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Abstract

Localized surface plasmon resonances (LSPRs) in metallic nanostructures
result in subwavelength optical confinement that enhances light-matter
interactions, for example, aiding the sensitivity of surface spectroscopies.
The dissipation of surface plasmons as electronic and vibrational excita-
tions sets the limit for field confinement but also provides opportunities
for photochemistry, photocatalysis, and photothermal heating. Optimization
for either goal requires a deeper understanding of this photothermalization
process. In this review, we focus on recent insights into the physics and dy-
namics governing photothermalization of LSPRs in metallic nanostructures,
emphasizing comparisons between the steady-state behavior and ultra-
fast time-resolved studies. The differences between these regimes inform
how to best optimize plasmonic systems for applications under relatively
low-intensity, continuous illumination (e.g., sunlight).
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1. INTRODUCTION

Coupling between collective oscillations of electrons and electromagnetic fields at optical fre-
quencies, termed surface plasmons, provides an ideal platform to analyze light—matter interactions
across a wide range of the electromagnetic spectrum, from ultraviolet to infrared, depending on
the density of free conduction carriers in a material. Common plasmonic materials include coinage
metals (e.g., gold, silver, and copper) and aluminum, an earth-abundant material. Thanks to ad-
vancements in synthetic and nanofabrication techniques using both wet-lab methods (bottom-up)
and lithography (top-down), metallic nanostructures with precise size and geometry can be pre-
pared, making them a widely studied platform in the plasmonics, nanophotonics, and physical
chemistry research communities.

As shown in Figure 1, this review is structured to discuss topics in an order that mirrors the
microscopic timeline that underlies the photophysics of plasmon excitation, relaxation, and energy
dissipation into a surrounding environment. We summarize recent theoretical and experimental
improvements in our understanding of

m optical field concentration at plasmonic hot spots;

m optical absorption and excitation of large nonthermal, nonequilibrium carrier populations;

m clectron-electron scattering of nonthermal carriers, leading to thermalized hot electron
subpopulations out of equilibrium with the vibrational temperature of the system;

m coupling between nonequilibrium carriers and phonons that increases vibrational activation;
and

m heating within and around a nanostructure, and the thermometry techniques being
developed to analyze these complex environments.

In addition to enhancing light-matter interactions that can aid sensing and spectroscopy,
plasmonic phenomena excite large nonequilibrium carrier populations that can drive optoelec-
tronic processes or photocatalytic chemical reactions, as well as applications that benefit from
pronounced local heating.

1.1. Plasmonic Hot Spots and Localized Surface Plasmon Resonances

When a plasmon is geometrically constrained within a nanostructure, electromagnetic fields
strongly drive the mechanical resonance of the charge density wave, giving rise to a local-
ized surface plasmon resonance (LSPR). The resonance frequency, wsp, depends on the metal
composition, the surrounding medium, and the geometry of the nanostructure (1, 2). Extreme
subwavelength light confinement occurs near corners and edges, and the concentrated optical
energy and electric near field (E) is termed the plasmonic hot spot (Figure 14). Not surprisingly,
many surface spectroscopies that rely on transitions between electronic or vibronic states have
benefited from plasmonic hot spots. A notable example is surface-enhanced Raman spectroscopy
(SERS), which has achieved single-molecule sensing (3—5). A major research goal in plasmonics
is therefore dedicated to understanding near-field confinement for sensing applications. For in-
stance, even stronger light confinement can be achieved within a subnanometer gap of plasmonic
dimers, though the tunneling of electrons back and forth between two plasmonic nanostructures
(a so-called charge transfer plasmon) is believed to decrease the magnitude of field confinement
(©).

In general, absorption and the consequent photothermalization—the dissipation of absorbed
optical energy as heat—set another upper limit for field confinement (7, 8). Indeed, the plasmonics
community commonly describes a plasmon resonance and the associated near-field concentration
with a quality factor, Q-factor, which is defined as Q = wgsp/2y, where y = Im[e,,(w)]/9,Re[e,(w)]
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is the plasmon decay rate, and ¢,, is the metal permittivity. The imaginary part of the permittivity,
Imle,,(w)], is also closely related to the absorption of optical power, By, = —0.5w|E[*Im[e,, (w)].
This suggests that optical absorption has a twofold importance: (#) Extreme near-field con-
centration for advanced sensing applications requires a deep understanding of how absorption
and photothermalization occur, and (J) as elaborated throughout this review, optical absorp-
tion is followed by a series of microscopic electronic and vibrational excitations that have
enabled new strategies for photocatalysis (9-16), photodetection (17, 18), solar energy harvest-
ing (19), photothermal catalysis (20, 21), photoacoustic imaging (22), heat-assisted magnetic
recording (23, 24), thermo-photovoltaics (25), and photothermal therapy (26-28), among other
applications.

This review focuses primarily on the physical chemistry and the microscopic mechanisms of
photothermalization after excitation of the LSPR. The topics we discuss include nonradiative
damping (Landau damping) of surface plasmons, electron-electron (e-e) and electron-phonon (e-
ph) scattering within a metallic nanostructure, the two-temperature model (TTM) established
from ultrafast studies, and a recently developed Raman thermometry method for probing the
population of electronic states. Given that continuous-wave (CW) illumination is more closely
related to applications for harvesting solar energy, a major focus in the research community, we
also discuss and emphasize the differences between photothermalization during time-resolved
pump-probe studies and photothermalization during steady-state scenarios.

1.2. The Two-Temperature Model and Comparisons Between Ultrafast
Studies and Continuous Wave Studies

Historically, the mechanisms of photothermalization in metallic nanostructures, such as transient
absorption, transmission, or reflectivity, have been analyzed by ultrafast time-resolved pump-
probe spectroscopy. The underlying physics are derived from the correspondence between the
population of electronic states and the optical behavior of the metal. In a typical ultrafast setup,
two optical pulses are used: an intense pump pulse drives the metallic nanostructure out of equi-
librium, and after a time delay (approximately tens of femtoseconds to picoseconds), a second
optical pulse (the probe) analyzes the perturbed electronic structure at a given spectral position
(energy) and time delay. Because the transient signal is due to the perturbed electronic population,
the electronic population that remains unchanged during the pump pulse does not contribute to
the signal. Further, due to the short interval of the pump pulse, intense optical power is usually
used to excite as many electrons as possible out of equilibrium. This ultrafast technique is an ex-
cellent tool to study the time evolution of electrons in metals. Alternatively, a CW measurement
can provide insight into photothermalization in a steady state. A major difference between the
two types of experiments is that the incident optical power used in a CW measurement can be
much lower than that used in ultrafast studies. Additionally, the electronic states are continually
perturbed by sequential incident photons. These two scenarios, ultrafast and CW, may be bridged
by a plasmonic nanostructure, because the optical power absorbed at plasmonic hot spots is highly
concentrated and may become comparable to that in an ultrafast study of a bulk metal, even un-
der CW illumination. In fact, this extreme power and field concentration are the origin of many
nonlinear effects observed in plasmonic nanostructures (29, 30). Therefore, ultrafast experiments
provide a good starting point for researchers to discuss the photothermalization of carriers and to
compare with CW experiments.

Here, we briefly describe the TTM (Equation 1) that has been developed from ultrafast stud-
ies (31): A metal absorber is divided into two connected subsystems, the electron subsystem and
the phonon subsystem. The dynamics of these two subsystems are governed by two differential
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equations, one for the evolution of the electron subsystem, which is driven by the absorbed optical
energy (Equation 1a), and the other for the evolution of the phonon subsystem, which is excited
by e-ph interactions and relaxes through conduction (Equation 1b) (for a detailed discussion, see
Section 3). Indeed, the decoupling of these two subsystems is justified by the small electronic heat
capacity C, compared with phononic heat capacity Cj. It is assumed that optical energy is first
deposited into the electron subsystem only, and the two subsystems are connected through an
e-ph interaction coefficient G. Other parameters in the TTM include the electron temperature
T, and the phonon temperature 7;. The «, and «; are the electronic thermal conductivity and
phononic thermal conductivity, respectively. S represents the laser energy deposition per unit vol-
ume and unit time. Strictly speaking, the temperature, heat capacity, and thermal conductivity are
spatially dependent; however, this complexity is conventionally neglected, assuming homogeneous
photoexcitation and thermalization,

@ = V(L) = G(T — T)) + S(,1), "
a(glt’]}) — V(KIV’TI) + G(’Te - 7}) tb-

For a nanostructure illuminated at the LSPR with CW or pulsed excitation, the assumption
of homogeneous photoexcitation without spatial temperature gradients may not be applicable,
especially around a plasmonic hot spot (32). In fact, energetic carriers are excited primarily near
plasmonic hot spots, and they are produced with an energy distribution that is not captured by
the conventional TTM (Figure 15). We term these energetic carriers produced immediately af-
ter plasmon decay nonthermal carriers because their distribution does not follow Fermi-Dirac
statistics (see Section 2). These nonthermal carriers are believed to be the driving force for
many plasmon-mediated photochemical reactions. Then, the short-lived nonthermal carriers re-
lax within the electron subsystem (discussed in Section 3) and form a distribution that can be
described by a Fermi-Dirac distribution at an elevated temperature, 7, (Figure 1c). We therefore
term electrons in this distribution hot electrons, and they have been experimentally confirmed
in thermionic emission experiments (33), among other studies (34-37). Note that many reports
mix the usage of the terms nonthermal carriers and hot electrons, but for the clarity of this review,
the definitions are as provided above. The hot electrons then relax by scattering with phonons
to raise the lattice temperature, 7, of the metal, resulting in photothermal heating (Figure 1d).
These microscopic thermalization steps are analyzed in more detail in this review on the basis of
recent experimental studies.

2. NONRADIATIVE DECAY AND NONTHERMAL CARRIER
GENERATION

Once excited, localized surface plasmons rapidly dissipate energy (approximately tens of femtosec-
onds) through either radiative channels (observed primarily as light scattering) or nonradiative
channels (observed as light absorption) (39, 40). The efficiency of radiative and nonradiative de-
cay scales with particle radius, R, as R® and R?, respectively (Figure 1a); however, absorption
still occurs in large plasmonic structures and constitutes the major factor limiting light-field con-
finement in sensing applications (7, 8). Therefore, we first focus on nonradiative decay, which
has been historically regarded as parasitic absorption in the nanophotonics community (41) and
which produces the characteristic nonthermal electron-hole pair distribution in the first tens of
femtoseconds following plasmon excitation.
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Figure 1

Schematic of plasmonic hot spots on a metal nanostructure and photothermalization of the plasmon-excited carriers. (#) Plasmonic hot
spots (corners and edges) provide extreme light confinement and lead to improved sensitivity in SERS application. (Inset) The typical
SERS spectrum of 4-NBT, a chemical widely studied in plasmonic catalysis. The red dashed line in the upper-right inset represents the
SERS background. (5) Surface plasmons rapidly decay nonradiatively (absorption) into nonthermal electrons and holes within ~10 fs.
Dephasing sets the upper limit for field concentration but also enables plasmon-mediated photocatalysis and photochemistry.

(¢) Nonthermal carriers redistribute energy through electron-electron scattering to form an ensemble of hot carriers with an elevated
electronic temperature 7, that is greater than the temperature of lattice phonons 7;. The emission of hot carriers is observed in
thermionic emission measurements. (d) Electron-phonon scattering mediates relaxation of hot carriers back to 7}, which is still greater
than ambient temperature Ty, enabling photothermal applications. Figure adapted with permission from Reference 38. Abbreviations:
4-NBT, 4-nitrobenzenethil; CW, continuous wave; SERS, surface-enhanced Raman spectroscopy.

Analysis of an energy diagram in k-space can provide a simple physical picture of the non-
radiative decay channel, or equivalently, the so-called Landau damping (Figure 24). Collective
electron density waves (i.e., plasmons) lose their coherent phase through the excitation of ener-
getic electron-hole pairs, resulting in a direct transition between two states with different wave
vectors, k; and k; (42). Strictly speaking, direct transitions between two free-electron-like states
are prohibited by momentum conservation. Scattering with phonons, defects, or the nanoparticle
surface can provide such momentum matching, such that a photon with energy hw =&, — ¢,
can be absorbed. Assuming that conservation of momentum is fulfilled, the generation rate and
energy profile of nonthermal carriers have been calculated using Fermi’s golden rule within a
jellium model (43-47) or, equivalently, the quantum Liouville equation with the plasmon-induced
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Figure 2

Schematic and theoretical insights into Landau damping of surface plasmons. (#) Landau damping, a direct transition between two
states with different wave vectors, k1 and k;. (b)) Energy distribution and number density of generated nonthermal electrons (red /ines)
and holes (blue lines) calculated within a jellium model of a diameter D = 25 nm silver nanosphere under resonant excitation

(hew = 3.65¢V). Longer relaxation time, 7, results in more energetic nonthermal carriers. Panel 4 adapted with permission from
Reference 44. () The rate of carrier generation as a function of electronic energy for a localized plasmon wave in a gold nanosphere
with radius R = 4 nm excited at hiw = 2.2eV. The two blue regions correspond to the intervals for generation of interband holes and
electrons. Electrons with energy greater than the interfacial barrier Agy, can be injected into surrounding material (red-shaded area).
Panel ¢ adapted with permission from Reference 51. (d) First-principles calculation of the energy distribution of hot carriers, P(w, €),
generated by the decay of surface plasmons due to phonon-assisted and direct transitions, as a function of plasmon frequency (w) and
carrier energy (¢) in Al, Ag, Au, and Cu. The color scale indicates the relative contributions of phonon-assisted (red) and direct (blue)
transitions. Panel 4 adapted with permission from Reference 53.

potential treated in its classical form (38, 48-52). This semiquantum method predicts that
most of the nonthermal carriers are distributed within the vicinity of the Fermi level ey but
that a small population of energetic electrons possess energy up to er + hiw (Figure 2b,). It
is indeed hypothesized that these energetic carriers enable unique nonthermal channels for
energy and carrier transfer from plasmonic geometries into surrounding interfaces or chemical
species.
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However, as only the free-electron-like sp-band is considered, the aforementioned models are
valid for intraband transitions but provide poor predictive power if the photon energy exceeds
the interband threshold energy (4 ¢V for silver or 2.4 eV for gold). To explore the d-sp inter-
band transition and, further, to understand contributions from phonon- or defect-assisted Landau
damping, theoretical chemists have employed first-principles calculations (Figure 2d). For in-
stance, DFT+U (53, 54) and the GW approximation (where G stands for Green function, W is
the screened Coulomb potential, and GW is the diagram employed for the electron self-energy)
(55) have been combined with time-dependent density-functional theory (56). It is consistently
found that the energy profile of nonthermal carriers is sensitive to the electronic band structure of
the metal and the photon energy, iw. In summary, interband transitions dominate if 7w is above
the interband threshold energy, and most of the plasmon energy decays as short-lived 4 holes.
Below-threshold excitation, on the other hand, distributes the plasmon energy equally between
nonthermal electrons and holes.

Significant experimental efforts have been devoted to providing direct or indirect evidence
for the nonthermal carriers predicted by theory. Quantitative information such as the num-
ber density and energy distribution of nonthermal carriers has been provided by photoemission
studies (57-59). In a photoemission measurement, impinging photons excite energetic, non-
thermal electron-hole pairs in a material through Landau damping of the surface plasmon.
Electrons that have sufficient energy to overcome the material’s work function, as in photon-
enhanced thermionic emission (60), or that gain sufficient energy through multiple excitations,
as in two-photon photoemission measurements, are emitted into the vacuum. The emitted elec-
tron emission yield and the energy distribution are measured. The distribution of photoemitted
electrons from silver nanoparticles shows a broader, flat-band energy dependence compared with
bulk films, with increased concentrations close to the Fermi level (59). This distribution agrees
with the theory discussed above and is attributed to the thermalization of high-energy electrons
with low-energy electrons through e-e scattering.

The perturbed electronic structure immediately after Landau damping also modifies the opti-
cal response of nanoparticles and thus can also be measured optically using ultrafast pump-probe
transient spectroscopy (61-63). Figure 35 shows an ultrafast reflectivity measurement, wherein
the perturbed electronic structure of a thin gold film is extracted from double inversion of the
differential reflectivity AR/R through the Kramers—Kronig relation (61). Similarly, transient ab-
sorption studies of 2D arrays of gold nanoparticles have also been conducted, and an excellent
correlation with the extended TTM (ETTM,; discussed more in the next section) is achieved (62).
Typically, the transient absorption spectrum displays a double exponential decay, in which shorter
time constants (hundreds of femtoseconds) are attributed to the relaxation of nonthermal carriers
through e-e scattering and longer time constants (longer than 1 ps) are attributed to the ther-
malization of electrons with the metal lattice via e-ph scattering. Across these experiments, the
energy distribution of nonthermal carriers shows a relatively flat plateau, a feature associated with
the intraband transition.

In addition to ultrafast measurements, the presence of nonthermal carriers that are produced
during steady-state illumination has been measured on the basis of single-molecule transport stud-
ies (64). In these experiments a single-molecule junction is formed between a plasmonic gold film
and the gold tip of a scanning tunneling microscope (Figure 3¢). By modifying the applied bias
and the highest occupied and lowest unoccupied molecular orbitals, one can photoelectrically
probe the energy profile of nonthermal carriers during CW excitation. Indeed, the production of
energetic nonthermal carriers in metals and their injection into molecules, even under relatively
low-intensity CW illumination, are currently proposed as a primary mechanism underlying many
plasmon-mediated photochemical reactions (9, 11, 12, 15, 65-69).
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Figure 3

Ultrafast and steady-state measurements of plasmonic nonthermal carriers. (#) Inversion of experimental pump-probe data. Plots show

the changes in reflectivity, dielectric function, and electron occupancy. Panel # adapted with permission from Reference 61.

(b) Schematic of a single-molecule junction setup that probes nonthermal carriers generated from the decay of SPPs. SPPs are excited
by illuminating a grating coupler with a 830-nm CW laser. (¢, bottom) The measured nonthermal hole and electron distribution in a
13-nm gold film. (70p) A schematic of the frontier orbitals (HOMO and LUMO) of L1, a charge-transfer complex of quaterthiophene

and tetracyanoethylene, and H1, 3,4-ethylenedioxythiophene, the two molecules used in the setup. Panels 4 and ¢ adapted with
permission from Reference 64. Abbreviations: CW, continuous wave; HOMO, highest occupied molecular orbital; LUMO, lowest
unoccupied molecular orbital; SPP, surface plasmon polariton; STM, scanning tunneling microscope.
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3. ELECTRON-ELECTRON SCATTERING AND HOT CARRIERS

In this section, we consider e-e scattering and discuss how the energy of the nonthermal carriers
can be redistributed to form a pseudo-Fermi-Dirac distribution at an effective electronic temper-
ature, 7., that is significantly elevated compared with the lattice temperature of the metal—our
explicit definition for the term hot carriers. We also discuss experimental evidence for hot carri-
ers both during ultrafast pump-probe studies with large instantaneous optical pump power and
during steady-state experiments with lower-intensity CW illumination.

The dynamics of carrier thermalization after Landau damping (Section 2) are commonly de-
scribed with two distinct timescales: (#) a timescale of several hundred femtoseconds on which the
electrons exchange energy among themselves through e-e scattering and () a longer timescale of
~1-2 ps on which the electron subsystem exchanges energy with the phonon subsystem through
e-ph scattering. For nanoparticles placed in a chemically active environment, the phonon subsys-
tem includes the bulk and surface phonons of the metal, as well as the phonons (vibrations) of
the molecules adsorbed on or near the metal. Both e-e and e-ph scattering are dynamic processes;
that is, the energy exchange via scattering is occurring whether the system is at equilibrium or out
of equilibrium. Indeed, at equilibrium, the population and depopulation rates for electronic and
phononic states are balanced, and the energy distributions are characterized with an equilibrium
property (i.e., temperature).

However, when out of equilibrium, the energy contained among the nonthermal carriers
produced via Landau damping is redistributed by e-e scattering events to provide the electron
subsystem with an energy distribution that can be well described by an elevated pseudotempera-
ture, 7., that differs from the lattice (phonon) temperature, 7;. Then, the energy of the hot carriers
flows into the phonon subsystem through e-ph scattering until the intersubsystem (electron and
phonon) equilibrium is established. Though the e-e and e-ph scattering are continually occurring,
the time required to establish the pseudoequilibrium in the electron subsystem is much less than
the time required to establish the intersubsystem equilibrium. This disparity suggests decoupling
of these two subsystems and leads to the well-known TTM (Equation 1), which is commonly
used in ultrafast pump-probe measurements to study transient electron excitation and relaxation
in bulk and nanoscale metals. The TTM assumes instantaneous thermalization of nonthermal
electrons to hot electrons. This assumption, also known as the adiabatic assumption, however, is
not in agreement with many experimental observations, when very short time delays (~100 fs)
between the pump pulse and the probe pulse are used. To account for the nonthermal electron
distribution, researchers have proposed the ETTM (Equation 2), in which the relaxation process is
now divided into three interacting subsystems: the nonthermal carrier distribution, the hot carrier
distribution, and the phonon subsystem. The major difference between the ETTM (Equation 2)
and the TTM (Equation 1) is the accounting for the extremely short-lived (~100 fs) nonthermal
carriers (Equation 2a),

N
S = (et TN + 503, 2a.
%;Te) = V(VT) — G(T, — T)) + TN, Zb.
CT;
8(811‘ ) = V(&,VT)+ G(T: = T;) + Te_wN, 2c.

where N represents the energy density stored in the nonthermal carriers, and T'e_o/Te_pp is the
energy loss rate to the hot electrons/phonon bath through e-e and e-ph scatterings, respectively.
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In both the TTM and the ETTM, the heat conductivity term is commonly discarded assuming
a homogeneous incident optical field and no spatial energy gradients within the nanostructure
during photoexcitation. However, as we discuss more below, this assumption may not hold when
plasmonic nanoparticles with optical hot spots are studied, especially during steady-state CW
illumination. In Section 4, e-ph scattering is discussed in detail; here we focus on e-e scattering,
which converts the nonthermal carrier distribution to a hot carrier distribution.

We first consider e-e scattering within the conduction band where the free-electron-like states
and Fermi liquid theory can be applied, such that z._.~'(¢) = K[(wkzT,)* + (¢ — er)*], where K is
the characteristic e-e scattering constant (70). When close to the Fermi level, the e-e scattering
rate is comparable to the e-ph scattering rate; however, we still apply the TTM and leave the dis-
cussion of e-ph scattering for the next section. When the size of a nanostructure is reduced, K may
become energy dependent if quantum size effects are relevant. Indeed, the e-e scattering rate has
been determined by S-matrix methods that involve four electronic states (43). This exact approach
is very time-consuming and thus the size of the nanoparticle is restricted to ~D < 6 nm. The e-
e scattering matrix calculated from this exact approach shows energy dependence, and through
parameterization, the scattering rates can be extrapolated to larger nanoparticles. Furthermore,
carrier multiplication may also be observed during e-e scattering. That is, the population of elec-
trons contained within some region of k-space is increased due to scattered electrons from other
energy regions. Another way to evaluate the e-e scattering is to employ a screened interaction
W (r,7', w), which is the potential produced at 7 by a unit point charge placed at 7’ and oscillating
with frequency w. The method reduces the interacting electronic states from four to two (38);
thus, the e-e scatterings in larger nanoparticles have been investigated this way. Alternatively, a
so-called relaxation time approximation has also been used, in which it is assumed the nonthermal
electrons relax to a Fermi-Dirac distribution, fip(e, T;), with a well-defined temperature 7, (71—
75). However, the relaxation time approximation assumes the collisions are elastic and isotropic
and, like the T'TM, also assumes homogeneous photoexcitation, so this picture is not applicable
when inhomogeneous excitation occurs, for example, in nanostructures with hot spots.

Like the experimental measurements of nonthermal carriers, ultrafast pump-probe studies have
been used to probe the dynamics of hot carriers at 7, (31, 32, 63, 76, 77). Based on geometry (e.g.,
bulk versus nanoscale), the instantaneous pump power density, and the thermal conductivity of
the substrate, the reported hot electron temperature varies from several hundreds to thousands of
Kelvin. However, the measured 7, is based on relative changes in nonlinear transient signals that
result from fluctuations of the electronic structure, such that the electrons that remain unchanged
before and after pump excitation contribute no transient signal. Thus, important information
about the actual size of the nonthermal or hot electrons that determines rates, efficiency, and
yields in photochemistry and optoelectronic applications can be difficult to discern empirically.
Further, in time-resolved experiments, it is usually implied that after an optical pulse all con-
duction electrons in a metal nanostructure thermalize through e-e scattering to reach a uniform,
elevated T, before thermalizing with the lattice via e-ph scattering. However, this picture is at odds
with steady-state CW illumination conditions, which necessarily produce sustained populations
of nonthermal, hot (7,), and thermalized (7)) electron distributions. In this latter steady-state
scenario, determining the size of the nonequilibrium carrier populations is crucial in part be-
cause it is most comparable to conditions for plasmonic applications that intend to harvest solar
energy.

In the steady state, Raman spectroscopy provides alternative thermometry and analysis tech-
niques that can be used to address some of the limitations of conventional transient pump-probe
spectroscopy (see Section 5). Historically, Raman spectroscopy and metallic nanoparticles are
closely connected: (#) The confinement of light-field and near-field enhancement due to surface
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Figure 4

Methods for measuring the subpopulation of hot electrons in a steady state. (#) Schematic of an electronic
Raman measurement (/ef?) and a thermionic emission device (right). A periodic array of gold nanocubes are
fabricated on a smooth gold film using electron-beam lithography. The design maximizes optical absorption.
A transparent, conducting indium tin oxide film on glass is a counter electrode for collecting the
thermionically emitted electrons, detected using a lock-in amplification scheme. () Two-temperature Raman
thermometry. The two slopes apparent in the anti-Stokes region indicate two temperature distributions
within the nanostructure. (¢) The I-V characteristics (colored lines) of a thermionic emission measurement.
The short-circuit current and open-circuit voltage at each optical power uniquely define the temperature,
T, and the fractional size, yx, of the population of hot electrons, as plotted in the inset. Figure adapted with
permission from Reference 33.

plasmon resonances boosts the sensitivity of molecular Raman spectroscopy, giving rise to SERS,
a technique that has been applied to analyze molecular analytes, even with single-molecule
resolution (78); (b) it is also now well established that Raman spectroscopy can retrieve the
temperature of metallic nanoparticles (Figure 44). The inelastic light signal collected from plas-
monic nanoparticles displays temperature-sensitive information in the anti-Stokes region (33, 37,
79-88). In brief, the slope of the anti-Stokes spectrum on a semilogarithmic plot is proportional to
the temperature of the electron gas (Figure 4b) (for more discussion, see Section 5). Quantitative
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thermometry has been demonstrated either through normalization to a reference spectrum
(79, 80) or through careful consideration of the photonic density of states (33, 37, 85-88). If
one analyzes the anti-Stokes spectral region over an energy bandwidth that extends to even
higher energy under CW excitation between 107 and 10" Wm™2, a second slope is present,
suggesting the existence of a second electronic population with an energetic distribution at a
higher temperature (Figure 4b). Informed by the conventional T'TM, we and other authors (33,
34, 37, 85, 86, 88) attribute these two slopes to the coexistence of two populations of electrons
in the steady state: a small population (~1%) of hot electrons at an elevated temperature 7, of
~10* to 10* K, and a larger population of electrons (~99%) thermalized with lattice phonons at
T, of ~1 to 100 K above room temperature. At first, this interpretation may seem unreasonable
if one assumes homogeneous photoexcitation within the metal—a common assumption during
analysis according to the T'TM in time-resolved studies. For example, the predicted steady-state
increase of T, compared with 77 is only a few degrees under the CW conditions described above,
according to Equation 1 (86). However, optical power is concentrated at hot spots in plasmonic
nanoparticles, resulting in extremely inhomogeneous spatial excitation profiles, and there may
be a preference for which electronic states participate in e-e scattering. That is, sustained spatial
inhomogeneity and energy inhomogeneity during CW illumination could lead to the observed
dual temperature behavior in the anti-Stokes signal.

"To provide independent confirmation of the existence of sustained subpopulations of hot elec-
trons at 7, during CW illumination, we constructed a thermionic emission device. Hot electrons
produced during photothermalization with kinetic energy greater than the metal work function
are emitted across a vacuum gap (33). In our experiments, the excitation energy was lower than
the work function of the metal so that direct photoemission via the photoelectric effect could be
neglected. By analyzing the I-V characteristics of the photocurrent, we quantified the tempera-
ture distribution of the emitted electrons and the size of the electron population giving rise to
the signal (Figure 4c). Very similar trends were observed in the Raman spectroscopic analysis un-
der equivalent optical excitation conditions (see Section 5), confirming both the presence of hot
carriers in the steady state and the interpretation of the inelastic Raman signal.

Other researchers have also reported hot carrier distributions at significantly elevated tempera-
tures under steady-state illumination. For instance, Zenobi and coworkers (34) performed a similar
Raman analysis in a scanning probe geometry and correlated the spectral signal of the hot elec-
tron temperature with surface chemical reactions that are inaccessible via thermal activation at the
much lower lattice temperature. Link and coworkers (37) measured the anti-Stokes/Stokes (aS/S)
ratio from individual gold nanorods, and their result yields elevated electronic distributions despite
not using pulsed laser excitation. Hot carriers have also been probed in electrochemical cells. For
example, Willets and coworkers (35) performed wavelength-dependent scanning electrochemi-
cal microscopy, and by choosing appropriate molecular probes (oxidation/reduction pairs), the
observed hole distribution was described by an effective temperature of ~1,900 K when the elec-
trochemical cell is illuminated at 1 W/cm?. Hot electron injection from metal nanostructures into
adjacent 2D materials also provides direct evidence of hot electron distributions (36).

The presence of superheated subpopulations of hot carriers during steady-state illumination
is now clear based on many different lines of experimental evidence. Whether these observations
contradict the timescales for hot carrier relaxation obtained from ultrafast studies depends on the
spatial and energy inhomogeneity that can be sustained in nanostructures under CW illumina-
tion. Detailed insight into the actual mechanisms that provide energy inhomogeneity, as well as
continued comparison with ultrafast experiments, is now required, especially for understanding
the limits on the photochemical potential that can be obtained in plasmonic systems during solar
energy harvesting.
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4. ELECTRON-PHONON SCATTERING

The electron and phonon subsystems are at equilibrium if nanostructures are kept in the dark,
or after sufficiently long times (>1-10 ps) since pulse excitation. This equilibrium, similar to
chemical equilibrium, is a dynamic process because the energy exchange between the electron
and phonon subsystems is continually occurring but is balanced via e-ph scattering. For instance,
heating nanoparticles on a laboratory hot plate could be considered a two-step process: (#) The
energy of the phonon subsystem in metallic nanoparticles is increased because it receives ther-
mal energy from the hot plate. This results in a transient scenario with 7; > T, = T, where T
is the initial temperature. (b)) The electron subsystem, almost instantaneously, extracts energy
from the phonon subsystem through multiple e-ph scattering events and eventually reaches a new
equilibrium with the phonon subsystem (7; = T, > T;). Since electrons have extremely low mass
compared with metallic lattice, the phonon-driven excitation of electrons is very fast, analogous
to the Born—Oppenheimer approximation in quantum chemistry.

Conversely, the energy may also flow from the electron subsystem into the bulk and surface
phonon subsystems, for instance, during the thermalization of plasmonic hot carriers. In the view
of the electron subsystem, the energy input is the optical pulse (T'TM; Equation 1) or the energy
stored in nonthermal carriers (ETTM; Equation 2), and the output channel is the e-ph scattering
into the phonon subsystem. Analogous to the formalism of detailed balance or to the Boltz-
mann equation (38, 74, 75), the effective electronic temperature, 7,, of hot carriers in the steady
state is determined by the energy absorption and emission rates. The absorption rate (defined
by the Landau damping and e-e scattering) is addressed in the previous sections. The emission
rate is determined by e-ph scattering, which is commonly described with an empirical e-ph cou-
pling constant, G (Equations 1 and 2). Similarly, in the view of the phonon subsystem, the lattice
temperature, 7}, is determined by G(7; — T;) and the energy dissipation rate to the environment.

Since the dissipation rate into the surroundings is dependent on the medium in which nano-
structures are immersed, analysis of this environmental heat flow is beyond the scope of this
review. Interested readers are referred to helpful review articles (89). However, once a geome-
try is fixed, the temperature of the electron and phonon subsystems is determined by G and the
photon flux. For pure metals in vacuum, G is often regarded as an intrinsic property, but its quan-
tified value in experiments may also depend on the nanoparticle size, lattice crystallinity, and the
adsorbed surface species (77, 90-96). The measurement of G or t._p, can be conducted by simi-
lar ultrafast studies such as those that quantify e-e scattering (77) or by temperature-dependent
dark-field scattering spectroscopy (97, 98). Unlike e-e scattering, the e-ph scattering rate is rela-
tively constant for all carriers within the sp-band (99). Therefore, instead of discussing results that
quantify z._y;,, below we focus on the steady-state behavior of hot electrons thermalized with the
lattice.

In either the TTM or the ETTM, the energy flow between the electron and phonon subsys-
tems is proportional to G(7, — T;). Therefore, determining the temperature difference, 7, — 7,
is equally as important as measuring G. Moreover, researchers are interested in measuring the
lattice temperature of nanoparticles because it is intimately related to numerous photothermal
applications, such as photothermal therapy (26-28, 100-102), thermal activation of chemical re-
actions and catalysts (19-21, 103, 104), photoacoustic imaging (22), and solar-thermal applications
(25,105, 106). Thermometry techniques that offer optical diffraction-limited resolution or better
are discussed in detail in the next section. During steady-state illumination, 7; is not uniformly
distributed within the absorbing geometry but rather is present with pronounced nanoscale tem-
perature gradients (Figure 5), based on the modal structure that gives rise to localized optical
energy concentration at hot spots (33, 37, 86, 107, 108).
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As an illustrative example, a simple heat transfer analysis (Equation 3) predicts the temperature
rise of water containing a suspension of gold nanoshells approximately as AT (Rxp) = 4?12? 21351: ~
0.04K under sunlight, where Vxp and Rxp are the volume and radius of the nanoparticle, respec-
tively, and P, is the absorbed power density. This minor predicted temperature rise contradicts
experiments by Halas and coworkers (105), in which vapor generation is observed under incident
sunlight. This discrepancy indeed reflects the nontrivial role of hot spots. The observed vaporiza-
tion is attributed to extreme light trapping (i.e., the absorption of incident photons and scattered
photons from nearby nanoparticles) into hot spots, and this highly localized heating generates a
large temperature gradient at the nanoscale. This is important, because, as illustrated in the cou-
pled differential Equations 1 and 3, the electron thermalization dynamics depend strongly on the
local temperature of the lattice, so that nanoscale temperature gradients can result in the spatial
inhomogeneity of hot electron temperature and population size. Therefore, the complex inter-
related thermalization processes and thermal transport effects must be considered in parallel for
understanding both the hot electron behavior and the vibrational heating,

p@Cy© D eV T (e, + 501, 0) 3.

Here, p(r) and C,(r) are the material density and lattice heat capacity, respectively. S(r, ) is

the external source of heat, which is the amount of heat produced per unit time and volume
in the nanostructure. Although difficult in practice without a more quantified understanding
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of nanoscale heat transport effects, this simple heat flow model is compatible with a nonuni-
form temperature distribution that may result from an inhomogeneous heat generation rate or
spatial-dependent thermal conductivity.

In fact, inhomogeneous photoexcitation and how it may result in inhomogeneous electronic
temperature within the metal are not captured in most theoretical models, such as the TTM, in
which a uniform photoexcitation is usually assumed. For instance, if we work within the frame-
work of TTM and assume that the size of the hot electron population is ~1% of the electron
bath (as we measured in Raman thermometry and the thermionic emission experiments) and that
the rest of the electrons are thermalized with lattice in the steady state, we predict a moderate
T, — T; of only a few degrees, which is consistent with analysis provided in many other reports
(74, 75, 82, 86). This prediction is obtained by multiplying the fractional hot electron popula-
tion, x, by the hot electron terms in the TTM (Equation 1) and setting the time dependence
to zero (i.e., a steady state), xCeaa—? = —xG(T, — T}) + Pys = 0. This simple analysis shows why
it is not surprising that many theoretical approaches have difficulty rationalizing the magnitude
of hot electron effects that are consistently reported in experiments (33, 35, 36). Further, given
the challenges for a priori calculations of dynamic photothermalization processes in nanostruc-
tures, unresolved questions about nanoscale heat generation, vibrational coupling, transport, and
interfacial thermal impedance are crucial for understanding both hot electrons and photothermal
effects.

4.1. Coupling to Molecular Vibrations

So far, our discussion has been limited to analysis of electron-to-phonon thermalization that oc-
curs within the nanostructure. Yet thermalization of nonthermal or hot electrons with external
vibrational modes of, for example, adsorbed molecules is possible before equilibrium is established
between electrons and lattice phonons within the metal. The analysis of isolated metal nanostruc-
tures, separate from their surroundings, is intuitive and a helpful starting approximation (38, 71,
74, 75). However, neglecting the possibility of energy transfer early in the thermalization process
could be a factor in the ongoing debate regarding the role of hot electrons versus thermal (lat-
tice) heating effects in plasmon-mediated photocatalysis (12, 15, 16, 65, 66, 71-75, 109-113). In
fact, fast electron transfer from metals to adjacent semiconductors has been observed previously
(94, 114), and more recently to adsorbed molecules by ultrafast Raman spectroscopies (115-117).
We can therefore term this scattering between electrons in metals that are transferred to exter-
nal molecular vibrational modes (phonons) external thermalization, and the detailed mechanisms
behind it have been discussed in previous review articles (113, 118, 119).

In addition to external thermalization, direct coupling between plasmonic resonances and ex-
ternal vibrational modes has been a major development in the past few years, inspired in part by
the study of cavity optomechanics (120, 121). The plasmonic particle is envisioned as a subwave-
length optical cavity that can enhance light-matter interactions between optical and vibrational
degrees of freedom either within the metal or with molecules located in the near field of the
metal. This framework has provided alternative theoretical descriptions for SERS effects and dis-
tinct guidelines for optimizing SERS measurements (122, 123). Our laboratory (124) and other
researchers (125-130) have been interested in the chemical implications of plasmonic systems that
can promote vibrational strong coupling (131, 132). That is, when other damping pathways are
minimized, the optical modes of a metal nanostructure can resonantly exchange energy with the
vibrational modes of nearby molecules to form hybrid light-matter polaritonic eigenstates, funda-
mentally redefining the molecular orbital structure and potential energy landscape of the chemical
system.
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5. THERMOMETRY

In a thermometry measurement, a major goal is to determine the magnitude of temperature
increases caused by photoexcitation and how thermal energy is distributed within a nanostruc-
ture or conducted into the surrounding environment. Historically, thermometry applications
are dominated by optical spectroscopy techniques, though there has also been recent progress
probing nanoscale temperature in plasmonic systems by electron microscopy (133, 134). There
are two major classes of optical thermometry techniques, fluorescence thermometry and Raman
thermometry, and both techniques are often performed at the single-nanoparticle level with opti-
cal diffraction-limited resolution. In a fluorescence thermometry measurement, the fluorescence
emitted by a material is quantified in terms of, for example, intensity, polarization anisotropy, and
lifetime (135, 136). Because these emission characteristics are usually temperature dependent, and
due to the flexible choice of the fluorophores, fluorescence thermometry has been very popular in
chemical and biological applications (137, 138). In addition to fluorescence and Raman thermome-
try, temperature gradients around a metal absorber can also be probed indirectly by measuring the
temperature-dependent changes of surrounding media, most commonly manifest as thermal mod-
ulation of refractive index. For example, the nanoscale temperature gradient within gold nanorod
dimers and trimers has been realized recently by photothermal heterodyne imaging (Figure 5).
For a more detailed review on photothermal microscopy, see Orrit et al. (139).

Raman spectroscopy provides another major class of optical thermometry because the Raman
signal is due to inelastic scattering of photons with phonons or vibrational modes and therefore
is naturally connected to temperature (140). For instance, it is well established that the as/S ra-
tio is proportional to exp[—hcAv/kpT], where Av and T are the Raman shift and the measured
temperature, respectively. This aS/S ratio methodology has been employed to analyze the tem-
perature of molecular analytes on SERS substrates while presumably also providing information
about the temperature of the underlying metal. However, several fundamental challenges impede
conventional molecular aS/S thermometry when SERS enhancement is present (141). One ma-
jor challenge is the large SERS background signal from the metal (142, 143), which shows clear
temperature activation that is distinct from the temperature response of the analyte.

While it is possible to subtract the SERS background mathematically (144), more recent re-
search has attempted to understand the underlying mechanism and to quantify temperature on
the basis of the spectral analysis of the SERS background signal itself (33, 37, 82-87, 142, 145,
146). A recent review has summarized the major developments for this strategy (82), and the anal-
ysis of this signal has been a focus of research in our laboratory (33, 85, 86, 88). It is observed
experimentally that, even in the absence of molecular adsorbates (84), a plasmonic metal shows
a broad anti-Stokes and Stokes spectrum during monochromatic excitation with a clear depen-
dence on the metal temperature, whether temperature is increased using a simple microscope
stage heater or whether optical excitation is used to induce photothermalization. In general, the
anti-Stokes spectral component increases in intensity at larger anti-Stokes energies when the sam-
ple is heated, suggesting that the signal is due to a thermally activated inelastic process that can
be used to quantify the metal temperature. However, several questions about the signal are still
unresolved, affecting the quantitative insight that can be achieved.

First, it is not clear what microscopic mechanisms give rise to the inelastic light (Figure 64).
Many studies suggest the signal is due to a coherent inelastic scattering process with the electron
gas in the metal, termed spontaneous electronic Raman (83, 84, 146). Recent time-resolved ex-
periments on silver nanoparticles identify coherent Fano interference between the metal signal
and the molecular adsorbate vibrations, supporting a mechanism that would be most consistent
with spontaneous electronic Raman (147). On the other hand, much experimental evidence points
to photoluminescence upconversion from the metal (37, 73, 87). Although often negligible for
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Inelastic light from plasmonic nanostructures reveals their temperature. (#) Proposed mechanisms for
light—matter interactions leading to the inelastic signal from plasmonic nanoparticles: spontaneous
electronic Raman versus photoluminescence. Panel # adapted with permission from Reference 82. () A
normalization procedure for the anti-Stokes signal yields accurate temperature fitting. Panel 4 adapted with
permission from Reference 148.

bulk metals, direct photoluminescence resulting from recombination of electron-hole pairs, like
Raman processes, can be greatly enhanced based on the increased optical density of states
supported by the plasmon resonance.

Second, although the signal is thermally activated, there is a debate about the appropriate
population statistics underlying the spectral trend, with several different arguments put forth
to justify Fermi-Dirac, Bose-Einstein, or Boltzmann distributions. Fitting the same spectrum
to these different statistical distributions provides different estimates of the metal temperature,
though these differences are often small compared with the experimental temperature resolution
and less pronounced at higher temperatures (82). Additionally, many studies attempt fitting a sta-
tistical distribution only to the anti-Stokes spectrum (Figure 6b), as the temperature dependence
of the Stokes spectrum shows less obvious thermally driven behavior. Nonetheless, excellent quan-
titative temperature correlation is observed when employing a Bose-Einstein distribution (79, 80,
148). Recently, we have developed a procedure for quantitatively fitting across the Stokes and
anti-Stokes regions simultaneously based on Fermi—Dirac statistics (85). Our key assumption is
that the observed spectrum during steady-state CW optical pumping results from contributions
from both nonthermal and thermalized electron distributions in the metal (Figure 74). We also
observe excellent temperature correspondence while gaining additional insight about the plasmon
dephasing process that generates the nonthermal electron distribution.
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Proposed model to account for the inelastic light signal based on analysis of the joint density of states from
thermal and nonthermal excitations. (4, /eft) The approximately Lorentzian nonthermal distribution
accounts for all possible scattering events associated with plasmon dephasing, (middle) the thermal
occupation probability, and (right) their product after multiplication: the joint density of states. (9) Fitting to
a joint density of states, including two separate thermal distributions for 7, and 77 (dashed red line), matches
well with experiment (so/id blue line). The inset displays the quantitative agreement between fitted lattice
temperature 77 and the thermal stage temperature. The samples used in this study were periodic arrays of
gold nanodisks on a gold film. Figure adapted with permission from Reference 85. Abbreviation: fwhm, full
width at half maximum.

The inelastic light signal from the metal can quantify temperature when the sample is on a
heating stage and when the optical excitation is at a low fluence that minimizes perturbation of
the metal’s temperature. However, there is still debate about how to interpret the signal under
conditions of more intense photoexcitation, pulsed or CW, that significantly heats the metal via
photothermalization. As discussed above, under CW excitation between 107 and 10! W/m? the
anti-Stokes signal characteristically displays two distinct exponential regions, for example, two dif-
ferent linear slopes on a logarithmic intensity axis (Figure 7), at higher (—4,000 to —1,500 cm™")
and lower (—1,200 to —200 cm™!) anti-Stokes energies. We interpret these trends as indicative
of the two different electronic temperatures described in the TTM, with the hot electron tem-
perature 1,000-2,000 K greater than the temperature of the electrons thermalized with the metal
lattice, which also increases to 500-600 K based on the fitting described above. We note that the
possible involvement of the interband transition has also been hypothesized to cause a second
slope as reported by Orrit et al. (149), though in that case the functional form of the spectrum is
distinct from a thermal distribution.

Furthermore, we note that the inelastic light signal is received predominantly from regions of
the nanostructure that have the most optical field enhancement, as in all SERS measurements,
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and consequently where there is the most extreme energy confinement. That is, the signal is only
representative of the hottest plasmonic hot spots (150). It is still unclear how that energy is dis-
tributed throughout the nanoscale geometry. Indeed, a recent report from the Frontiera lab (115)
analyzed the time-resolved thermal activation of molecular analytes on plasmonic metal surfaces
during optical pumping, observing very low transfer of thermal energy across the metal surface
into adsorbed molecules. Thus, there continues to be a crucial need to further develop strategies
to gain better insight into the temperature and energy distribution within individual plasmonic
absorbers and into how energy is transmitted into the surrounding environment.

6. SUMMARY AND OUTLOOK

What is the fundamental difference between photothermalization in plasmonic nanostructures
in a steady state and pulse excitation? By analyzing several recent studies, we offer a prelim-
inary answer: the coexistence of sustained populations of nonthermal, hot, and thermalized
electrons. This unique carrier distribution seems to be associated most likely with pronounced
energy gradients at plasmonic hot spots. Yet confirming spatial inhomogeneity is challenging
and deserves attention in the still-evolving field of plasmon-mediated applications, especially
photocatalysis. Possible avenues for future study are the use of time-resolved spectroscopies com-
bined with subdiffraction-limited spatial resolution, the refinement of thermometry techniques
that can quantify temperature gradients around individual plasmonic hotpots, and the develop-
ment of theoretical methods that are compatible with the anisotropic energy density inside a
nanostructure.

Although confirmation of the underlying physical mechanism of inelastic light emission from
plasmonic metals (i.e., the SERS background) is still pending, spectral analysis of the signal
can give deep insight into photothermalization for both time-resolved and steady-state exper-
iments. There is currently limited experimental effort dedicated to distinguishing whether the
signal is due to electronic Raman or photoluminescence. However, developing a more refined
understanding of such light emission will lead to an even more robust tool to scrutinize photother-
malization mechanisms and will likely aid the multidisciplinary fields studying plasmon-mediated
photochemistry. We suggest future experiments that analyze the power dependence, spectral de-
pendence, or the coherent timescales of the signal, for which mechanisms based on electronic
Raman or photoluminescence are expected to result in quite different behavior.
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