In the near-threshold photoemission regime with excess
photoelectron kinetic energies < 2 eV, the frequency
dependence of both surface and volume coefficients is
expected to obey Fowler’s law,*® such that cé”)(a))ng”)(a)) x
cr (a))};@(a}) « (nhw — ¢)* which thus cancels out in the
o) /o\!) ratio. As a result, all of the frequency dependence in
6% /o\) is contained within the ratio of the nonlinear field
integrals, scaled by a single frequency-independent prefactor:

N a)nl(w) 5)

Thus, the role of experiment in determining the relative
photoemission contributions is reduced to determining this
single, frequency-independent a parameter for different
process orders.

Weighting the modeled surface and volume photoemission
distributions by the field integral ratio from Figure 3b, we find
that a® = 7.5 + 2.5 pm yields the best agreement with the
experimental angular contrast as a function of detuning (Figure
4c). The relative surface and volume contributions are now
quantified, as shown in Figure 4d, with volume mechanisms
accounting for 90% of the total photoemission on resonance.
The corresponding 10% surface contribution on resonance
accounts for the slightly less negative (less transverse)
experimental angular contrast values in Figure 2e relative to
the purely volume Monte Carlo theory. Finally, with 6§ /("
now determined and 6{" + () known directly from the total
experimentally measured photoemission rates (eq 2), o and
o) can be determined independently, as summarized in Figure
4e for the representative nanorod. We note that o) and o))
are only directly determined in the 3PPE range. While a ")

A =

https://dx.doi.org/10.1021/acsnano.0c09045
ACS Nano 2021, 15, 1566—1578


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c09045/suppl_file/nn0c09045_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c09045/suppl_file/nn0c09045_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c09045/suppl_file/nn0c09045_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c09045/suppl_file/nn0c09045_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c09045/suppl_file/nn0c09045_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c09045/suppl_file/nn0c09045_si_001.pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c09045?ref=pdf

ACS Nano

www.acsnano.org

could be directly determined for other process orders via
additional detuning studies, we instead simply rely on the
approximate continuity in experimental 6{"/6{" curves (i.c.,
no sudden changes observed with detuning) from the L/D =~ 3
nanorod detuning studies in Figure 4 to extend the 3-photon
results into the adjacent 2- and 4-photon ranges. With the aid
of finite element and Monte Carlo modeling of the geometry-
specific quantities (field integrals and escape efficiencies,
respectively), this in principle now allows us to quantitatively
predict the photoemission behaviors for arbitrary gold
nanoparticle geometries.

General Design Principles. It has been shown that the
plasmonic field enhancements are of primary importance in
determining the relative surface and volume contributions to
electron emission. With a® (eq 5) and the nanomaterial-
specific properties in eqs 3a and 3b determined from detuning
experiments, the effects of optical parameters and nanoparticle
geometry can now be quantitatively estimated, including the
effects of (i) frequency-dependent electric field screening, (ii)
geometric surface-to-volume (S/V) ratio, and (jii) nanoparticle
shape/curvature. We shall demonstrate that optical parameters
influence the relative surface vs volume contributions primarily
via frequency-dependent screening, while the nanoparticle
shape controls the plasmonic field distribution at constant
excitation frequency. As noted in the previous section, results
from the 3PPE range (Figure 4) are approximately extended
into the 2PPE and 4PPE ranges based on the observed
continuity in 6§ /o{".

First, we consider the effects of frequency-dependent
screening and the plasmon resonance (Figure Sa) on the
surface vs volume photoemission contributions. Specifically,
plasmonic field enhancements and resulting 0" /o) ratios are
simulated for ligand-free nanorods in vacuum, for a series of
aspect ratios (Figure Sa). With this environment, the surface
field enhancements are more prominent, and longer nanorods
are predicted to be surface emitters on resonance, unlike the
ligand-coated, ITO-supported nanorods studied experimen-
tally. For nanospheres in the electrostatic approximation and
E, :66E05c, the Laplace equation yields a constant internal
field:

3e
Ep (@) = 7015092
e(w) + 2¢, (6a)
and a dipolar external field at the nanosphere surface:
€(w) — €
E,(®) = Bt + ————2(3E i — E &)
¢ 0 e(w) + 2¢, 0 ° (6b)

where ¢ (w) is the dielectric function of the nanosphere
material (e.g, gold) and 7 is the outward surface normal. The
external field at the nanosphere “tip” along the laser
polarization axis (7 = X) is
3e

@ .

E. (w) = ————Ex
(@) e(w) + 2¢, °

(7)

from which the resulting ratio of the external-to-internal
electric field at the tip is given simply by

Etip(w) _ e(w)
E,(®) - €o

(8)

This can also be immediately derived from the boundary
condition on the displacement field, Dy, = D, yielding
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Figure S. Effects of screening, S/V ratio, and nanoparticle
geometry (curvature) on surface and volume contributions. This
set of simulations is performed in vacuum (no ligands or
substrate). Shading indicates the volume-dominated regime. (a)
Surface/volume nPPE cross-section ratio determined quantita-
tively from detuning studies (Figure 4) for L/D = 1—S nanorods.
Points indicate plasmon resonance wavelength. The dashed curve
is the dielectric function of gold (arbitrary scale factor), which
evidently dictates the frequency dependence of the surface/volume
cross-section ratios. (b) Cross-section ratio for L/D = 4 nanorod
for D = 10—30 nm, with zoomed-in inset. (c) Cross-section ratio
for bipyramid, nanorod, and dumbbell, all with similar resonance,
§/V ratio (< 10% variation), and total V (< 30% variation).

€(@)E;, ()= €,Eg,(w). The crucial result is that the plasmonic
resonance term, o (e(@) + 2€,) ", drops out of the field ratio
in eq 8 entirely, and we are left only with the screening effects
described by the metal dielectric function, ¢(®). Furthermore,
the same cancellation of the surface and volume plasmonic
field enhancements occurs in the full nonlinear field integrals,
leading to Ug”)/a%") o le(w)/€ol*, as shown in Figure Sa. Thus,
the dramatic increase in surface over volume photoemission at
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longer wavelengths can be simply attributed to enhanced
metallic screening of internal fields. At a constant excitation
wavelength, the progressive overall drop in o /o) with
increasing nanorod aspect ratio in Figure Sa is due to details of
the nanorod geometry and plasmonic field distributions.

Next, we consider the effects of nanoparticle scale (Figure
Sb). The importance of the geometric S/V ratio has been
emphasized in other investigations,'"* but it has remained
unclear whether this is truly the decisive factor, in general, due
to the previous lack of direct mechanistic insight into the
excitation processes. Here, we isolate the effect of S/V ratio by
investigating nanorods with the same aspect ratio but different
diameters (Figure 5b). By maintaining the same nanorod
shape, the field enhancement distributions and SPRs remain
approximately constant with size, with a 3-fold change in the
S/V ratio from 0.44 nm™ (D = 10 nm) to 0.15 nm™ (D = 30
nm). This factor of 3 is relatively minor compared with the
orders-of-magnitude changes in o /o) with only modest
frequency detuning. Moreover, a commensurate change in the
volume emission efficiency with nanoparticle size, 1/ n « D,
effectively cancels the S/V o« D ™' contribution to o /o).
This occurs for larger particles (D > 4,,.;) in which the ratio of
electrons excited within the escape depth from the surface (~
Ainet) to the total number of electrons excited throughout the
nanoparticle approaches the geometric S/V ratio,"* such that
the escape efficiency scales as S/V (7’ & D™"). Thus, 6§" /("
remains nearly constant with nanoparticle scale at fixed
excitation frequency, as shown in Figure Sb. It is not until
particle dimensions become comparable to or smaller than the
electron inelastic mean-free path that the S/V o D" scaling
begins to take over.”” This 6{"/6) « D! regime may
nonetheless be relevant for low-energy catalysis (e.g., Aine & 40
nm for gold at ~1.5 eV excitation energy) with small
nanoparticles (D < 30 nm).

Finally, we consider the effects of nanoparticle shape (Figure
Sc). While the effect of nanoparticle size/scale is generally
minor, the nanoparticle shape strongly influences o /6 via
the plasmonic field distributions. It is well known that sharp
convex features, for instance, lead to more dramatic surface
field enhancements due to the lightning rod effect,>®” whereas
flat or concave features can shift emphasis to the volume fields.
The role of nanoparticle curvature is effectively isolated by
comparing particles of different shapes but similar SPR, S/V
ratio, and total volume (see Figure Sc). Sharper geometries,
such as bipyramids, exhibit more concentrated surface field
enhancements and more diffuse volume enhancements (Figure
S13), leading to an enhanced surface photoemission
contribution. This is corroborated by #nPPE microscopy
observations of tip-localized photoemission from silver
bipyramids®® and gold nanostars,” along with #nPPE studies
of etched gold nanotips.”> Conversely, geometries with lower
curvature and/or concave features, such as dumbbells in Figure
Sc, display much weaker surface fields and stronger relative
interior field enhancements (Figure S13), leading to dominant
volume photoemission. As it happens, nanorods strike a
delicate balance between these extremes, which makes them
excellent testbeds for distinguishing general surface vs volume
photoemission properties.

Interestinglg, the effect of shape on internal quantum
efficiency, 7\, is typically very minor. For example, 7{® =

0.27% for the L/D = 4 resonantly excited nanorod in Figure Sc,
while %) = 0.32% for the dumbbell excited at nearly the same
SPR frequency. We also note that these rather small internal
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quantum efliciencies are due in part to the small fraction of
photoexcited electrons above the vacuum level for the
multiphoton excitation (< 20%) along with escape cone
effects,”” both of which are dramatically improved in single-
photon photovoltaic and photocatalytic collection schemes
with much larger fractions of excited carriers at/above the
relevant energy barriers. Considering the small variation of ny
with nanoparticle shape, the strong influence the shape has on
6" /o) demonstrated in Figure Sc therefore arises primarily
from the shape-dependent distribution and concentration of
plasmonic fields, rather than the volume escape efficiency. This
has two significant benefits for designing plasmonic devices: (i)
the plasmonic fields can be readily simulated by a variety of
classical methods (e.g,, finite element simulation), and (ii) a
further degree of optical control—beyond frequency-depend-
ent screening—can be readily exerted by coupling to different
plasmon resonance modes via laser polarization and/or
frequency. Different plasmon resonance modes will display
different volume and surface field distributions, with the latter
already having been utilized, for instance, to control photo-
currents from gold nanostars with multiple tip hot spots.”*’

Conversely, we note as a parting comment that photo-
emission angular distributions may be utilized to elucidate
nanoplasmonic field distributions for different optical param-
eters and particle geometries, providing complementary
information to photoemission spatial distributions from
photoemission electron microscopy (PEEM) studies.”®*%
While PEEM spatial maps with tens-of-nanometer resolution
provide a clear indication of hot spots and emissive regions
correlated with nanoscale structure, single-nanoparticle angle-
resolved photoemission studies”**”® can provide further
details on the (3D) field distributions, so long as the
photoexcitation/emission dynamics can be accurately mod-
eled. Thus, with insights from the present studies, these and
other nPPE techniques may be utilized to complement
electron energy loss spectroscopy,”’ super-resolution imag-
ing,* and scanning near-field optical techniques”>”*”> for
mapping nanophotonic fields.

CONCLUSIONS

In summary, we have demonstrated the essential roles of
nanoscopic volume vs surface photoexcitation mechanisms in
nanoplasmonic electron emission, along with corresponding
opportunities for designing and optically controlling excited
electron spatial and momentum distributions. Volume
excitation is found to be dominant for nanorods excited on
resonance, producing energetic electrons near the center of the
nanorods that subsequently escape from the nearby side
surfaces in transverse photoemission distributions relative to
the nanorod axis. However, red detuning of the excitation laser
from resonance strongly de-emphasizes the volume fields due
to enhanced metallic screening, instead promoting photo-
excitation directly at the tip surfaces. The surface-excited
electrons are preferentially emitted longitudinally along the
nanorod axis and therefore exhibit completely different spatial
and momentum distributions compared with the volume-
excited electrons. Both mechanisms must be considered in
general nanoplasmonic applications, as the relative contribu-
tions depend sensitively on nanoparticle shape and frequency-
dependent screening. A comprehensive volume (ballistic
Monte Carlo) and surface (fully quantum) nPPE theoretical
framework has been introduced to model these behaviors,
illustrating that the plasmonic field enhancement distributions
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are critical in controlling surface vs volume excitation, while
geometric ratios (S/V) and the escape quantum efficiencies
(#$") play only minor roles. Therefore, upon characterizing the
material-specific quantities in the (nonlinear) photoexcitation,
as we have done here for gold, the surface vs volume
photoemission properties of arbitrary nanoplasmonic geo-
metries can be predicted simply via classical electromagnetic
simulations. These results set the stage for designer geometric
and ultrafast optical (polarization and frequency) control over
nanocathode photoemission, photovoltaic currents, and site-
selective nanocatalytic charge transfer.

METHODS

Nanorod Synthesis and Sample Preparation. Gold nano-
spheres and nanorods of various sizes and aspect ratios have been
synthesized using well-known seed-mediated methods.”*””® Small
gold precursor particles are prepared in the desired solvent (water, in
this case) and exposed to additional gold salt in the presence of a
reducing agent that promotes controlled growth onto the precursor
particles. For nanospheres, the seed concentration in the growth
solution is controlled for size uniformity, where more seeds result in
smaller nanospheres. The gold nanorods are controlled in their size
and aspect ratio by controlling both the seed concentration and the
concentration of silver nitrate—a growth-directing agent—in the
solution. The details of each synthesis procedure and the reagents
used are described in detail in the SI Section 3.

Following synthesis, the nanosphere and nanorod solutions are
sonicated for 30 s and vortexed for 10 s for optimal dispersion, then
diluted in ultrapure water to approximately 0.1 nM (6 X 10"
nanoparticles mL™"). Immediately following dilution, a 50 yL aliquot
is spin-coated onto a freshly UV-ozone cleaned ITO-coated coverslip
(10 nm ITO sputtered on 170 um borosilicate; Thin Film Devices,
Inc.) at 1500 rpm for S min. For aqueous nanoparticle solutions, this
procedure yields a typical coverage of 0.0 nanoparticles yum™>, or 20
particles in a 20 X 20 ym? scan area on average. Such coverages are
ideal for efficient particle location and characterization via SPIM
scans, while ensuring negligible probability of two particles over-
lapping within the same diffraction-limited excitation region. For
particle location in correlated SPIM-SEM studies, a 30 nm Au
alphanumeric grid (LF-400) is deposited onto all ITO/glass
substrates via negative photomask lithography, prior to sample
preparation.

Scanning Photoelectron Imaging Microscopy. Photoemission
microscopy using a home-built scanning sample stage allows for
spatially resolved (diffraction-limited) photoemission mapping.*
Three quartered piezoelectric posts with capacitive sensor feedback
provide fine scanning over a 30 X 30 um? area, with xyz piezo motors
providing extended positioning over a larger (few-millimeter) range.
Single particles are identified and studied individually, with the total
photoemission rate measured as a function of laser frequency,
intensity, and polarization. Combined with correlated SEM imaging
and finite element simulation, this already provides detailed near-field
information on the photoemission properties of the plasmonic
nanoparticles. To get additional information on excited electron
spatial and angular distributions, essential for the present studies, we
employ a three-electrode velocity map imaging (VMI) electrostatic
lens for photoelectron velocity mapping. The VMI lens provides a
linear mapping from initial (v, v,) velocities onto (x, y) spatially
resolved microchannel plate detector (two-plate chevron config-
uration) position, simply integrating the initial 3D distribution over v,.
A single electron is multiplied up to ~107 electrons, and the amplified
electron signal is then accelerated onto a P47 phosphor screen, with
the fluorescence imaged via CCD camera (1.3 megapixels, 20 FPS).
Single event (x, y) coordinates are centroided and converted back to
(v vy) velocity via a calibration factor of 4150 m s™! px~! measured
previously.”” Further details on the SPIM system and velocity
mapping can be found in previous work.*’
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Femtosecond pulses are generated a 75 MHz Ti:sapphire oscillator
(KMLabs Swift, 675—1000 nm), with second-harmonic generation
(350—500 nm) and an optical parametric oscillator (KMLabs, 510—
780 nm signal tuning range) providing broad tunability from the UV
to the near-IR. A high-vacuum compatible (< 5 X 1077 Torr)
reflective Cassegrain microscope objective (NA = 0.65) focuses the
pulsed laser beams to a diffraction-limited spot (~S00 nm spot
diameter) on the sample at normal incidence, as shown in Figure la.
For optimal frequency tunability without spatial walk-off, no external
prism dispersion compensation is utilized for the majority of the
present studies. Group velocity dispersion in the system thus results in
100—200 fs pulse durations at the sample across the laser tuning
range. As a check, several measurements have also been performed
with dispersion-compensated 40—50 fs pulses and found to yield
indistinguishable nanorod photoemission velocity distributions.
Nanorods are cleaned prior to all studies via brief (~1 s) exposure
to ~1 GW cm™ of second-harmonic light (400 nm), which removes
adlayers (e.%., water) that develop during brief sample exposure to
ambient air.”’

Scanning Electron Microscopy (SEM). Correlated SEM (FEI
Nova NanoSEM 630, 10 kV, < 1 X 1073 Torr, through-lens detector,
field immersion mode) is performed on every gold nanorod and
nanosphere investigated. The conductive ITO film on the glass
substrate provides a route for charge dissipation during imaging.
While no particle morphology changes are observed during imaging,
micrographs are always collected following SPIM studies to avoid
particle degradation due to electron beam exposure and concomitant
amorphous carbon buildup. The Au reference grid is utilized to locate
the nanoparticles in both SPIM and SEM, whereby the relative
particle orientation is determined to within a few degrees by the grid
orientation and the particle distribution within a grid area.

Finite Element Method. Finite element simulations of the
plasmonic electric field enhancements are performed using the RF
module in COMSOL Multiphysics 5.4. For supported nanorod and
nanosphere simulations, a 1.5 nm cetyltrimethylammonium bromide
(CTAB) ligand layer surrounding the particles is included in the
simulations, along with an additional 0.5 nm gap between the ligand
layer and the substrate to avoid extra-narrow domain regions. Overall,
the rectangular domain consists of the glass substrate with a 10 nm
ITO film, the vacuum superstrate, the gold nanoparticle with ligand
layer, and a perfectly matched layer surrounding the domain to
prevent field reflection at the domain boundaries. The numerical
solution to Maxwell’s equations includes the dipolar and higher-order
charge oscillation modes, although only dipolar modes are found to
contribute substantially in the present frequency and nanorod size
range. The effect of the transparent conducting substrate image charge
oscillation is to enhance the field on the lower half of the nanorod, as
accounted for in the Monte Carlo and surface nPPE modeling and
discussed in the SI Sections 6 and 7, respectively. Nanorods are
modeled as perfect cylinders with hemispherical end-caps, with
diameter D and total tip-to-tip length L. Triangular surface and
tetrahedral volume meshing were constructed with near-uniform
element size across the nanoparticle surface/volume, with the element
side length (2 nm) selected to be much smaller than the nanoparticle
dimensions and any electric field variation on the surface or within the
volume. This is particularly essential, as the same mesh and calculated
field values at the vertices are subsequently utilized for both volume
and surface photoemission modeling. The optical constants of gold
are taken from the literature® and determined for the ITO film via
ellipsometry. We utilized n;; = 1.5 and ky, = 0.25 for the CTAB ligand
layer, where the small extinction coefficient accounts for the presence
of amorphous carbon due to the hot-electron-driven conversion of the
organic ligands. Further discussion of this conversion process and
nanorod photoemission stability can be found in the SI Section 9.

Code and Materials Availability. All data required to reproduce
the results presented here are available within the paper, the
Supporting Information, or from the corresponding authors upon
reasonable request. All code is available from D.J.N. upon reasonable
request.
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