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Abstract

Photoexcitation of metallic nanostructures with short optical pulses can drive non-
thermal electronic states, which, upon decay, lead to elevated electronic temperatures
(Te £ 1000K) eventually equilibrating with the lattice (7)) through electron-phonon
scattering. Here, we show that, in spatially extended nanostructures, the lattice
temperature can locally exceed that of the electrons, a seemingly counterintuitive
transient effect termed hereafter “temperature inversion” (7}, > T¢). This phenomenon,
fundamentally due to inhomogeneous absorption patterns and absent in smaller particles,
emerges from a complex spatio-temporal interplay between the electron-phonon coupling
and competing electronic thermal diffusion. By combining rigorous three-dimensional
(3D) finite-element-method-based simulations with practical reduced analytical models,

we identify the electron-phonon coupling coefficient (G._,) as the critical parameter
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governing this behavior. An optimal G—, range allows the inversion, whereas a weak or
overly strong coupling suppresses it. Among common plasmonic metals, platinum (Pt)
exhibits the most pronounced and long-lived inversion, while gold (Au) and silver (Ag)
show no significant inversion. Moreover, the close agreement between the analytical
model and 3D results, once an appropriate characteristic length is selected, highlights
that the essential physics governing the inversion can be captured without full spatial
complexity. These results provide insights for optimizing nanoscale energy transfer and
hot-carrier-driven processes, guiding the strategic design of materials, geometries, and

excitation conditions for enhanced ultrafast photothermal control.

Introduction

Understanding the ultrafast photothermal response of metallic nanostructures following
femto- to picosecond optical excitation is crucial to guide a wide range of applications in
nanoscale energy conversion,® photothermal therapies,?® plasmonic device engineering, *{®
and hot-carrier science.” At the core of these processes lie the intricate nanoscale interactions
between the incoming photons, the conduction electrons in the metal, and its lattice (phonons).
Upon laser illumination and photo-absorption, a collective oscillation of charges is induced
in the nanostructure, known as Localized Surface Plasmon (LSP).® Over time, the LSP
dephases quickly and, by decaying non-radiatively, it releases its excess energy to highly
nonequilibrium (hot) electrons.®% In their higher-energy states, these hot carriers can
reach elevated temperatures (up to thousands of Kelvin), before transferring energy to the
phonons via electron-phonon scattering events towards equilibrium.***? When considering

relatively large nanoparticles, or nanostructures featuring peculiar morphologies®1* (

e.g.,
with spikes, tips, or edges), the interplay between electron-phonon coupling, heat diffusion
for both the electronic and the phononic temperature, and geometric photo-absorption

localization may lead to complex, time-dependent energy exchange mechanisms.**° An

intriguing manifestation of the interplay of such processes is a transient, local “temperature



inversion”, in which the phonon temperature (T,) locally exceeds the electron temperature
(T.), challenging the intuitive expectation that electrons, responding more quickly, should
remain hotter at early timescales.

Recent studies have revealed phenomena such as transient temperature inversions and
anomalous heat flow in negative diffusion processes. Theoretical models have explored
hierarchical multi-temperature systems, providing insights into mechanisms underlying energy
exchange in non-equilibrium conditions.?® Experimental investigations have shown transient
spatial shrinkage of electron temperature profiles in gold films due to strong electron-phonon
coupling,?* as well as anomalous phonon-to-electron heat flow in transient thermal grating
geometries.?? The electron-phonon coupling factor (G._,;,) has been identified as a critical
parameter governing energy exchange rates between electrons and phonons, especially under
non-equilibrium conditions.?3?* In hybrid perovskites, electron-phonon interactions have
been found to cause band alignment shifts, leading to negative carrier diffusion.?® Regulation
of electron-phonon coupling in metallic heterostructures has further been demonstrated to
modulate hot-electron transport and relaxation dynamics.?® These studies primarily focussed
on planar or layered systems.

In this work, we perform a systematic numerical investigation of the dynamic photothermal
response of metallic nanoparticles under femto- and picosecond pulsed excitation, where
the enhanced electron confinement compared to thin films results in significantly larger
temperature inversions. We combine reduced analytical models with 3D finite-element-
method (FEM)-based simulations to elucidate fundamental scaling behaviors, material-
specific trends, and geometric effects. The analytical approach allows for prompt parametric
studies, highlighting the pivotal role of the electron-phonon coupling coefficient (G._,) and
the temperature-dependent parameters. On the other hand, our fully-inhonomogeneous
3D models provide space-resolved insights into how geometry, diffusion, and nonuniform
energy dissipation govern the local photothermal dynamics in extended nanostructures. By

comparing analytical and spatially-inhomogeneous results, we show that the essential physics



of the temperature inversion mechanism analyzed here can be captured by a spatially uniform
description if an appropriate characteristic length mimicking electronic heat diffusion is
selected, allowing us to test the impact of each relevant parameter efficiently before resorting
to computationally intensive 3D simulations.

Our results reveal that platinum (Pt) exhibits pronounced and long-lived temperature
inversions, as opposed to other metals (e.g., Au, Ag), which show negligible inversion,
mostly owing to weaker electron-phonon coupling or slower electron relaxation. Intermediate
responses (Cu, Al, Ni) align with their coupling strengths. We further demonstrate how
the variation of the exciting pulse fluence and pulse duration affect both the temporal
window and the magnitude of such inversion. Notably, at sufficiently high fluences (e.g.,
F > 1000 J=cm?), inversion vanishes entirely, illustrating a nonlinear dependence on the
excitation conditions. Intermediate fluences and pulse durations yield optimal inversion due
to the temperature dependence of electron thermal conductivity (K.) and heat capacity (C.),
which regulate the relaxation timescales and excess energy exchange.

By providing a detailed comparative analysis of electron-lattice temperature inversions
for various materials, geometries, and excitation conditions, this study contributes to the fun-
damental understanding of the ultrafast photothermal responses in plasmonic nanostructures.
These results provide insights for designing materials and devices and optimizing electronic
energy harvesting, controlled photothermal heating, and nanoscale heat management. The
combination of analytical and fully inhomogeneous approaches forms a comprehensive frame-

work, paving the way for predictive design strategies in hot-carrier-driven applications.



Methods

Three-Dimensional Finite-Element Modeling: Extended tempera-

ture framework

To capture geometric effects and space-resolved energy exchange mechanisms between incom-
ing photons, electrons and the metal lattice, we use the inhomogeneous, local formulations !t
of the well-established three-temperature model (3TM)?’ as an extended temperature frame
work. In essence, the 3TM is a rate-equation model detailing the photoexcitation and relax-
ation of plasmonic nanostructures upon illumination with ultrashort laser pulses. Strictly
speaking, it is formulated in terms of three energetic degrees of freedom, i.e., one energy
density, and two temperatures (for internally-thermalized populations), to quantify more
generally the energy released to the plasmonic system. More precisely, these variables are:
Ny, the excess energy stored in a nonthermal fraction of the electronic population, whose
distribution deviates substantially from a Fermi-Dirac; T., the temperature of hot carriers
closer to the Fermi level, whose energy distribution can be described by a nonequilibrium
Fermi-Dirac distribution; and T,, the metal phononic temperature. Further details on our
modeling approach can be found elsewhere."?® We implement this model in 3D FEM simu-
lations using COMSOL Multiphysics to describe both electromagnetic and energy transfer
mechanisms with spatial and temporal resolution. The systems under study (refer to the
main text) consist of spherical nanoparticles of different sizes and a metallic bowtie-shaped
nanostructure embedded in a dielectric environment. In formulas, the inhomogeneous 3TM

reads as follows, as a function of time t and the position across the metal nanoparticle r:

Z t
Nar(rt) = e @DE0Q () dt: (1)
aT.
C.(Te) T =V [ke(Te)VT] — Gep(Te — T,) + aNpyp(r; 1); (2)
CP(TP)% =V [kp(Tp>VTp] + Ge—p(Te - Tp) +b NNT(r; t); (3)



Here, the quantities C.(T.) and C,(T,) represent the temperature-dependent heat capacities
of the electron and phonon subsystems, K.(T.) = k,T.=T, (following ref. 29), k,(T,) are
the corresponding thermal conductivities, G._, is the electron-phonon coupling coefficient.
According to the metal considered, values for C.(T.) and G._,, were taken from ref. 30, while
C,(T,) and ,(T,) were set after ref. 31 and ref. 32. On the other hand, the parameters
a and b in Egs. (1)-(3) govern the ultrafast (typically accomplished within a few hundred
femtoseconds) relaxation of nonthermal carriers towards the electronic and the phononic
temperature, respectively. Their expressions are derived from more rigorous theoretical
approaches, and their specific values depend on fundamental properties of the considered

material. Refer to Supporting Information Section S1 for further details. Finally, the

electromagnetic power density of the absorbed pulse is Qaps and can be expressed as: %28
n 2#
Qun(r; A1n(2)(t —t
Qaps(r; t) = F—rh(IO ») exp — ( )2( 0) ; (4)
pulse

where F is the pulse fluence, Qu(r; ,) represents the linear spatial absorption profile (related
to the pulse wavelength ,, as well as to the material’s steady-state optical properties and
nanostructure geometry) estimated from full-wave electromagnetic calculations, and lg is the
incident intensity. The Gaussian temporal profile is centered at ty and characterized by its
full width at half maximum (FWHM), ., which defines the pulse’s temporal duration.
This absorbed electromagnetic power density Qaps is directly coupled to the energy stored
in the nonthermal fraction of the nonequilibrium electronic population Ny, as described
by Eq. 1, and acts as the ultimate source of the 3TM. Together, these rates describe the
relaxation pathways of the nonthermal electrons, driving the energy redistribution between
the electronic and lattice subsystems.

As exemplary geometries, we consider a bowtie structure composed of isosceles triangular
prisms (height 45 nm, base width 20 nm, thickness 5 nm) separated by a 5 nm gap and

nanospheres of varying radii (from 5 nm to 50 nm) as shown in Fig. 1. The nanostructures



L | 0 (kWam®) T (K)

10
100

50

Elect
ectrons ’ 0

—0.01

Figure 1: Schematic snapshot (at t & 6:1 ps) of the transient energy flow and thermal coupling
in an exemplary metallic nanostructure (i.e. a bowtie) under picosecond laser illumination
(600 nm wavelength, 75 J=cm? fluence, 2 ps duration). The shown time frame corresponds to
the peak of the electron-phonon temperature difference (T, — T,) and is near the illumination
pulse maximum. The top bowtie-shaped 3D structure represents the laser-induced heat
source (dissipation rate), the middle layer shows the electron temperature distribution, and
the bottom layer depicts the phonon temperature field. Heat fluxes in the electron and
phonon layers are represented by black arrow fields. The terms aNyr, bNy7 and G(T. — T,)
correspond to energy transfer rates from nonthermal electrons to thermalized electrons and
phonons and between thermalized electrons and phonons, respectively. Color bars on the
right provide quantitative scales for the dissipation rate Q (in kW/ m?) and the temperature
increase AT (in K) relative to the ambient temperature of 293.15 K.
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are surrounded by a spherical environment (radius 250 nm), with perfectly matched layers
and infinite element layers occupying the outer third of this radius to minimize artificial
reflections. The mesh for spherical nanoparticles is designed based on the sphere’s radius
(R), with the maximum mesh element size set to R=10 and the minimum mesh element
size set to R=30. This ensures an adequate resolution of spatial features, particularly for
capturing dissipation gradients and temperature inversion phenomena across different sphere
sizes. For the bowtie-shaped nanostructure, the mesh is refined to a maximum element size
of approximately 0.34 nm in the bowtie region, ensuring that steep temperature gradients are
well resolved. We employ the generalized-alpha method for temporal discretization, providing
stable, nonoscillatory solutions suitable for capturing smooth transient processes at ultrafast
timescales. Adaptive meshing and strict convergence criteria ensure that the solutions to
Egs. (2) and (3) are numerically stable and physically meaningful, offering comprehensive

spatial and temporal insights into the electron-phonon interactions.

Analytical Model: Local temperature framework

We consider an analytical homogeneous 3TM to capture the essential electron-phonon energy
exchange without spatial complexity as a local temperature framework. The model describes
the same photoinduced processes as the inhomogeneous formulation (Eqgs. 1-3) assuming
uniform electron (T.) and phonon (T,) temperatures, and it simplifies the Fourier-like spatial
diffusion with reduced terms, acting as effective extra channels of excess energy loss. In

formulas, it reads:

Ce(Te) dt = Q(t) - Ge—p(Te Tp) ( H)zTe’ (5)
CP(TP)% = Ge—p(Te - Tp) - ( ll(_llj)ng (6>



The terms k.=( H)? and k,=( H)? represent simplified heat-loss mechanisms that account
for spatial heat diffusion using, replacing the heat flux divergence with the square of a
characteristic length H serving as fitting parameter. Here, H is the bowtie’s height, and
= 0:45 is a fitting parameter. This choice ensures that the analytical model mimics the
diffusion-like losses present in the full 3D model while maintaining computational efficiency.
By setting = 0:45, the analytical model effectively captures the heat-loss behavior at the
bowtie scale, bridging the simplified approach with the detailed 3D results.
Unlike the 3D model, the analytical approach does not explicitly account for nonthermal
electrons. Instead, the source term, previously represented by aNy7(r;t) in 3D, is modeled

as a time-dependent Gaussian source:

1(©) = loexp —4ln(2) 507 (1)

pulse

where lg is the peak intensity, to is the pulse center, and pyise is the full width at half maximum
(FWHM) of the pulse. The electron-phonon temperature difference, AT,_. = T, — T, remains
our key metric for identifying temperature inversion. Looking for general and insightful
trends, we use the parameters C.; C,; and G._, to explore how material properties and pulse
conditions affect the temperature inversion. The computational efficiency of the analytical
model enables broad parameter scans, guiding us toward promising regimes before resorting

to more computationally intensive 3D simulations.

Results and Discussions

Small Particle Limit

We begin by examining the ultrafast photothermal dynamics in a three-dimensional (3D)
geometry composed of a single small spherical particle of radius 5 nm, aiming at investigating

the role of different materials over electron and phonon temperature dynamics.
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Figure 2: (a) Temporal evolution of the electron (AT.) and phonon (AT,) temperature
increases (left axis) and the dissipation rate (right axis) in a 5 nm platinum sphere under
picosecond laser excitation (wavelength = 600 nm, duration = 1 ps). The electron and phonon
temperatures are evaluated at the leftmost point of the metal sphere, which is closest to the
incident light source, ensuring that the analysis reflects the most significant local temperature
variations. Key relaxation times (At. and At,) are highlighted with dashed lines. The inset
schematically depicts the pulse excitation and the dissipation rate within the sphere. (b)
Comparison of relaxation times (At. and At,) across various metallic materials (Au, Ag,
Cu, Al, Ni, Pt). Bars represent these timescales. The logarithmic time scale emphasizes the
broad variation in response times, highlighting the rapid electron-lattice coupling of Pt.

As shown in Fig. 2, the orange curve represents the temporal evolution of the dissipation

rate under a 1-picosecond laser pulse (600 nm wavelength, 0:17 J=cm? fluence). The dissipation
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