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Abstract

Creating next-generation devices capable of transducing waste heat into useful work
will require building blocks designed to direct low-grade thermal energy at length scales
well below the diffraction limit. Characterizing thermally-induced energy transfer at
the nanoscale, however, is a formidable task due to the simultaneous demand of high
spatial and spectral resolution at infrared energies. Leveraging recent advancements
in electron energy loss (EEL) and gain (EEG) spectroscopy, we reveal that individual
nanostructures can concentrate energy by resonant thermal excitation of their pho-
tonic Fabry-Pérot modes. Specifically, we show that the spatially localized gain signal

increases upon in situ heating. Theoretical modeling elucidates the mechanism for



these observations by showing that a Purcell enhancement in the local photonic den-
sity of states drives the increased rate of infrared energy transfer from the ambient

environment to each nanostructure.

Waste heat generation is an unavoidable consequence of human activity across all sectors
and new strategies for harnessing this lost energy are urgently needed if we are to meet global
climate goals and support sustainable development.! It is estimated, for example, that up to
70% of global primary energy consumption is lost to the surrounding environment as waste
heat, with low-grade heat (< 100 °C) constituting the largest fraction (> 60%) of the lost en-
ergy.? This inefficiency has stimulated intensive research efforts into waste heat remediation?®
but effective use of low-grade heat remains an formidable challenge. To date, thermoelectric
devices have dominated the recovery of low-grade heat;*'? unfortunately, state-of-the-art
thermoelectrics often employ toxic and rare-earth metals, limiting their sustainability and
accessibility. ! Additionally, despite recent improvements, efficiency gains have plateaued '?
and large barriers to commercial devices remain.® There is, therefore, an urgent need to
develop waste heat recovery systems, built using sustainable materials, that can be easily in-
tegrated into existing technologies. Towards this end, harnessing near-field effects to improve
the conversion efficiencies of photovoltaics and thermophotovoltaics is an exciting approach
vector.® Infrared (IR) active photonic nanostructures in particular present an exciting plat-
form to localize and direct low-grade heat both spatially and spectrally as IR resonances are
easily accessible via thermal excitation. !5

At length scales much smaller than the associated wavelengths of IR radiation (< 1
pum), contributions from near-field evanescent photons to the energy density are many or-
ders of magnitude greater than those of their propagating counterparts.?%?! Therefore, the
evanescent fields localized around heated IR-active nanostructures show promise as potential
sources of harvestable thermal energy and potential conduits for controllable nanoscale heat
transfer. Due to recent advances in electron energy monochromation and aberration correc-

tion in the electron microscope,?? a broad class of thermally active material responses such as



collective phononic and photonic excitations are now accessible to spectral and spatial map-
ping via electron energy loss (EEL)??* and electron energy gain (EEG)?> 3 spectroscopies
performed inside a scanning transmission electron microscope (STEM). Far exceeding the
diffraction-limited resolution of light-based measurements, such STEM spectroscopies are
ideal for exploring the modes of thermal energy transfer within composite nanostructures at
their native length scales.

In this Letter, we demonstrate the capacity for gold nanowires, supporting thermally
active photonic Fabry-Pérot (FP) resonances, to spatially focus the IR radiation generated
by their supporting dielectric substrate upon heating. In contrast to previous work using

3132 or the nanolocalization

coupled nanostructures to achieve one-way flow of optical energy
of thermal gradients, 3335 here we investigate the potential for hybrid photonic-phononic ma-
terials to locally enhance the rate of IR energy extraction from their ambient environment.
Specifically, we measure the temperature dependent and spatially resolved inelastic electron
scattering from individual nanowires immobilized on an in situ protochip heating holder. A
clear enhancement in the EEG scattering probability is observed as the thermal occupation
of the phononic and photonic modes of the substrate-nanowire system is increased. A theo-
retical model to quantify the nanowire’s potential to concentrate IR energy in the presence
of a thermally excited substrate is developed. The resulting model shows that the enhanced
gain signal can be understood as a generalized Purcell enhancement effect with the STEM
electrons directly probing the local occupation of the photonic density of states.

Fig. 1la displays an SEM image of the gold nanowire structures which support ther-
mally active FP modes that can be tuned throughout the IR by changing the nanowire
length.3¢3% The nanowires were prepared on a silicon nitride (SiN) membrane that was sub-
jected to Ohmic heating (Fig. 1b) while the STEM electron beam was used for spectroscopic
characterization (Fig. 1c). A detailed description of the nanowire fabrication and STEM
characterization can be found in the Supporting Information (SI). Fig. 1d displays a point

EEL spectrum measured at the end of a 2 pm nanowire (black) deposited on a SiN sub-
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Figure 1: Thermally-assisted inelastic-electron scattering measurements. a) A collection of
gold nanowires ranging in length from 1 — 3 pum are fabricated on a protochip membrane.
b) A heated protochip holder allows for in situ heating of the nanowire-substrate sample.
¢) EEL and EEG spectroscopy performed in a STEM allows for nanoscale imaging of the
thermal gain. d) EEL spectrum obtained at the end of a nanowire deposited on a SiN sub-
strate, highlighting (gold) the ¢ = 1 FP resonance and (blue) the phononic resonances of the
dielectric substrate ) HAADF image of the tip of a 2 um gold nanowire. f) Spectrum image
of the inelastic scattering intensity at the £ = 1 FP mode energy (220 meV), demonstrating
how STEM EELS reveals the spatial localization of the photonic density of states.




strate (in an aloof configuration with a 10 nm impact parameter). The resulting energy
loss signal is plotted on a logarithmic scale and demonstrates a progression of IR FP reso-
nances oriented along the nanowire’s long axis, with the lowest order / = 1 FP mode excited
around 220 meV (gold shaded region). Additionally, an EEL spectrum of the SiN substrate
is recorded far from any nanowires (blue). The SiN substrate hosts a collection of bulk and
surface phonon modes which are probed by the electron in a penetrating configuration with
the surface phonon mode energies contained within the shaded blue region. Included as an
inset is a schematic of the composite nanowire-substrate assembly. The high angle annular
dark field (HAADF) image in Fig. le displays the region of space around the nanowire tip
probed by the electron current. Fig. 1f is an EEL spectrum image obtained at the ¢ = 1 FP
mode energy, reflecting the spatial profile of the optical cavity mode which is largest at the
ends of the nanowire.

The experimental anti-Stokes (I'egg) and Stokes (I'ggr) scattering signals are plotted in
Fig. 2a as a function of temperature for two different nanowire lengths, 4 pm and 2 pm.
These lengths were chosen such that the ¢ = 1 (dipolar) mode of the 2 ym nanowire and the
¢ = 2 (quadrupolar) mode of the 4 pm are approximately the same energy (~ 220 meV),
allowing for the investigation of degenerate bright and dark modes, i.e., those that are coupled
or not coupled to the far field, respectively. Given the different spatial dependencies of these
modes, the aloof electron beam is placed either adjacent to the nanowire’s end or center
respectively, represented by the blue dots in the insets. Regions of the spectra corresponding
to anti-Stokes scattering are plotted as negative energies with respect to the zero loss peak
(ZLP) at 0 meV. This signal is the thermally stimulated EEG, where the electron probe has
gained energy from the thermally-occupied modes of the composite structure. The positive
energies relative to the ZLP represent the thermally-assisted Stokes or EEL signal, where the
electron probe has resonantly deposited its own kinetic energy into the target’s thermally
occupied surface modes.

Fig. 2b examines how the EEG signal from the ¢ = 1 FP resonance of the 2 ym nanowire
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Figure 2: Thermally-assisted inelastic electron scattering processes. a) EEL and EEG point
spectra for a 2 pm (lower) and a 4 pm (upper) long gold nanowire for temperatures between
298 — 973 K. The point spectra are acquired at the beam positions indicated by the blue
dots in the inset and are normalized to the ZLP. The gain signal (negative energy values)
increases with increasing temperature for both the dipolar (2 pm) and quadrupolar (4 pm)
FP modes. b) Plotting the EEG signal as a function of distance from the rod end (¢ = 1
surface mode energy of the 2 um nanowire) illustrates the increased spatial localization with
increased temperature. c) Temperature dependent and spatially resolved EEG spectrum
images obtained at the £ = 1 FP mode energy (—220 meV) of the 2 ym wire. d) Temperature
dependent and spatially resolved EEG spectrum images obtained at the ¢ = 2 FP mode
energy (—220 meV) near the center the 4 ym wire.



varies as a function of distance from the wire end. A clear increase in thermal occupa-
tion is indicated by the growing magnitude of the anti-Stokes scattering intensity as the
temperature is increased. Fig. 2c¢ presents a series of EEG spectrum images evaluated at
the same ¢ = 1 FP resonance of the nanowire, demonstrating an increasing probability for
the electron probe to extract thermal energy from the nanowire-substrate system when it
is focused near the nanowire tip as the system temperature is increased from 298 — 973 K.
Spectrum images of the ¢ = 2 FP mode evaluated near the center of the 4 ym nanowire
are plotted in Fig. 2d over the same temperature range, again demonstrating an increase
in the thermally assisted gain process and the companion spatial concentration of thermal
energy into the near-field. Interestingly, these data illustrate how optically dark FP modes
can be significantly populated via thermal excitation and in accordance with Bose-Einstein
statistics.

The optical response of a material is fully captured by its induced Green’s function and its
closely related local density of states (LDOS),%042 where the LDOS measures the availability
of electromagnetic modes at a particular point in space per unit frequency.*® The spatial

and spectral characteristics of each mode can be dramatically altered when coupled to their
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local environment,** such as a neighboring nanostructure, an optical cavity, or an
underlying substrate. 1”379 The thermally dressed Stokes I'ggr,(w) and anti-Stokes I'ggc(w)

scattering signals are related to the spontaneous Stokes scattering ['ap; (w) at T = 0 K by

Tepr(w) = [n(w) + 1] gy, (w) (1)

Teec(w) = n(w)The(w), (2)

via the Bose-Einstein statistical factor n(w) = [exp (hw/kT)—1]71.5%%! The ratio of the EEG
and EEL signals at a common temperature yields the Boltzmann distribution, I'ggg /T'ggn =
exp(—hw/kT), illustrating that the gain and loss processes obey the principle of detailed

balance when the STEM electron probes the system in a state of static thermal equilibrium.



This statistical relation between the thermally assisted EEG and EEL observables has been

recently employed for performing high resolution thermometry measurements, 2526

allowing
for a mapping of nanoscale temperature distributions.

Beyond nanoscopic thermometric measurements, the EEG signal may be utilized to spa-
tially characterize the modes of IR-mediated thermal energy transport in composite nanos-
tructures at their native nanometer length scales. To make this point explicit, the sponta-

neous inelastic scattering probability per unit energy can be written as®!

0 (w) = —# / dxx! Tm [p* (x, )G (x, %' w) p(x, )| N

= (%)2 w Q(Rm q. = w/v,w),

in the quasistatic approximation, which is valid in the low frequency limit where target
material dimensions are much smaller than the effective wavelength at IR energies. Con-
sidering a tightly focused STEM electron in Eq. (3), the relevant current distribution
J(x,w) = —ez6(R — Rg)e™?*/? and associated charge density p(x,w) = (—i/w)V - J(x,w) =
(e/v)d(R — Ry)e™*V, with x = (R, z) and impact parameter Ryg, render the EEL prob-
ability directly proportional to the target’s Green’s function G(x,x;w).%? This important
result provides a direct connection between the inelastic scattering signal I'4g; (w) and the
target’s photonic LDOS o(x,w) = — (7w) ™' Im[G(x, x; w)]. More specifically, T, (w) (and
Iger(w) and T'geg(w)) are direct measures of the LDOS p(Ryg,q. = w/v,w) expressed in
reciprocal ¢.-space conjugate to the electron’s trajectory along the z-axis.*? Taking Eqs. (2)
and (3) together illustrates that the STEM electron can directly probe the temperature de-
pendent population of the target’s states due to the statistical weighting of the Bose-Einstein
distribution.

To elucidate the temperature dependent experimental measurements, the nanowire and
substrate are theoretically modeled as an interacting sphere-substrate system where the
substrate is taken to be semi-infinite in depth. As will be demonstrated, approximating

the nanowire by a nanosphere and the finite thickness substrate as semi-infinite captures
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Figure 3: Spectral and spatial dependence of the phononic-photonic model system LDOS.
a) LDOS spectrum of the composite system (red) and of the individual sphere (blue) and
substrate (gray) demonstrating resonance features at the free substrate (~ 130 meV) and
free sphere (~ 220 meV) energies. All spectra are evaluated at the point xo = (1.1a,0,0),
where the sphere’s ¢ = 1,m = £1 FP mode oriented parallel to the substrate surface is
excited. The slight redshift of the dressed sphere’s mode energy is due to interaction with
the induced charge distribution it generates on the substrate surface. b) Evaluating the
LDOS of the composite system at 220 meV illustrates a spatial localization of the FP mode
density to the region surrounding the spherical particle surface. ¢) Evaluating the LDOS at
130 meV illustrates a localization of the phononic mode density along the the semi-infinite
dielectric interface in the vicinity of the particle.



the essential physics of the experimental system. These simplifications make the model
analytically tractable and thus allow us to extract more detailed physical insights. Solving
the resulting dynamical equations (SI) produces a set of mixed-mode Green’s functions of
the coupled photonic-phononic system along with its LDOS pg(x,w) in the dipole limit (SI).
Plotted in Fig. 3ais the composite LDOS spectrum evaluated at the position xo = (1.1a, 0, 0)
and characterized by two resonance peaks (red curve). The ~ 130 meV feature is associated
with the sphere-dressed substrate phononic response, while the ~ 220 meV feature is due
to the response of the substrate-dressed sphere ¢ = 1, m = +1 FP mode. A comparison is
made to the free space sphere (blue curve) and substrate (gray curve) LDOS spectra. Slight
differences in the dressed mode energies of the composite LDOS evaluated at xq arise due to
coupling of the £ = 1, m = +1 FP surface mode with its generated image on the substrate.
As a result, the dressed FP mode is shifted to a slightly lower energy than the free sphere. In
Figs. 3b and 3c, spectrum images of the LDOS in the vacuum region above the SiN substrate
are evaluated at the free sphere and substrate mode energies, showing a strong localization
of the LDOS to the sphere’s surface when evaluated at the sphere resonance energy (220
meV) and to the substrate surface when it is evaluated near the substrate resonance energy
(130 meV). To produce the LDOS in Fig. 3, a least-squares fitting routine is employed to the
experimental EEL data in Fig. 1d to extract the dielectric parameters of a Lorentz oscillator
model, which is then applied in constructing the free-space polarizability of the spherical
particle. Fit parameters for the underlying SiN substrate are extracted from ellipsometric
data.®® With g(x,w) defined for the composite system, a calculation of both spontaneous
and thermally dressed inelastic electron scattering in terms of the LDOS of the vacuum
half-space is now straightforward with the use of Eqgs. (1), (2), and (3).

Measurement of a generalized Purcell enhancement F'(Rg,w) can be evaluated as a ratio
between the LDOS of the composite system o at point Ry and the LDOS of the isolated
substrate osup,”* where the proximity of the substrate to the optical modes of the nanowire

cavity leads to an increase in the photonic density of states. Because the total inelastic
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Figure 4: Theoretically determined spectral responses of the coupled photonic-phononic
system from Fig. 3. a) Inelastic scattering signal produced by the particle-substrate system
with increasing temperature T = 298 — 973 K, considering a sphere with radius a = 50
nm, placed on top of a semi-infinite SiN dielectric substrate, and calculated with the aid
of Egs. (1), (2), (3), and the mixed-mode Green’s functions (SI). b) EEG spectrum image
evaluated at the ¢ = 1 FP resonance energy (—220 meV). ¢) Comparison of the Purcell
enhancement F(Rg,w) = I'(w)/Tsup(w) from the experimentally derived data (black) and
analytical particle-substrate model (red). Model spectra in panels a,c are evaluated at Rg =
(1.1a,0), while the experimental point spectrum in panel ¢ is measured 10 nm from the
nanowire tip.
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electron scattering signal I'(w), which accounts for both EEL and EEG processes, is directly
proportional to the LDOS, the enhancement F'(Rg,w) can also be measured from the ratio
of the composite system’s scattering probability to that of the bare substrate as

E(R()a q> = W/U, (U)

osub(Ro, ¢: = w/v,w)

Fsub (w) .

F(Ro,w) =

As shown in the model calculations presented in Fig. 4, the resulting enhancement indi-
cates that the presence of the nanowire allows for a means of efficient thermal energy transfer
from the heated substrate to the high quality factor FP modes localized in the vicinity of the
nanowire. Substituting the mixed-mode Green’s functions for the interacting sphere ésph
and substrate Gsup (SI) into Eq. (3), the resulting spontaneous inelastic scattering prob-
ability T'%g; (w) is finally used in tandem with Egs. (1) and (2) to produce the thermally
dressed Stokes and anti-Stokes scattering signals over the same temperature range as the
experimentally acquired signals (Fig. 4a). To account for the ZLP in the experimentally
acquired signal, a Lorentzian function is included at 0 meV, with a spectral width of 10
meV. Because ésph and ésub are only defined in the vacuum half-space, the integrated path
traversed by the electron is restricted to the region of space z,z’ > 0, and the integration
is performed numerically over a trajectory length of ~ 5000 nm (z, 2" = 100a — —0.99a).
Fig. 4b is a computed spectrum image of the EEG signal at the ¢ = 1 FP mode energy,
and Fig. 4c is a measure of the Purcell factor F(Rg,w) derived from both the experimental
(black) and numerically (red) acquired data for the inelastic scattering signal of the isolated
substrate and the composite particle-substrate system, utilizing Eq. (4).

Taken together, these results show that the £ = 1 FP mode of the nanowire exhibits a
Purcell enhancement of ' &~ 12. This means that there is a 12-fold increase in the efficiency
of thermal energy transfer to the probing electron due to the presence of the gold nanowire

as compared to the bare SiN substrate alone, i.e., I'(Rg,w) ~ 12 gy, (w) for points Ry in the
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vicinity of the the nanowire. Our model further shows that the increased inelastic scattering
signal is directly correlated with the increased photonic LDOS in the nanowire’s immediate
vicinity as reported by the Purcell enhancement metric F'(Rg,w). This order of magnitude
increase in the LDOS is indicative of an enhancement in the rate of thermal energy transfer
from the delocalized heated substrate to its local environment where the thermal energy may
be efficiently harvested.

In conclusion, inelastic electron scattering spectroscopy was used to measure the spatially-
dependent increase in the local density of states that results from thermal population of the
hybrid modes of a coupled nanowire-substrate system at elevated temperature. The electron
probe provides deeply sub-diffraction-limited spatial resolution, revealing the near-field be-
havior of the thermally excited IR FP mode resonances inherent to each nanowire at their
native length and energy scales. Thermal excitation of the FP modes was facilitated by
resistive heating of the SiN substrate, stimulating phononic excitations that couple to the
IR modes of the nanowire. The influence of incrementally increasing the system temper-
ature was observed in the measured EEL and EEG signals, where an increase in inelastic
scattering intensity coincided with an increase in system temperature, as a consequence of
Bose-Einstein statistics. Companion theoretical modeling was used to elucidate the mecha-
nism for these observations based on a Purcell enhancement in the composite system’s LDOS.
Taken together, this work provides a guide to the design of devices capable of efficiently har-
vesting and directing ambient thermal energy at the nanoscale such as the transduction of

delocalized mechanical energy in the form of phonons into localized optical excitations.
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spectroscopic measurements. Additionally an in-depth derivation of the mixed-mode Green’s
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a means of modeling the particle substrate system interrogated by fast electrons.
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