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ABSTRACT: Understanding the energy transport properties of hot energy carriers
is of great importance for a diverse range of topics from nanoelectronics and
photochemistry to the discovery of quantum materials. While much progress has
been made in the study of hot carrier dynamics using ultrafast far-field time-
resolved spectroscopies, it remains a great challenge to understand hot carrier
transport and interaction dynamics at the nanoscale. Existing theoretical models
yield only qualitative predictions that are difficult to validate against experiments.
Here we present a theoretical framework that extends the study of near-field u
thermal radiation into the ultrafast time domain, enabling sensitive local probing @ 0.8

and quantitative study of nanoscale hot electron and phonon transport effects that e:t -.“T‘e:”p g e Ph coupling

have been challenging to quantify. The proposed technique of near-field hot carrier e

nanoscopy directly links the features of different nonequilibrium effects to near- .. .&i f

field thermal absorption and scattering by a scanning nanotip. Our model predicts

ultrafast thermal radiation in response to photoexcitation, as well as elucidates the nanoscopic radiation properties of a
number of hot carrier dissipation pathways, including nonlinear electron supercollision, second sound, and nonlocal phonon
transport. This work is expected to guide experiments to identify the fundamental constraints unlocking thermal wave (second
sound) propagation and address the roles of competing hydrodynamic and ballistic phonon effects at the nanoscale.
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INTRODUCTION Near-field optical®™*° and thermal microscopies” ~** can
overcome the limitations in nanoscale hot carrier imaging. In
principle, by positioning a nanotip in close proximity to the
carriers, highly localized transport properties can be mapped by
detecting either scattered or absorbed near-field thermal and
optical energy. As a result, hot electrons and phonons can be
monitored passively with minimal perturbation, which has
been a difficult task using ultrafast laser techniques, as the

Hot electron and phonon phenomena are prevalent in the
study of materials physics and device applications. Under
intense optical and electrical excitations, electronic and
vibrational subsystems can be driven separately into highly
nonequilibrium states and then undergo rapid relaxations via
coherent and incoherent interactions within and among

different carriers. Understanding these phenomena has played probing light disturbs the hot electrons due to their minute
a vital role in the development of modern semiconductor heat capacity. Despite fundamental interests, a rigorous theory
devices' and holds great interest for enhancing photovoltaics,2 to understand the interactions between near-field photonic
light emission,’ photosensing,4 thermoelectrics,” and chemical modes and hot carriers has not yet been established. The study
reactions.” Recent advances have extended beyond classical of near-field radiative heat transfer has been mainly centered
materials, revealing the role of hot carriers in the formation of on equilibrium systems.”> > Previous attempts have made
distinct phases in quantum materials.””” While carrier assumptions to approximate near-field energy exchange and
dynamics has been extensively investigated via time-resolved hot carrier processes separately,””** resulting in predictions
pump—probe spectroscopies with ultrahigh temporal resolu- that are not directly comparable with experiments, or they have
tion,"°™"* the diffraction-limited spatial resolution of far-field

characterization hinders studies at the nanoscale—the intrinsic Received: August 27, 2024

length scale where hot carrier processes occur. Nanoscopic Revised:  January 29, 2025

imaging of energy transport and interactions could help discern Accepted:  January 31, 2025

the role of hot electrons in mediating plasmon photo- Published: February 10, 2025

chemistry,’ and clarifying the interplay of heat inertia and

L . . 14-17
ballistic or viscous non-Fourier phonon transport.

© 2025 American Chemical Society https://doi.org/10.1021/acsnano.4c11893

W ACS Publications 6033 ACS Nano 2025, 19, 6033—6043


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Habibi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Beardo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Longji+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c11893&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c11893?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c11893?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c11893?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c11893?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c11893?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/19/6?ref=pdf
https://pubs.acs.org/toc/ancac3/19/6?ref=pdf
https://pubs.acs.org/toc/ancac3/19/6?ref=pdf
https://pubs.acs.org/toc/ancac3/19/6?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c11893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano Wwww.acsnano.org
A 0+ Time scale B
0
Electrical/optical
excitation
e-p supercollision
coupling phenomenon
. absorption
Optical Scattering
phonons radiation Graphite (3)
s
P phonons
ns 4 Graphene (1)
v

Figure 1. (A) Various hot electron and phonon processes studied in this work and the relevant time scales. (B) Schematics for near-field
thermal energy transfer (absorption and scattering) between hot carriers in monolayer graphene and a spherical nanotip.

focused on steady-state situations,'*"*° preventing the

observation of the transient mechanisms that govern carrier
evolution far from equilibrium. Recent theoretical work has
studied the interplay between near-field thermal radiation and
heat conduction in the extreme near field either within the
framework of steady-state phonon conduction or slower dipole
dynamics,** ™ but not in the context of ultrafast hot carrier
transport and hydrodynamics. In this article, we propose the
concept of near-field hot carrier nanoscopy to study both hot
electron and phonon transport behavior at the nanoscale and
in the ultrafast time domain. A nonequilibrium near-field
thermal energy transfer theory is presented to directly link local
hot carrier transport within a material and the near-field
thermal absorption and scattering by a nanotip close to the hot
carriers. The model is illustrated by considering ultrafast laser
excitation in monolayer graphene (the model material system
studied in this work) and serves as the theoretical foundation
for leveraging near-field radiative thermal effects as nanoscale
probes to quantitatively elucidate hot carrier dynamics, cooling
pathways, and related phenomena, such as electron super-

Lo 039,40 L A1—43
collision™"" and phonon hydrodynamics.

RESULTS AND DISCUSSION

Theoretical Model. The hot carrier and near-field thermal
radiation processes are depicted in Figure 1A. Carriers can be
excited either transiently by an ultrafast laser pulse or pumped
to a nonequilibrium steady state by continuous optical or
electrical excitation. Thermal equilibration after excitation
results from transport and scattering mechanisms involving
excited hot electrons and phonons. This nonequilibrium
evolution can be monitored spatially and temporally using a
nanotip by measuring absorbed or scattered near-field
radiation. We consider a spherical nanotip placed in the
thermal near-field of hot carriers hosted within a monolayer
graphene (Figure 1B). To relate hot carrier physics to the near-
field thermal radiation, we use a generalized multitemperature
model that distinguishes the temperature of hot electrons and
different phonon branches™** and accounts for the influence
of phonon hydrodynamics'* and electron supercollision®”
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where T, and T, are the temperatures of electrons and i-th (i =
1—6) phonon branches, C,, and G, denote the specific heat
capacities, and Q. and Qi, are the power densities injected by

an ultrafast laser pulse into the electronic and phononic
subsystems. Based on the intrinsic particle-hole symmetry of
graphene, we model a single temperature T, for both excited
electrons and holes. We consider room-temperature initial
conditions and a Gaussian-shape laser excitation with a pulse
duration of 200 fs. Specifically, the laser power density
absorption by the graphene layer follows a Gaussian
distribution, Q\(r) = 23X1C -1/2(/L) 0.335

2t L
nm is the thickness of the monolayer,* L is the focused spot
size, and r is the radial distance from the center of the laser
spot.”” As shown later, choosing a small spot size L of a few
hundred of nanometers, which requires the use of short
wavelength light due to the diffraction limit, is critical for
uncovering nondiffusive phonon transport effects in graphene
at room temperature. As a reference, based on the dielectric
functions of electrons and the different phonon branches and
the resulting photoabsorption at the range of temperatures
under study, and considering laser photon energies at around 3
eV, the absorbed power is ~2% of the total laser power.***’
While electrons and optical phonons absorb 90 and 10% of Q'
respectively, acoustic phonons are not directly excited.
Moreover, the local absorption and scattered near-field energy

where f,,
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Table 1. Thermal Properties and Coupling Factors of Hot Electrons and Different Phonon Branches

properties electron LA
Kk (W-m LK) 50 863.0
C (MJm™K™) 0.00036 0.19
Ga (TW-m™K™) 100
G (MW-m™K™) 93.9
op (TW-m ™K ™) 2700
T (ps) 70.8
! (um) 1.42

TA

237.9
0.32

413.6
13000
24.7
0.494

ZA LO TO Z0O
2780.0 10.0 10.0 20.9
0.61 0.03 0.02 0.16
0 600 2700 0
0 0 0 0
1900 2700 1400 400
317 10 12 388
6.34 0.2 0.24 7.76

by the tip at temperature T, are denoted by QS}P and QS/P,
respectively, and ¢, represents the contribution of each

phonon branch to near-field thermal radiation (see Supporting
Information). Energy transfer between the electronic and
phononic subsystems occurs via normal and supercollision
electron—phonon scattering, and is proportional to the
coupling factors Gy, and GSIS. In monolayer graphene, the
supercollision effect indicates a nonlinear coupling between
hot electrons and acoustic phonons. This effect is characterized
by an exponent §, which takes the value 1, 3, and 5 for kg T. <
#, kg T. < pu, and kg T, > u, respectively, where y is the
chemical potential and kg is the Boltzmann constant.”” For
phonons, the coupling between different branches is described
i—:, where 7, is the average
scattering time of the modes in the i-th branch. Finally, the
conservation of energy, Y. Gpp, (T — Tp,) = 0, is used to
) G Ty, 45
ZGPP,' '

We note that (1) and (2) assume that the excited electron
density remains constant during the experiment and neglect
the energy transferred from electrons and holes to optical
phonons due to nonradiative electron—hole recombination,
which can take place at the ps scale in graphene.”” First, in the
present experiments the carrier concentration is not expected
to be extremely high, thus limiting the frequency of
recombination events. Second, not all of the energy lost
during electron—hole recombination is transferred to the
lattice. A significant fraction remains in the electronic
subsystem via Auger processes or impact excitations, which
can also operate at ps time scale in glraphene.51 Therefore, for
simplicity, we neither consider an energy sink (source) term
for electrons (phonons) that depends on the phonon-assisted
electron—hole recombination rate, nor modifications of T, due
to a time-dependent electron density,”" which would require
explicitly modeling the carrier concentration via the diffusion-
recombination equation.52

The constitutive heat transport equations, which relate the
conductive heat fluxes (4, and Zip.) and the temperatures of the

by the coupling factors G, =

determine the global lattice temperature Tj,,

corresponding hot carriers, depend on the time scale of
interest. For electrons, we assume diffusive transport as
described by Fourier’s law

g, =~k VT, 3)
where k. is the electronic thermal conductivity. This is
motivated by the significant reduction in the electron mean
free path (MFP) due to defects and impurity scattering in
realistic graphene samples.”> However, longer MFPs have been
reported for ultraclean samples,” * which could lead to
nondiffusive electron transport signatures. 5556 In addition,
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we assume a constant and uniform chemical potential and
electron diffusivity, which neglect many- body effects that can
emerge under high carrier concentrations,”’ exciton diffu-
sion,”® and band gap shifts due to lattice temperature
gradients.”” While these effects are not expected to be
dominant in the present experiments at room temperature
with moderate laser fluences, they might be detectable using
the proposed near-field hot carrier nanoscopy by adequately
refining eq 3. For phonons, it is well established that a
significant fraction of the phonon MFP spectrum is
comparable to or larger than the laser spot sizes of hundreds
of nanometers considered here, thus revealing ballistic or
collective transport effects. The resulting nondiffusive mech-
anisms are accounted for by using a hydrodynamic-like
transport equat10n6 o1

0q

T.
B oot

-+ 4, - ~k, VT, + l;(VZTjR + aV(V.qR))

(4)

where a is a volume viscosity coefficient, k, is the lattice

thermal conductivity, and IE is the nonlocal length, estimated
here for each branch as the average MFP. In contrast to the
diffusive heat transport model used in refs 45,52, the non-
Fourier effects in eq 4 allow the study of a number of unique
phonon transport phenomena including phonon memory,
viscosity, and vorticity.'**'7**9>% As shown later, these
hydrodynamic effects combined with linear and nonlinear
electron—phonon coupling physics can be detected by the
proposed near-field hot carrier nanoscopy with high
spatiotemporal resolution.>*>%*

We numerically solve (1—4) using finite element methods
implemented in COMSOL Multiphysics.”* The thermal
properties and coupling factors of hot electrons and the six
different phonon branches are obtained from ref 45and listed
in Table 1. We note that the present model could be refined by
considering temperature-dependent material properties, partic-
ularly for the electron system that reaches high temperatures,
but such nonlinearities are not expected to modify the
phenomenology described below. Moreover, for all phonon
branches, we assume a volume viscosity coeflicient & = 2 in eq
4, as obtalned in the original derivation by Guyer and
Krumhansl.® However, we note that using smaller values of @,
as predicted by modern derivations, > would lead to a slight
attenuation of the viscous nonlocal effects.

Near-field radiative heat exchange between the nanotip and
the substrate is modeled using fluctuational electrodynamics.”
Specifically, the radiative heat flux emitted from the substrate is
obtained from the statistical averaging of the Poynting vector,
<S(r, w))= 2 Re(E(r, ) X H*(r, ®)), at position r and
frequency @. The electric (E) and magnetic (H) fields
originate from the local fluctuating currents (j(r)) associated
with hot electrons and phonons. The fluctuation—dissipation
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theorem (FDT) can then be applied to relate the correlated
fluctuating currents to the optical properties of the materials®®

G,(r, @)j (', @)
= dweyrd(w + o) {Im[e,(r', @)In[T.(r, t), ®]

+ Im[e, (', ®)In[T, (v, t), @1}6(r — r') (3)

where ¢, €, and €}, are the permittivity of vacuum, electronic,

and phononic systems, respectively, and
ho

n(w, T) = hw(exp(kBT

Planck’s oscillator. In contrast to the typical form of FDT
for equilibrium systems,”*®° (5) is valid when the time scale of
interest is shorter than the thermalization time of hot carriers.
Notably, this description extends previously established steady-
state fluctuational electrodynamics to the time domain.
Therefore, we can calculate the near-field radiative heat
transfer due to ultrafast hot carrier transport and interaction
dynamics. To address potential concerns about the validity of
FDT in time-varying systems, we also considered the impact of
time-harmonic modulation effects on thermal emission, as
introduced by Vazquez-Lozano and Liberal®” Our results
confirm that time modulation has a significant effect on
graphene in the far-field regime, whereas in the near-field, this
effect is negligible due to the much stronger enhancement from
evanescent waves unrelated to time modulation (see SI).

Due to its small heat capacity, the nanotip region is assumed
to be isothermal at 297 K. The high thermal power sensitivity
of the ?ro?osed technique is achieved by the scanning thermal
probe,”* in which a nanothermometer embedded in the tip is
thermally insulated from the large thermal reservoir (e.g., the
microfabricated chip) via a weak thermal link (e.g, a soft
cantilever made of low thermal conductivity materials). To
optimize the near-field radiation absorption, large nanotip
radius Ry, and small gap sizes d between the tip and the sample
are favorable. However, Ry, sets the lower limit for the spatial
resolution of the technique. To enable sufficient spatial
resolution to identify nanoscale phonon transport effects in
graphene while obtaining a sufficient near-field absorption
magnitude, we selected Ry, = 100 nm. Even though the tip size
is much smaller than the thermal wavelength, a dipole
approximation is not applicable in the present many-body
near-field radiation scenario because the tip radius is much
larger than the gap size (Rﬁp/ d > 1).%% Therefore, without
loss of generality, we use the proximity approximation to
estimate near-field radiation heat transfer as follows

-1
)— 1) is the mean energy of

Q=[S T, d()
(”Rtiptgr) (6)
where dA is the element of area, f, is the thickness of
monolayer graphene, and d(r) = d + Ry, — thip —r s

the local gap size between the tip and the sample. The flux qz}}p
contributed by phonons or electrons is obtained as the near-
field between two semi-infinite plates

h L re

VD) — /0 doln(w, T,,,) — n(w, Ty)] X
ep

/0 T, k)kdk .
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where k is the component of the wavevector parallel to the

sample’s surface, and I is the transmission coefficient for both

the propagating and evanescent waves. The contribution of the
; . . 25,26,66

p-polarized evanescent wave dominates in the near-field,

as described by

. 4Tm(RP)Im(RF)e 2

Il — RPRPe™:P? (8)
where y, is the perpendicular wavevector with respect to
medium 2 (vacuum gap), and R;, R; are reflection coefficients
from the vacuum medium to thin-film medium 1 (graphene)
and to medium 3 (tip). A detailed description of this
calculation and the required optical properties is provided in
the Supporting Information.

We employ a model following ref 70 to calculate the near-
field thermal signal that is scattered into the far field by a
nanotip that is brought into the evanescent field of the sample.
We assume a nonlocal, temperature-dependent dielectric
function of monolayer graphene that has been experimentally
confirmed in recent near-field optical microscopy experi-
ments.”"”’* Unlike the traditional image-dipole model, which
has limited applicability, “dressed” polarizabilities are used to
account for multiple reflections between the probe and the
surface. As detailed in the Supporting Information, the
scattered power can be calculated as follows

)

ij,k

u0w4d£2
327

QS =

E_EEy0 1 H,HH 140
e/p = (Ft}alj EJ + :Fﬂ H:

g ij ]

EE* 0%

E* 1 H* n, HH* ;0%
X (Fik oy B+ :Fik ke Hk)

(9)
where i is the permeability of vacuum, d€2 denotes the solid
angle that the detector subtends, ¢ is the speed of light, o and
P are the electric and magnetic dressed polarizabilities,
respectively, and E° and H° are the local electric and magnetic
fields at the tip. Tensors I'* and T'" characterize multiple
reflections between the tip and sample and account for
interference patterns between emitted and reflected rays.”’
Superscript * denotes the complex conjugate. As detailed in
the Supporting Information, the previous expression simplifies
and can be numerically evaluated by assuming that the electric
and magnetic fields solely originate from thermal emission.
We use temperature-dependent optical properties for both
electrons and the lattice in graphene. For the former, we
consider the Lindhard model to account for nonlocal
electronic conductivity.”>~’° For the latter, we use the Lorentz
model.*® Details on the implementation of these models and
the optical properties can be found in the Supporting
Information. In the following case studies, we have chosen
monolayer graphene as the example material due to its
extensively studied hot carrier effects and high extrinsic
tunability for experimental validations. However, note that
our model is valid and can be generalized to other materials
beyond graphene. Specifically, the assumptions applied to
graphene regarding hot electron and phonon transport are
generally applicable to the broad class of two-dimensional
(2D) electron and hole gas materials (2DEG/2DHG) such as
other 2D materials and their heterostructures, semiconductor
interfaces based on silicon or III-V compounds, and the
interfaces of some insulating oxides. Furthermore, we use the
nanotip-based configuration as shown in Figure 1 because
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Figure 2. (A) Hot electron temperature (dashed line) and near-field power for g = 0.25 €V and gap sizes of d = 5, 10, 20, and 40 nm (solid
lines) at the center of the excitation for a pump spot size of L = 400 nm. The inset shows the maximum near-field (blue) and far-field (green)
power as a function of the gap size. (B) Dynamics of different hot phonon branches for the laser excitation in (A). (C) Effect of electron
supercollision on the hot electron temperature (red) and near-field radiation (blue) for d = § nm. The case including supercollisions with g =
0.25 eV (solid lines), and the case without supercollisions with g = 1.4 eV (dash lines) are shown for the same spot size and a laser power 50

times smaller than in (A, B).
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Figure 3. (A) Transmission coefficients I for different u values at T, = 1000 K. (B) I for different T, values with g = 0.25 eV. (C) Effect of
chemical potential and hot electron temperature on near-field radiative heat flux.

among the three main configurations of near-field thermal
radiation—nanotip-plate, microsphere-plate, and parallel plate—
plate, the nanotip configuration is the one that achieves
nanometer-scale spatial resolution as shown in previous
work'®"” and thus enables direct probing of nanoscale hot
carrier transport and nonequilibrium behaviors.

Electron Supercollision Effect. In response to ultrafast
laser excitation, the model predicts hot electron dynamics and
associated near-field radiation as illustrated in Figure 2A. Hot
electrons exhibit a giant increase in their temperature upon
optical excitation, which is much stronger and faster than that
of the phonon branches (Figure 2B). This can be attributed to
both the major laser absorption by electrons (~90%) and their
small heat capacity. Consequently, a remarkable thermal
switching behavior in near-field radiative heat transfer occurs
at ps scale.®*”” In contrast, the contribution of phonons to
near-field radiation is marginal, leading to a rapid drop in the
near-field flux shortly after the optical excitation is turned off.
Hot electrons relax by transferring energy to the lattice via
different el—ph scattering mechanisms, thus exciting different
phonon branches to distinct temperatures depending on the
coupling strength and the phonon-specific heat capacity
(Figure 2B). Subsequently and until the system reaches global

6037

equilibrium, the electron and lattice temperatures remain
equilibrated allowing the tracking of the phonon evolution by
measuring the near-field flux radiated by electrons. Throughout
the process, near-field radiation is extremely sensitive to the
gap size d, resulting in ~3 to 4 orders of magnitude
enhancement in the extreme near-field (d less than 10 nm)
relative to the far field. The minimum gap size of S nm chosen
in our calculations is motivated by previous near-field thermal
radiation experiments*"">* and theoretical calculations*®™** in
the extreme near field, which have shown that non-near-field
heat transfer between sample and tip and the interplay between
near-field thermal radiation and conduction within the tip are
negligible in this regime. Furthermore, the minimal gap size is
also chosen because the interaction between the laser
excitation and the tip may exhibit plasmonic strong-coupling
effects within nanogaps smaller than 1-2 nm, as show in
recent experiments.””’” These effects may invalidate the near-
field thermal radiation model implemented in this work.

Hot electron dynamics and near-field thermal behavior can
be controlled in monolayer graphene by tuning the chemical
potential, which strongly affects the nonlinear el—ph (acoustic)
supercollision effect. This can be achieved, for example, by
engineering the abundance of defects in graphene. In Figure
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Figure 4. (A) Radial profile of lattice temperature for hydrodynamic (solid) and Fourier (dashed) model, (B) distribution of normalized T},
and (C) nanoscale mapping of scattered near-field thermal radiation by the scanning probe with gap size d = 5 nm at different sampling
times for a pump spot size L = 200 nm and a laser power 20 times higher than in Figure 2A,B. The hydrodynamic model prediction does not

include non-local viscous effects.

2C, we compare the near-field heat flux for two cases, 4 = 0.25
and p = 1.4 eV, for which the range of electron temperatures
wherein supercollision becomes pronounced is found to be T,
> 290 and T, > 1625 K, respectively. Thus, by reducing the
laser power so that T, is lower than 1600 K, only the lower u
case displays supercollision effects. Provided the low temper-
atures of acoustic phonons, we find more efficient cooling of
hot electrons in the presence of supercollision. However,
although the hot electron temperature for y = 0.25 eV is lower
than that for s = 1.4 eV, the near-field heat flux is surprisingly
higher. This is due to the competing effects of chemical
potential and hot electron temperature on near-field thermal
radiation as discussed below. The clearly demonstrated
differences between linear hot electron cooling mechanisms
and nonlinear supercooling in Figure 2 are of great interest to
be probed by near-field hot carrier nanoscopy. In fact,
significant debates still exist regarding the role and relative
strength of different linear and nonlinear electron cooling
pathways, which are strongly dependent on nanoscale features
such as defects and disorder and the complicated interplay
between local electronic structure, chemical potential, and hot
electron temperature. Past theoretical and experimental
works**~** have been mostly focused on phenomenological
and macroscopic understanding or have used far-field optics or
bulk-scale electrical characterization methods that do not
provide enough resolution to distinguish nanoscale effects. In
contrast, our model shows that near-field thermal radiation
imaging with high spatial and temporal resolution can provide
a means to distinguish different nonequilibrium hot electron
cooling mechanisms.

The spectral- and mode-resolved near-field energy trans-
mission is shown in Figure 3A,3B. Notably, the dispersion

86 & - _ <
71 + 2= 477,'((")(16(/,{, T), where a

relation for graphene, %
2
is the fine structure constant, depends on both y and T, via the
electrical conductivity o. In consequence, surface plasmon
polaritons (SPPs) can be modulated by varying the magnitudes
of either parameter. A reduction in ¢ amplifies the intensity of
the SPPs, leading to stronger near-field thermal radiation
(Figure 3A). Moreover, hotter electrons lead to a smaller
contributing number of modes of SPPs for k > 200k, (Figure
3B). Due to these competing effects, for a given hot electron
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temperature, an optimal chemical potential for near-field heat
flux exists (see Figure 3C). For the temperature range in this
study, u = 0.25 eV provides the optimal near-field thermal
radiation characteristics in graphene, and hence, this particular
chemical potential value is assumed for the discussion below.

Hydrodynamic Phonon Transport: Second Sound. We
proceed to study two hydrodynamic phonon transport effects:
second sound, which refers to the propagation of a thermal
wave through the lattice due to phonon memory effects, and
thermal viscosity due to nonlocal phonon transport. The
emergence, coexistence, and interplay of these effects are
poorly understood so far and are subjects of ongoing debate.
One school of thought suggests that at high temperatures (e.g.,
room temperature), the evolution of different phonon modes is
uncorrelated due to the dominance of resistive scattering over
momentum-conserving scattering, preventing the manifesta-
tion of collective phonon dynamics and hydrodynamic effects.
In contrast, it has long been proposed that these effects should
generally be observed at the nanoscale even at high
temperatures due to the slow and collective relaxation of the
heat flux.®” Previous works reporting the observation of second
sound®>****=% or the nonlocal decoupling of the thermal
gradient and the heat flux”' ™" are insufficient to clarify the
origin and minimal conditions for the emergence of hydro-
dynamic phonon transport. To address this debate, near-field
thermal imaging enables the resolution of the nondiffusive
transport features that distinguish phonon hydrodynamics at
the nanoscale from alternative interpretations based on the
independent evolution of different phonon modes.

We first neglect nonlocal effects in our calculations to isolate
the influence of heat inertia by assuming /, = 0 in eq 4.” This
situation has been identified in e}gperiments involving
extremely small excitation length scales.”” The main signature
of memory effects in the present conditions is a wavefront in
the lattice temperature field, which can be measured indirectly
by monitoring the hot electron temperature and near-field
thermal radiation. At time scales similar to the phonon
scattering time, energy propagates as a damped thermal pulse
initiating at ~40 ps and culminating at ~300 ps (Figure 4A).
Since we are considering ultrafast time scales wherein the
different branches are not in equilibrium, a different character-
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power 20 times higher than in Figure 2A,2B.

Ky,

istic pulse velocity, ~ , can be identified for each branch.

By

Nonetheless, the thermal wave also manifests in the lattice
thermal field with an average velocity (i.e., the second sound
velocity). In contrast to the Fourier model predictions (7, = /,
= 0), the finite wave velocity thus bounds the expansion of the
perturbed region and significantly modifies the pattern
observed in the near-field heat flux mapping. In addition, the
temperature and near-field scattering power in the central
point diminish faster as a consequence of the efficient energy
dissipation enhanced by the thermal wave. These nondiftusive
signatures are evident by comparing the temperature map and
the resulting scattered light by the nanotip across the sample at
different sampling times, as shown in Figure 4B,4C,
respectively. Interestingly, since the imaging presented here
is based on a noncontact technique, the measurements are
insensitive to elastic wave propagation (first sound), which
facilitates unambiguous identification of wave-like effects on
the temperature field. Furthermore, we note that (1) and (2)
can be easily coupled with linear elastic equations to
investigate thermoelastic effects that might emerge under the
extreme nonequilibrium conditions considered here.

Hydrodynamic Phonon Transport: Nonlocal Effect.
According to eq 4, however, second sound is not the only
nondiffusive transport behavior potentially emerging at the
nanoscale. In the presence of inhomogeneous energy flux
distributions, viscous effects can reduce the thermal energy
transferred for a given temperature gradient. The lack of
resistive ph—ph scattering within regions smaller than the
average MFP precludes the homogenization of the flux and
temperature profiles and leads to fluid-like behavior such as
heat vorticity. In experiments, these effects are usually
interpreted as a ballistic reduction of the apparent thermal
conductivity91 and never observed coexisting with the second
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sound. Here, we illustrate the nonlocal transient effects and
their influence on the observable near-field thermal radiation
by considering the full hydrodynamic model (/; # 0 and 7; #
0). Nonlocality manifests as a slowly evolving lattice
temperature distribution relative to the diffusive prediction
(Figure SA), which contributes to less effective cooling of hot
electrons. Hence, the signature of nonlocal phonon transport
can be detected as a delayed decay in near-field heat flux
absorbed by the nanotip, which extends to over 10 ns after the
ultrashort optical excitation (Figure SB). This can potentially
be measured experimentally through the nanoscale lattice
(phononic) temperature map (Figure SC) by imaging the
near-field heat flux (Figure SD). Note that a scanning thermal
probe can be used to measure the total thermal absorption
(integrated over 1 ms in Figure SD), similar to the detection of
a short infrared pulse in a bolometer device. The calculated
total absorption of the near-field thermal signal, on the scale of
sub-f], can be readily detected by current picowatt, sub-ms
resolution thermal probes.% Furthermore, relevant to practical
applications typically under continuous or low-frequency
electrical excitations, the manifestation of nonlocal effects on
phonon transport can also be investigated in these static or
near-static conditions using the present hot carrier nanoscopy
technique. In the Supporting Information, we show example
applications considering electrical excitation in a monolayer
graphene and gallium arsenide with nanoscale constrictions,
where the near-field thermal absorption flux and local lattice
temperature can be simultaneously resolved through high-
resolution contact- and noncontact mode hot carrier nano-
scopy.

The non-Fourier predictions in Figures 4 and 5 are
qualitatively different. This emphasizes the suitability of these
experiments for distinguishing the interplay between diffusion
and the different hydrodynamic effects predicted by the
present theoretical framework. Furthermore, the persistent
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heterogeneity of the temperature distribution due to nonlocal
transport in Figure 5 is strongly dependent on the relation
between the nonlocal length of the dominant phonon branches
and the focused laser spot size, L = 400 nm (see Supporting
Information). Investigating the onset of the non-Fourier
signatures as a function of L is thus a promising approach
for comparing the present hydrodynamic description with
alternative multiscale theories such as the ballistic phonon
mode suppression'' or the truncated Lévy flight formal-
ism,”*”” where the emergence of nondiffusive effects is
predicted at much larger length scales comparable to the
largest phonon means free paths.

The present model has been developed as a predictive tool
for length and time scales comparable to those of the phonon—
electron and phonon—phonon interactions in monolayer
graphene. At even smaller time and length scales, however, a
fully ballistic limit for phonons is reached, which is beyond the
validity of the hydrodynamic model based on integrated
magnitudes such as heat fluxes and temperatures.*' Moreover,
the use of a unique local-equilibrium temperature for electrons
is inadequate at length and time scales comparable to or
smaller than the electron thermalization process via electron—
electron interactions. Furthermore, nondiffusive electron
transport signatures can be significant in ultraclean samples
at smaller scales or cryogenic temperatures, which would
require generalizin§ the electronic heat flux constitutive
relation in eq 3.>”° Finally, for complex materials displaying
anisotropic dispersion relations, generalization of the transport
equations is required by introducing the notion of anisotropic
viscosity tensors.””

CONCLUSIONS

We presented a comprehensive quantitative model accounting
for the near-field thermal radiation signatures of microscopic
energy transport processes in low-dimensional materials such
as graphene and 2D electron gas systems in general. We
proposed a tool, near-field hot carrier nanoscopy, that can be
leveraged to detect and differentiate between different hot
electron and hot phonon transport phenomena based on the
measured near-field thermal absorption and scattering signal
from a scanning nanotip. This method offers intrinsically high
spatial and temporal resolution when combined with highly
sensitive scanning thermal microscopy probes and ultrafast
spectroscopy, addressing the existing limitations of far-field hot
carrier characterization techniques. Thus, this model directly
links various hot carrier effects to experimentally measurable
near-fleld thermal signals. Specifically, we predict sub-pico-
second level ultrafast radiative heat transfer due to hot electron
absorption and show that nonlinear electron—phonon
interactions can enhance or suppress near-field thermal
radiation, depending on the competing effects of chemical
potential and electron temperature. Further, we provide insight
into distinguishing between second sound and heat viscosity
using nanoscale near-field probing. We anticipate that our
model will serve as a theoretical foundation to inform future
experiments to map nondiffusive transport and addressing
ongoing debates on the emergence and competing roles of

different hydrodynamic effects.
METHODS

A time-domain fluctuational electrodynamic model is used in this
work to describe the near-field thermal absorption and scattering by a
nanotip induced by ultrafast hot electron and phonon transport and
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interactions in optically excited monolayer graphene (see SI). Linear
and nonlinear hot carrier transport effects including electron
supercollision, phonon memory, and nonlocal phonon transport are
incorporated into a generalized multitemperature model to obtain the
temperatures of hot electrons and phonons, as well as the heat flux
under diffusive and hydrodynamic transport regimes. The model
equations are solved using the Galerkin method, implemented in the
finite element solver COMSOL Multiphysics.®*
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ABBREVIATIONS

MFP mean free path

FDT fluctuation—dissipation theorem
LDOS local density of states

SPPs  surface plasmon polaritons
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