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ABSTRACT: We experimentally show that the ballistic length of
hot electrons in laser-heated gold films can exceed ~150 nm, which
is ~50% greater than the previously reported value of 100 nm
inferred from pump—probe experiments. We also find that the
mean free path of electrons at the peak temperature following
interband excitation can reach upward of ~45 nm, which is higher
than the average value of 30 nm predicted from our parameter-free
density functional perturbation theory. Our first-principles
calculations of electron—phonon coupling reveal that the increase
in the mean free path due to interband excitation is a consequence
of drastically reduced electron—phonon coupling from lattice
stiffening, thus providing the microscopic understanding of our
experimental findings.

Hot electrons travel further
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he fundamental electronic transport processes in metals excitation. In gold, for example, the excited electrons do not

have been of foundational interest to a wide array of achieve a Fermi—Dirac distribution at temporal regimes of
physics, chemistry, and engineering disciplines since Drude’s <600 fs where these nonequilibrium carriers traverse
work describing the scattering processes of a free electron gas.' ballistically with velocities close to the Fermi velocity.”>*" "
A key process in Drude’s theory, and subsegluent more robust For this regime, a mean free path of 100 nm has been inferred
theories of electronic transport in metals,”” is the electron— through various pump—probe experiments on gold films with
phonon scattering rate, which is the critical process that varying thicknesses.>>>”>! Several works have also alluded to
underpins a wide array of optical, electrical, magnetic, and the possibility of the ballistic range of electrons to be in the
thermal properties in materials processing,“f6 plasmonics,%9 100 to 200 nm range.32’33 For example, by modeling the
nanophotonics, g’hOtOVOltaicsx&ll’lz photocatalysis, and non- ultrafast laser melting threshold in gold, Chowdhury et al. have
linear optics.*~'" For example, in plasmonic devices, the shown that the melting threshold behavior can only be
nonradiative plasmon decay involving the generation of hot explained by including ballistic mean free paths of ~200 nm in
carriers in a metallic layer, which can ballistically transfer their their model.>® However, a direct measurement of the ballistic
energies to underlying semiconductor la}rers without interact- length has remained elusive thus far. Once equilibration is
ing with the relatively “colder” lattice,”"” can be used for reached among the hot carriers through carrier—carrier
applications in solar energy harvesting. Likewise, the scattering,30 hot electron diffusion through electron—phonon
fundamental understanding of electron—phonon scattering coupling subsequently cools and thermalizes these hot carriers
processes is also of significance to various phenomenal N 11% with the lattice vibrations within a few picoseconds.””**** This

condensed matter physics such as spin caloritronics,
superconductivity,”® and energy transport.”’ Therefore, con-
siderable prior work has been devoted to understanding the
coupling within and between the fundamental energy carriers
in metals.

The dynamics of electron—phonon coupling and the
relaxation of free electron gas have been routinely studied via
ultrafast pump—probe experiments.”**~>* This is owing to the
substantially lower heat capacity of the electronic subsystem
with respect to that of the lattice, which allows the monitoring
of the selective perturbation of electron gas and the
concomitant energy relaxation processes following laser

regime of diffusive electron dynamics has been shown to be
well described by various rate-relaxation models such as the
two-temperature model when compared to pump—probe
measurements.””*°~** More rigorous modeling based on

Received: September 27, 2022
Revised: = December 28, 2022
Published: January 4, 2023

© 2023 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acs.nanolett.2c03781

v ACS PUbl ications 491 Nano Lett. 2023, 23, 491-496


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pravin+Karna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md+Shafkat+Bin+Hoque"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandip+Thakur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+E.+Hopkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashutosh+Giri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.2c03781&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03781?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03781?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03781?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03781?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03781?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/23/2?ref=pdf
https://pubs.acs.org/toc/nalefd/23/2?ref=pdf
https://pubs.acs.org/toc/nalefd/23/2?ref=pdf
https://pubs.acs.org/toc/nalefd/23/2?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Nano Letters

pubs.acs.org/NanoLett

| — b
(a) ®) 500 @ 5000
Obj. g E
S 0 s 0
A Pump!“w_[—’robe n Dg. E
.y o -1000 -5000
oo e 1
69\“(’ Time (ps)
c e : :
(© —0—-600 fs () 1t . 1
1 =@-pump spot
0.8 1
x 115 nm Au/Ti
Z05 z 06y 173 nm Au/Ti |
04 [ e
0 A N
o1 0.2 ) 209 nm Au
-1500 -1000 -500 0 500 1000 1500 500 1000 1500 0 1 2
Position (nm) ——J Position (nm) 10 10 10

~200 nm

Figure 1. (a) Schematic of the ultrafast super-resolution thermoreflectance experiment showing the unique capability of moving a diffraction
limited pump along a scan axis relative to a stationary probe that interrogates the surface response induced by the offset pump. (b) Characteristic
contour profile showing the spatiotemporal response with nanometric precision of a 200 nm thick gold film. (c) Monitoring the Gaussian profile of
the reflected probe at time delays of <600 fs provides insight into the dynamics of nonthermal electrons in the gold film that ballistically traverse
with velocities close to the Fermi velocity. Compared to our laser spot size (at the location where the intensity has decayed by 1/¢?), we find signals
in excess of ~200 nm. (d) Spatiotemporal response of a 150 nm thick Au film with a 2 nm Ti layer in between the film and the substrate. (e)
Immediately after laser irradiation of the Au/Ti structure, ballistic electrons from the gold deposit their energy at the Ti layer due to the relatively
higher electron—phonon coupling factor. A “rerise” in the reflected probe signal in the 5 to 50 ps time regime shows the surface reflectivity increase
of the gold film through heat conduction originating from the Ti layer.

parameter-free ab initio calculations that directly solve Fermi’s
golden rule has predicted mean free paths in the range of 20 to
30 nm for electrons around the Fermi energy of gold.39’40
Unresolved, however, is the direct measurement of the
characteristic length scales associated with the ballistic electron
motion and the mean free paths associated with scattering of
electrons with lattice vibrations at elevated and ambient
temperatures. This is mainly due to the limitation of the purely
time-resolved pump—probe measurements that typically lack
the spatial resolution required to directly monitor these
nonequilibrium electron dynamics. Moreover, first-principles
calculations of electron—phonon coupling have not considered
scenarios with elevated electron temperatures that typically
occur in the first couple of picoseconds immediately after
ultrafast laser excitations of metals.

In this work, we use novel ultrafast microscopy with high
spatiotemporal resolution to directly measure the electron
ballistic and diffusive mean free paths in gold. We find that the
ballistic length of electrons following femtosecond laser
irradiation is in excess of ~150 nm, which is 50% larger than
the previously accepted value of 100 nm from time-of-flight
measurements,””*”" a value that has been accepted for over
three decades. We also find that the mean free paths of
electrons with Fermi—Dirac distributions are in the 20—50 nm
range depending on the electronic temperature following the
thermalization of the hot electron gas through carrier—carrier
scattering. Density functional perturbation theory (DFPT),
where we include the effects of electronic excitation with the
Fermi—Dirac distribution, reveals that the electron—phonon
coupling parameter is reduced at these elevated electron
temperatures due to lattice hardening resulting from the
interband excitation. Furthermore, our DFPT calculations also
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show that the mean free path of the electron gas is increased
due to the reduced electron—phonon coupling at elevated
electron temperatures, supporting our experimental findings.
Our direct imaging of carrier motion in thin gold films is
accomplished using a home-built ultrafast super-resolution
thermoreflectance microscopy capable of exciting a sample in
one location and monitoring the transport of photoexcited
carriers at a different location with diffraction limited lateral
resolution (as schematically shown in Figure 1la). This
configuration allows for the direct visualization of the spatially
separated pump—probe images for a range of delay times
between the two beams; details of the experimental setup are
given in the Supporting Information. A characteristic
spatiotemporal tracking of electron and phonon dynamics
conducted for a 200 nm thick Au film through our super-
resolution thermoreflectance is shown in Figure 1b. The
Gaussian profile obtained from the spatial mapping at various
pump—probe delay times can provide insights into the
dynamics of the energy carriers in the thin film. For example,
the initial (<600 fs) time regime is associated with ballistic
motion of electrons away from the excited spot,””***" where
the electrons still have not achieved a Fermi—Dirac
distribution. In fact, through electron photoemission measure-
ments on 30 nm gold film, Fann et al. have shown that a
Fermi—Dirac distribution can only be achieved after pump—
probe delays of ~670 fs,’”*' thus providing evidence of the
ballistic nature of the nonthermal electrons at these time
frames. A spatial comparison between our laser spot size and
the acquired probe signal during this period can provide an
indication of the ballistic length of electrons following laser
excitation (Figure 1c). We find that the “excess” signal relative
to the laser spot, where the Gaussian intensity has decayed by
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1/€%, suggests that the ballistic length of electrons in gold is (on
the order of ~200 nm) much larger than the previously
reported value of 100 nm. Note, while we cannot systemati-
cally show differences in the ballistic mean free paths of
electrons at earlier delay times due to the ~200 fs time
resolution in our experiments and the ultrafast nature of the
ballistic electrons traversing with velocities close to the Fermi
velocity, we find that the excess signal is consistent across the
nonthermal time frames of <600 fs (see Figure S8).

The ballistic length of electrons in gold has been indirectly
measured via pump—probe methods through time-of-flight
experiments in prior works, where the pump is incident on the
front surfaces of gold films with varying thicknesses while the
probe monitors the change in reflectivity of the back
surface.”””” In so doing, the profile of the probe signal as a
function of pump—probe delay time changes as a result of the
variation in the traversal time of the electrons to cross the film.
A variation in the profiles between 100 and 200 nm thick films
has been inferred to suggest that ballistic electrons dominate
the 100 nm thick film, while for the 200 nm film, diffusive
transport was the dominant mechanism controlling the
reflected temporal profile of the probe beam. Our results,
however, suggest that the ballistic length of electrons in gold
can exceed the 100 nm length scale reported in prior literature.

To support our measurements, we perform additional
measurements on gold films with a very thin (~2 nm) Ti
layer in-between the gold film and the substrate. As Ti has an
order of magnitude higher electron—phonon coupling factor,
the ballistic electrons from the laser-heated gold surface
traverse the thickness of the films and scatter at the Ti layer.
Due to the relatively larger time constant related with the flow
of heat to the substrate through phonon—phonon coupling,
heat deposited with the phonons in the Ti layer is transferred
to the relatively colder Au lattice.*” This manifests as an
increase in the reflectivity of the gold surface (and a rerise in
the thermoreflectance signal) on time scales of ~5 to SO ps.
This is visualized in Figure 1d for a 150 nm Au/Ti structure
taken with 1/¢* pump and probe sizes of ~5 ym to ensure that
the transport is predominantly in the through-plane direction.
If the ballistic electrons are not able to reach the Ti layer, we
do not expect a “rerise” in the acquired probe signal. As shown
in Figure le (and visualized in the contour plots in Figure S4
of the Supporting Information), we observe the “rerise” in the
signal even for our 173 nm thick gold film, suggesting that the
ballistic length of electrons in gold is at least ~150 nm.

Next, we consider the diffusion of electrons that is mainly
limited by electron—phonon scattering in gold by extracting
the full-width at half-maximum (fwhm) from the Gaussian
profiles at the various pump—probe delay times following
electron thermalization. The slope of the square of fwhm
plotted as a function of time (as shown in Figure 2a) is
proportional to the thermal diffusivity (see Supporting
Information). From Figure 2a, we observe two diffusion
regimes, an initial fast diffusion regime for the first couple of
picoseconds and a slower regime for the longer time scale. The
fast diffusion coefficient obtained is Dy, = 94 cm?® 7!, while
the slow diffusion coefficient obtained is around Dy;,,, = 1.3 cm*
s~ For the slow diffusion regime, where the electrons and
phonons are in equilibrium, we can approximate the thermal
diffusivity as D = (k, + ,)/(C, + C,), where k, and «, are the
electron and phonon thermal conductivities, respectively.
Likewise, C, and C, are the electron and phonon heat

(]
capacities, respectively. Since the heat capacity of electrons and
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Figure 2. (a) Square of the full-width at half-maximum (¢%)
calculated from the surface response of a 200 nm thick gold film to
a femtosecond pump laser at various pump—probe time delays. The
slope of the ¢* versus time is related to the thermal diffusivity. (b)
Experimental mean free paths obtained from the initial fast diffusion
regime (inset) where the electrons have not fully thermalized with the
lattice vibrations. For time scales where the electrons achieve a
Fermi—Dirac distribution and reach their peak temperature, we
predict a mean free path of ~45 nm, which monotonically decreases
as electron—phonon coupling progresses and the electronic subsystem
losses its energy to the lattice vibrations.

the phonon thermal conductivity in gold are negligible
compared to the phonon heat capacity and electron thermal
conductivity, respectively, we estimate a value of x, & 315 + 40
W m™" K™, which is in good agreement with our electrical
resistivity measurements and prior literature values.*

For the fast diffusion regime (Figure 2a), when the electrons
are predominantly out of equilibrium with the lattice, the
diffusivity can be approximated by the relation D = k,/C,, from
which we can estimate the diffusive mean free path of electrons
as shown in Figure 2b. The mean free path monotonically
decreases from an initial value of ~45 to 20 nm in the first
picosecond, signifying that at elevated electron temperatures,
electrons can traverse longer distances in gold; initially, the
electronic subsystem is at an elevated temperature, which
gradually relaxes with the lattice and cools to lower
temperatures in the first couple of picoseconds as predicted
from a two-temperature model (see Supporting Information).
Therefore, we note that the mean free paths extracted through
this procedure are more reliable for time regimes before the
majority of the conduction electrons have coupled to the
lattice (which is approximately <1 ps after the electrons reach
their peak temperature).

To support these measurements and gain spectral insights
into the diffusive electron—phonon scattering processes, we
perform DFPT calculations by considering both an excited
electron gas where we set kzT, as 3.1 eV (to mimmic our
experiments) and when the electronic and phononic
subsystems are in thermal equilibrium. The calculations of
the electron—phonon coupling matrix and the mass enhance-
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ment parameter that describes the strength of the coupling are
carried out in dense electron and phonon wavevector grids
(the details of which are given in the Supporting Information).
The effect of interband electron excitation on the electronic
structure is shown in Figure 3a, where a significant shift to
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Figure 3. (a) Electronic structure calculations of electronic density of
states for Au with kzT, set to 0 and 3.1 eV. Interband excitation leads
to a shift to lower energies of the d band electrons. (b) The reduced
screening from the excitation also leads to phonon hardening and a
shift to higher frequencies of the electron—phonon spectral function.
An overall reduction of ~50% is observed for our calculated mass
enhancement parameter (1) showing the effect of interband
transitions on the electron—phonon coupling in gold. (c) From the
scattering times calculated for electrons (that are limited by electron—
phonon interactions) in gold (inset), we predict an increase in the
mean free paths of electrons at kzT,= 3.1 €V as compared to the
unperturbed case, supporting our experimental findings.

lower frequencies is observed for the d bands. Moreover, due
to the excitation of the 5d electrons, the reduced effective
screening leads to an increase in the ion—ion potential,
consistent with prior first-principles calculations in ref 44. The
resulting lattice hardening shifts the lattice vibrations to higher
frequencies as shown by the electron—phonon spectral
function or the Eliashberg function, a’F(w), in Figure 3b.
The corresponding mass enhancement parameters are also
shown in the figure for comparison. This pressure increase due
to the Sd band excitation to the higher s band results in a
drastic (~50%) reduction in the electron—phonon coupling as
quantified by the decrease in the mass enhancement parameter
(Figure 3b). Prior calculations of the volumetric electron—
phonon coupling factor have utilized a constant mass
enhancement garameter for the calculations at high electron
temperatures.””~* However, our results show that for cases
when the electronic states are excited from low lying bands
(for example, due to laser excitation), changes in the lattice
dynamics and the spectral coupling between electrons and
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phonons need to be accounted for to accurately predict the
volumetric coupling between the two states.

From our ab initio calculation of the electron scattering
times and velocities, we calculate the mean free paths of
electrons for the two cases considered in this work as shown in
Figure 3c. For the case with k3T, = 3.1 eV, we predict a mean
free path of ~35—53 nm for electrons near the Fermi energy,
in excellent agreement with our measurement of ~45 nm,
which we obtain for hot electrons when they reach the
maximum temperature immediately after they acquire a
Fermi—Dirac distribution (at ~600 fs). The slight discrep-
ancies might arise from the fact that in our experiments, both
electron—electron and electron—6phonon scattering limit the
mean free path of electrons,®**”** while we have only
considered scattering between the electrons and lattice
vibrations in our first-principles calculations. However, the
similarity in our first-principles calculations and our exper-
imental measurement suggests that electron—electron scatter-
ing has a negligible influence on the mean free path of
electrons near the Fermi energy after the electrons have
achieved a Fermi—Dirac distribution in our experiments.

In summary, we have directly measured the ballistic and
diffusive mean free paths of electrons in gold via our ultrafast
super-resolution thermoreflectance experiments. More specif-
ically, we show that the ballistic length of electrons in gold can
exceed length scales of ~150 nm, which is far greater than the
previously accepted value of 100 nm. The diffusive mean free
path of electrons can reach up to ~45 nm following laser
excitation of d band electrons to higher states, which is greater
than the average mean free path of 35 nm predicted from first-
principles calculations for an unperturbed electron gas
interacting with the gold lattice. Our parameter-free ab initio
calculations based on solving the Fermi’s golden rule reveal
that the increased mean free path of electrons is a direct
consequence of drastic reduction in electron—phonon coupling
when considering interband excitation. Our results provide
important insights into understanding of hot carrier generation
and transport in bulk and nanostructured noble metals, the
comprehensive knowledge of which is significant for a plethora
of applications such as in plasmonic devices.
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