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The spatiotemporal dynamics of the fundamental energy carriers in metals underpin the efficiency of a wide
array of technologies. Although much progress in our understanding of the temporal response of electronic
relaxation processes following an external field perturbation has been achieved, the spatial relaxation dynamics
of electrons after excitation remains unclear. Here, we employ a scanning ultrafast microscopy with high spatial
resolution to directly measure the mean free paths of electrons in different metals. We show that the strength of
electron-phonon coupling not only dictates the mean free paths, but also controls a peculiar spatial shrinking of
the electronic temperature profile immediately after the electrons have thermalized with the ‘colder’ lattice.
More specifically, from our experimental tracking of the spatial relaxation profiles, a clear observation of an
effective negative thermal diffusion is apparent for metals with weaker electron-phonon coupling, while for
metals with stronger electron-phonon coupling, the negative thermal diffusion effect is not observable. Our
spatiotemporal modeling based on the two-temperature approach provides evidence that although negative
diffusion occurs universally for materials with two different species that have varying diffusivities and are
thermodynamically coupled, effective negative diffusion is masked for cases with stronger coupling between the
species.

1. Introduction Experimentally, the conventional approach has mostly relied upon

time-resolved ultrafast pump-probe measurements [23-32], which have

The fundamental scattering mechanisms of electrons with phonons
in metals are significant to various phenomena in materials science
including spintronics [1,2], superconductivity [3,4], plasmon reso-
nances [5], drastic modification of the dielectric, optical, electrical, and
thermal transport properties [6-9], laser induced phase transitions and
nonthermal melting [10-13] to name a few. Likewise, it also underpins
the progress in a wide array of applications ranging from determining
the proper functionality of interconnect lines in integrated circuits [14,
15], to dictating the efficiencies of plasmonic devices [16-18], photo-
voltaics [18,19], nonlinear optics and photocatalysis [20,21]. As such,
dating back to 1900 when the seminal work by Drude described the
scattering processes of a free electron gas [22], a considerable amount of
work has been undertaken towards understanding the electron-phonon
scattering processes in metals.
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revealed critical processes involving the relaxation of photo-excited
electrons with the colder lattice that occur within a few picoseconds.
Owing to their vastly reduced heat capacities as compared to the
metallic lattice, electrons first gain the photon energies and thermalize
within themselves to create a Fermi-Dirac distribution via
electron-electron collisions before any substantial relaxation occurs with
the ‘colder’ lattice. Although these energy relaxation pathways are
seemingly straightforward, the absorption of femtosecond laser pulses
has been associated with a cascade of nonequilibrium kinetics such as,
non-Fermi distributions [33-35], ballistic electron transport [25,36],
photoemission [37-39], plasmon resonances [40-42], nonthermal
melting [12,43,44], large changes in the microstructure and
thermo-mechanical responses at the surface due to large temperature
gradients [13,45-47], and drastic modification of the dielectric [48,49],
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and optical properties [50]. In all of these processes, electron-phonon
thermalization plays a significant role in dictating the evolution of the
nonequilibrium kinetics.

These prior studies have substantially advanced our knowledge of
the temporal evolution of the electron relaxation processes in metals.
However, they provide little information about the spatial relaxation
dynamics of hot carriers, thus leaving a gaping void in our under-
standing of critical processes and key information such as the direct
experimental quantifications of the mean free paths of electrons, which
are crucially needed to validate recent theoretical calculations [14,16].
To fill this void, some recent studies have utilized spatially resolved
pump-probe experiments with diffraction-limited spots to investigate
the spatial relaxation processes in various 2D transition metal chalco-
genides to study excitons dynamics [51,52], in hybrid perovskites to
unravel hot carrier transport [53-55], and in nanowires and atomically
thin heterostructures to uncover trap states and charge transfer transi-
tions [56-58]. For metals, however, spatially resolved measurements
have only been limited to thin gold films [59-61]. These studies have
provided critical insights into the spatiotemporal dynamics of
photo-excited electrons such as the identification of a rapid diffusion
regime immediately after laser excitation, followed by a 100-fold slower
diffusion at longer time scales [59-61]. Most notably, through these
experiments, accurate measurements of in-plane thermal conductivity of
the thin films [60,61], along with the determination of ballistic electron
length scales of >150 nm in gold thin films have been made possible
[61].

In this work, we use ultrafast pump-probe microscopy with high
spatial resolutions to track the dynamics of electrons in real time and
space for four different metals with varying band structures: we study
aluminum (the prototypical free-electron metal), gold and copper
(which are noble metals) and tungsten (a transition metal). With the
high spatiotemporal resolutions, we measure average diffusive electron
mean free paths of the metals, which agree very well with the results
from our parameter-free density functional theory calculations of the
full electron-phonon coupling matrix. From our ultrafast thermal
diffusion measurements, after the electron-phonon relaxation and
before the longer time thermal diffusion, we observe signatures of pro-
nounced contraction of thermal diffusion in Au and Cu, while Al and W
do not demonstrate such signatures of negative thermal diffusion in their
spatially resolved thermoreflectance measurements. By utilizing the
two-temperature approach, we show that during this intermediate time
period, the electronic temperature drops below the phonon temperature
in the region that is locally heated by the laser leading to the effective
negative thermal diffusion. Our calculations show that such transient
shrinkage of the electron temperature in space (or the negative thermal
diffusion) in metals could be a universal phenomenon for systems with
two species that have drastically different diffusivities (as also discussed
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by Block et al. [62] from their measurements on a gold thin film with a
similar pump-probe technique). Moreover, we also show that the
magnitude of the negative thermal diffusion is highly dependent on the
strength of the coupling between the two diffusing species. Finally, our
extensive calculations of the electron-phonon coupling factor for the
different metals show that along with the negative thermal diffusion, the
diffusive mean free paths of electrons are also highly dependent on the
electron-phonon coupling strength in the metals.

2. Results and discissions

Our spatial tracking of the electron dynamics in the metals is per-
formed using our home-built ultrafast super-resolution thermore-
flectance microscopy. This technique is capable of exciting the samples
at one location with a pump beam and monitoring the transport of en-
ergy carrier diffusion at a different location with a probe beam (as
schematically shown in Fig. 1a). More importantly, the separation be-
tween the diffraction-limited laser spots can be controlled with nano-
metric spatial resolutions and thus allows us to directly visualize the
carrier motion with

the spatially separated pump-probe images acquired for a range of
delay times between the two pulses. A more detailed description of the
experimental setup is given in the methods section. We use poly-
crystalline metallic thin films with grain sizes that are larger than the
average mean free path of electrons in these metals as shown in Fig. S5 of
the Supplemental Information. A characteristic spatiotemporal mapping
of energy relaxation process conducted on our copper thin film is shown
in Fig. 1b. Initially, right after short-pulse excitation, the electrons are
perturbed to a non-Fermi distribution, which relaxes via electron-
electron scattering to a Fermi distribution within tens to hundreds of
femtoseconds [33]. The electrons at elevated temperature with excess
energy couple rapidly with the lattice in several picoseconds before a
slower thermal diffusion process carries the heat away from the locally
heated spot on the sample. To gain insights into these diffusion processes
occurring in the thin metal films, we obtain Gaussian profiles (from A
R/R measurements as shown in Fig. 1c for our copper film) from the
spatial mapping at various pump-probe delay times. Note, AR/R rep-
resents the normalized change in reflectivity with respect to the
maximum reflectivity obtained for our various metallic films. From
these Gaussian profiles, we can extract the full-width at half maximum
(0), which provides information on the spatial diffusion of thermal en-
ergy on the sample surface; the slope of ¢ plotted as a function of
pump-probe delay time is a measure of the thermal diffusivity (see
Section S3 of Supplemental Information).

We present our results from the measurements on the different
metals with our ultrafast super-resolution thermoreflectance micro-
scopy in Fig. 2. We observe two diffusion regimes for all metals: a rapid
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Fig. 1. Spatial tracking of electron relaxation through scanning ultrafast microscopy. Schematic of the ultrafast super-resolution thermoreflectance technique
demonstrating the unique capability to offset a diffraction-limited pump along a scan axis while the stationary probe interrogates the response from the pump-
induced changes on the sample surface. (b) Characteristic contour showing the spatiotemporal profiles obtained with nanometric precision for a 500 nm thick
Cu film. The spatiotemporal profiles at early time delays (before the electrons couple with the phonons) are mainly dictated by the electronic temperature. However,
the spatiotemporal profiles after the electrons have coupled with the phonons are dictated by both the electronic and phononic subsystems that are in equilibrium. (c)
Monitoring the Gaussian profiles of the reflected probe at various pump-probe time-delays provides insights into the energy carrier diffusion processes. The term A R/
R represents the normalized change in reflectivity with respect to the maximum reflectivity.
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Fig. 2. Demonstration of negative thermal diffusion in metals with weak electron-phonon coupling. Square of the full-width at half maximum (¢%) obtained
from the Gaussian profiles at various pump-probe time-delays for thin films of (a) Cu, (b) Au, (c) Al and (d) W. The slope of o2 is related to the thermal diffusivity. For
all metals, we observe a fast and a slow diffusion regime. The fast diffusion regime is related to the equilibration of photo-excited electrons that couple with the
‘cooler’ lattice, whereas in the slower diffusion regime the electrons and phonons are in thermal equilibrium. For the noble metals (Cu and Au), an effective negative
diffusion appears at the intermediate time regime. This peculiar negative diffusion is related to the spatial shrinking of the electrons, whereby they move back
towards the excitation center right after coupling with the ‘cooler’ lattice. This phenomenon is not observable for Al and W, which we attribute to the strong electron-
phonon coupling in these metals in comparison to the weaker coupling in the Cu and Au films.

initial regime for the first couple of picoseconds followed by a much
slower regime on the longer time scale. The diffusion coefficients ob-
tained for these two regimes are listed in Table 1 for all four metals. For
the longer-time (slow diffusion) regime, when the electrons and pho-
nons in the metals are in equilibrium, we can estimate the thermal
diffusivity as, Dgow = Krotal/ (Ce + Cp), Where kiota1 = ke + kp; ke and «;, are
the electron and phonon thermal conductivities, respectively. Similarly,
C. and C,, are the electron and phonon heat capacities, respectively. The
values of ki, we obtain for the thin films (including their respective
thicknesses) are also listed in Table 1, which are in good agreement with
prior literature values [60,63]. We note that, although the film thick-
nesses of these metallic films are different, the thicknesses are greater
than the average electron mean free paths of these metals [14,64,65],
which avoids the effect of electron-boundary scattering on the measured
thermal conductivities. The lattice heating effect due to laser irradiation
could also influence the lattice thermal conductivities of the metallic
thin films. In this regard, «, values of 2.6 W m K ! for gold [66], 7.25
W m ! K for copper [67], 6 W m~! K! for aluminum [66] and
~40-60 Wm™ ! K !in tungsten [65,68] have been predicted through
first-principles-based calculations at room temperature. As such, we can
safely ignore the effect of lattice heating on the thermal properties of the
free-electron-like metals with negligible contributions from the phonons
to the total thermal conductivity. However, for tungsten, the substantial

Table 1

contribution from the lattice could be influenced by the lattice heating
effect due to laser irradiation, which would help explain the slight
discrepancy between our measurements (see Table 1) and the value of
154 Wm ' K! reported in prior literature [69]. This shows that our
ultrafast super-resolution thermoreflectance microscopy provides a
robust approach to measure the in-plane thermal conductivities of thin
films by tracking the variation of thermoreflectance on the thin film
surface with high spatial resolutions.

For the fast diffusion regime, when the electrons are mainly out of
equilibrium with the phonons, we can estimate the electronic diffusiv-
ities for the metals by the relation Dy, = k./C.. From this relationship,
we can estimate the average diffusive mean free path of electrons with
the knowledge of their respective Fermi velocities, V¢, as determined
from our density functional theory (DFT) calculations, which are also
listed in Table 1. For comparison, we also list our predictions of the
average mean free paths of electrons at the Fermi energy calculated fully
from first-principles in Table 1. The details of our first-principles cal-
culations and the calculation of electron scattering rates for all metals
are given in the methods section. It could be expected that the mean free
path of electrons could change due to the strong nonequilibrium con-
ditions imposed immediately after laser irradiation. In this regard, prior
work based on density functional perturbation theory (DFPT) has shown
that the change in the average mean free path of electrons in gold is

The values of metal film thicknesses, diffusivities of the slow (Dg,w) and fast regime Dy, experimentally measured thermal conductivities of the films (xtotal), first-
principles calculated average Fermi velocities (vr), experimentally measured and DFT-predicted average mean free paths of diffusive electrons (Aeyp and Apgr,
respectively), and first-principles-based calculations of the volumetric electron-phonon coupling factor (G) for the four metals.

Metal Thickness (nm) Dpagt (cm?s™1) Dgow (cm?s™1) Kiotal (Wm 1K™ 1) ve (10° ms™h) A exp (nm) Aprr (nm) Gegqe (Wm™3K™1)
Cu 500 105 1.01 360 +£40 1.13 43 +7 19 8.0 x 10'®
Au 200 94 1.4 310 + 40 1.35 42 47 37 2.2 x 10'®
Al 70 80 0.73 180 +30 1.6 23 +4 19 4.5 x 107
w 30 45 0.48 120 +20 0.94 21 +4 16 2.2 x 10"




P. Karna et al.

negligible for electron temperatures of up to ~10,000 K [8]. Our anal-
ysis of two temperature picture shows that for the pump fluences used,
the maximum electron temperatures reached are ~3,800 K for Au,
which is well below the electron temperature when one could expect the
mean free paths of electrons to change substantially.

Our experimentally determined average mean free paths (Aeyp) agree
well with our DFT calculations for all metals providing confidence in our
measurements. Note, our approach of fitting the fast diffusion regime is
sensitive to our choice of Aeyp as shown in Fig. S7 of the Supplementary
Information, thus allowing for its’ accurate measurements within 15%
uncertainties. The noble metals (Cu and Au), possess the longer mean
free paths, and as a consequence, have higher thermal conductivities as
compared to Al and W. We will attempt to understand this in greater
depth by analyzing our results in the following discussions.

In metals, electron-phonon coupling (the strength of which is
described by the mass enhancement parameter, A) is the dominant
mechanism that drives both the fast and the slow diffusion regimes
observed in our experiments. Therefore, to understand the origins of the
varying electron mean free paths obtained in our experiments, we
perform calculations of the full electron-phonon coupling matrix to
reveal the phonon linewidths from electron-phonon scattering as
determined by our parameter-free DFPT calculations. Fig. 3a—d shows
the phonon linewidths along the high symmetry directions and the Eli-
ashberg spectral function, a?F(w), which is used to calculate the overall
electron-phonon coupling strength, 1 =2 / (o*F(0) /w)dw for all four

0

metals. Note, our calculations of A (as listed in Table 1) match well with
the results from prior works [66,70,71]. The noteworthy aspect of the
calculations presented in Fig. 3a-d is that the lower frequency (long
wavelength) acoustic phonons in noble metals with the weaker
electron-phonon coupling contribute significantly to the overall A as
compared to Al and W; the higher frequency longitudinal acoustic
phonons in Al and W contribute more towards electron-phonon coupling
as demonstrated by their linewidths and the spectral functions. This fact,
along with the variations in the electronic density of states (see Fig. S15)
helps explain the varying strengths of electron-phonon coupling be-
tween the different metals.

From our DFT calculations, we also determine the volumetric
electron-phonon coupling factor, G, that is generally measured with
ultrafast pump-probe measurements [23,28,72-75] and is given as [76],
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here w? is the second moment of the phonon spectrum and D(e) repre-
sents the electronic density of states [77]. By plotting the mean free
paths as a function of G as shown in Fig. 3e, where solid symbols
represent our measured A and the open symbols represent results from
our DFT-based calculations, we find that metals with larger values of G
possess shorter mean free paths. Note, we have performed additional
calculations on Ru, Mo and Nb, which have stronger electron-phonon
coupling along with Ag, which has the weakest electron-phonon
coupling among all metals as shown in Fig. 3e. This analysis shows
that stronger electron-phonon coupling results in shorter mean free
paths in metals, which is intuitive since stronger electron-phonon
coupling results in higher electron scattering rates (Fig. S16).

We now turn our focus to the intermediate time regime (between the
fast and the slow diffusion regimes) where we observe considerable
decrease in ¢2 for the noble metals, which is absent from the data taken
for Al and W (Fig. 2). This decrease is indicative of a negative thermal
diffusion, where the electron temperature spot spatially shrinks and
moves back towards the excitation center right after coupling with the
‘cooler’ lattice. We note that such a negative diffusion in spatially
resolved pump-probe measurements has recently also been identified for
excitons in monolayer transition metal dichalcogenides [78] and
single-crystal tetracene [79] albeit in the picosecond and nanosecond
timeframes, respectively. This has also been previously observed in thin
gold films (including our prior work) [60,61,62]. However, the intrinsic
mechanism controlling such an anomalous negative diffusion has not
been comprehensively understood, which is what we focus on in the
following discussions.

To understand this mechanism, we turn to the widely used two-
temperature approach [23],

o(Te) aaT; =V (&VTe) = G(T. = T,) + 5(1) 2
o7,
Go(Ty) (Ttp: V(VTy) = G(T. = T,),

where T, and T, are the electronic and lattice temperatures, respec-
tively, and S(t) is the laser source term. This two-temperature picture
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Fig. 3. Influence of the strength of electron-phonon coupling on the mean free paths of electrons in metals. Density functional perturbation theory calculated
phonon dispersions along several high symmetry directions for (a) Au, (b) Cu, (c) Al and (d) W, where the color intensities of the phonon branches indicate the
linewidths (y = A/t or the imaginary part of the phonon self-energy that is related to the lifetimes, 7, of the individual phonon modes) due to electron-phonon
interactions. The corresponding mass enhancement parameters, A, and the Eliashberg spectral functions, o®F(w), representing the overall strength of electron-
phonon coupling in the metals are also shown. The metals (Au and Cu) have relatively weaker electron-phonon coupling as compared to Al and W, for which
higher frequency modes in the phonon spectrum contribute more towards the coupling. Moreover, although Al has the same face-centered cubic structure as the
noble metals, higher frequency longitudinal modes scatter more with the electrons, thus resulting in higher values of A. (e) Average mean free paths of electrons as a
function of the volumetric electron-phonon coupling factor, G, for various metals. The solid symbols represent our experimental measurements of the mean free paths
obtained from the fast diffusion regime in Fig. 2. The hollow symbols along with the values of G for the various metals are from our first-principles calculations. For
metals with low values of G, the mean free paths are longer, which shows the strong role played by electron-phonon scattering in dictating the spatial relaxation
length scales of electrons. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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formulation has been extensively used to interpret time-resolved ex-
periments based on pump-probe spectroscopies [23,28,72-75]. We
conduct calculations for Cu as shown in Fig. 4a, where the negative
thermal diffusion is well captured by the two-temperature picture. By
fictitiously varying G, we observe substantial (and monotonic) decrease
in the negative thermal diffusion with increasing values of G. Indeed, we
do not observe the characteristic negative diffusion in our experimental
results for Aland W (Fig. 1c and d, respectively) both of which have high
values of G (Table 1). Therefore, the strength of electron-phonon
coupling not only dictates the diffusive mean free paths of electrons,
but also controls the extent to which electrons experience negative
effective thermal diffusion (or shrinking of the spatial electronic tem-
perature profiles) following electron-phonon relaxation. We note that
for longer time scales (beyond ~10 ps) phonon-phonon scattering could
be playing a role in dictating the thermal diffusion process mainly in
metals with substantial contribution from the phononic subsystem to the
heat conduction (such as in tungsten). However, for the timescales
associated with the negative diffusion (~2.5 ps, which is immediately
after electrons have coupled with phonons), we can safely assume that
phonon-phonon scattering does not influence the shrinking of the elec-
tronic temperature profiles.

To further understand the negative thermal diffusion, we separate
the contributions from the influence of electron-phonon coupling term
(A =T, — T,) and the electron heat diffusion term (A = —(x./G) V2T,)
in the two-temperature picture (as carried out in ref. [62]). The results of
the calculations are shown in Fig. 4b for Cu and W, representing the
metals with low and high values of G, respectively. Note, throughout
these calculations, we use constant value of G for the entire nonequi-
librium time regime for both Cu and W. However, as shown by prior
works [8,16,76], G can vary significantly with electron temperature
during this timeframe. We note that using a temperature dependent G
for these calculations can significantly increase the complexity of the
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analysis. However, as our main goal is to understand the effect of
varying G on the negative thermal diffusion, we do not expect the
conclusions to change based on the use of a temperature dependent
G(T.). A positive value corresponds to a decrease in the local electron
temperature at different pump-probe delay times for both terms.
Initially, right after laser excitation (0.3 ps), A; is positive across the
whole spatial extent (as shown for Cu in Fig. 4c and in Fig. S9 for W).
However, the diffusion term is negative away from the center, which
indicates the electronic heat conduction occurs away from the center
broadening the spatial temperature profiles. Although this occurs for
both metals, it is more pronounced in Cu with the weaker
electron-phonon coupling. At the time regime of the negative diffusion
immediately after the electrons have coupled with the lattice (5 ps in Cu
and 2.5 ps in W), the electron-phonon coupling term (A;) no longer has
its maximum at the center and the electrons couple more at locations
away from the center (Fig. 4d), thus leading to a negative effective
diffusion and shrinking of the temperature profile. The ‘dip’ in the center
location of the A; persists long after electron-phonon equilibration and
attains a negative value (as shown in Fig. S9) at longer time scales,
leading to phonon temperatures exceeding those of electrons at the
center (Fig. S8). While this is also the case for W, the maximum tem-
peratures associated with the electron-phonon coupling term (A;) are
comparatively much less pronounced in W than in Cu (Fig. 4e). This
shows that the negative effective diffusion is not intrinsic to noble metals
or metals with weak electron-phonon coupling but is a more general
phenomena occurring when two species with different diffusivities
(namely electrons and phonons in metals or fast and slow excitons in
various semiconductors [78,79] couple with each other as they diffuse
in the material. However, when the coupling is strong between the two
species, the negative effective diffusion effect is masked and might not
be evidently observed in experiments that spatially track their dynamics.
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Fig. 4. Influence of the strength of electron-phonon coupling on the negative thermal diffusion. (a) Two-temperature picture-based calculations of thermal
diffusion for electrons in Cu, where we have systematically (and fictitiously) varied G to gain insight into the role of electron-phonon coupling in dictating the
negative thermal diffusion observed in our experiments conducted on the noble metals. As G is increased, the ‘hump’ representing the effective negative diffusion of
the electron temperature monotonically decreases, highlighting the strong role of electron-phonon coupling in dictating the spatial shrinkage of the electrons towards
the excitation center. (b) Spatiotemporal profiles of the two terms representing electron-phonon coupling (A; = T. — T,) and electron heat diffusion (A2 = —

(ke/G)V2T,) in the two-temperature picture for Cu (that has a weaker electron-phonon coupling) and W (that has a relatively stronger electron-phonon coupling). (c)
Spatial profiles of the two terms at selected time-delays as shown by the vertical dashed lines in (b). The progressive shift of A; away from the center after electron-
phonon equilibration is responsible for the effective negative diffusion. While this phenomena is universal for materials with two diffusing species that are ther-
modynamically coupled (as shown in the inset for W), the strong coupling can mask this effect, thus leading to the absence of the pronounced ‘hump’ that is

representative of effective negative diffusion.
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3. Conclusions

In summary, we have employed our home-built ultrafast microscopy
to interrogate the spatiotemporal response of thermal diffusion in
representative metallic films of Au and Cu (which are noble metals), Al
(which is a free-electron-like metal) and W (a transition metal). Our
measurements reveal that for all four metals, a fast diffusion regime
followed by a 100-fold slower thermal diffusion process, after laser
excitation, carries the heat away from the excitation center. From the
slower diffusion process, it is possible to accurately measure the in-plane
thermal conductivities of the thin films with our approach. From the fast
regime, we can also measure the average diffusive mean free paths of
electrons in the four different metals, which agree very well with our
first-principles calculations. From our extensive and parameter-free
density functional theory calculations, we find that metals with stron-
ger electron-phonon coupling possess shorter mean free paths for elec-
trons; noble metals with relatively weak electron-phonon coupling have
characteristic mean free paths that are upwards of 40 nm at room
temperature. Our experimental measurements on the noble metals also
reveal a peculiar negative diffusion regime immediately following the
coupling of electrons with the ‘colder’ lattice, whereby the electronic
temperature profile shrinks in space, moving towards the excitation
center rather than diffusing outwards as would be typically expected for
heat diffusion. This phenomenon, although not clearly observable in Al
and W from our super-resolution thermoreflectance measurements, is
shown to be a universal feature of materials with two species that have
varying diffusivities [62].

4. Experimental section/methods
4.1. Experimental details

The experimental setup shown in Fig. S1 is based on a Ti:Sapphire
laser emitting ultrafast (100 fs) pulses centered at 800 nm with a repe-
tition rate of 80 MHz. These pulses are split with a beam splitter into two
paths: the pump and the probe paths. The pump beam is modulated at
10 MHz using an electro-optic modulator (Conoptics, 350-160-02),
while the probe beam’s arrival time is precisely delayed with respect
to the pump beam by a computer-controlled mechanical delay stage
(Newport-M-360-90). To initiate the specific electronic transitions in the
metallic thin films, the pump beam undergoes frequency doubling from
1.55eV to 3.11 eV. The probe beam is divided into a reference arm using
a non-polarizing beam splitter, enabling balanced photodetection and
reduced noise. Both the pump and the probe beams are directed at the
sample through a dichroic mirror, with microscope objective of 100 x
magnification used for focusing with diffraction-limited spot onto the
sample surface.

We use the knife edge method to measure 1/e? radii of the pump and
the probe spots to be 0.65 and 0.55 pm, respectively as shown in Fig. S2.
The stationary probe beam allows us to investigate the sample’s optical
response while the pump beam is scanned along the x-axis by controlling
the dichroic mirror with nanometric precision. This movement is
controlled by a picometer controller (New Focus Picomotor Controller/
Driver, Model 8742) integrated with a mirror mount (New Focus 8821),
providing nanometric resolution (of ~20 nm) for accurate positioning.
This setup facilitates ultrafast pump-probe microscopy, enabling us to
study ultrafast spatial dynamics and transient processes in materials at
the microscopic level. The synchronized laser pulses and adjustable
time-delays offer valuable insights into the sample’s thermoreflecatnce
response under pump excitation. For these measurements, we vary the
pump fluences in the range of 1-3 mJ cm 2 to make sure our results are
not influenced by the choice of our fluence. We keep the probe fluence
below 1 mJ cm ™2 for all of our measurements.
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4.2. First principles calculations: methodology

The calculation of electron-phonon matrix elements involves the use
of Electron Phonon Wannier (EPW), which is integrated with the
Quantum Espresso package [80]. The Eliashberg spectral function, aF
(w), describes the strength of electron-phonon coupling for each phonon
mode and is given as [81].

1 d
a*F(w) = 5 > / Q—;a)qvﬂqvé(w - 0g) 3)
" Bz

where v represents the branch index of the phonon wave vector q with
associated frequency wgqy, 2z is the volume of the Brillouin zone, § is a
small positive parameter to ensure the correct analytical structure of the
self-energies. 1qy is the electron-phonon coupling strength associated
with a specific mode v and wave vector q and is given as,

1 dk
— X

Ap=——
! N(SF)Cqu s Qg

Igmn.\f(kr q)‘zé(gnk - EF)(S(Ekarq - SF) (4)

where N (ef) denotes the density of states of electrons at the Fermi level,
gmn,v (k,q) represents the electron-phonon matrix elements that describe
the scattering of an electron at the Fermi surface from the state nk to the
state mk + q, where k is the electron wave vector. The total electron-
phonon coupling parameter 1, which quantifies the overall strength of
electron-phonon coupling is calculated as the Brillouin zone average of
the mode-resolved coupling strengths Ay,

A= qulqv %)
q

where wq are the Brillouin zone weights associated with the phonon
wave vectors q, normalized to 1 in the Brillouin zone. To ensure the
accurate calculation of Eq. S8, dense meshes of k and q grids in the
Brillouin zone are essential. This is achieved by interpolating the
electron-phonon matrix elements, phonon modes, and band energies
from an initial coarse grid (10 x 10 x 10 and 5 x 5 x 5) to a uniform fine
grid (80 x 80 x 80 and 35 x 35 x 35) for electron and phonon wave-
vector grids, respectively. The interpolation employs maximally local-
ized Wannier functions derived from the Bloch energy bands [82]. For
these calculations, norm-conserving pseudopotentials are used for Cu,
Au, Ag and Mo taken from the PS Library [83]. These calculations
employ the Perdew-Burke-Ernzerhof (PBE) functionals of the general-
ized gradient approximation. For Al, W and Nb, we use
norm-conserving, non-relativistic pseudopotential with Perdew-Zunger
(LDA) exchange correlation functional. We implement a plane wave
cutoff of 1632.7 eV (120 Ry) for these calculations.

The accuracy and convergence of the Wannier interpolation can be
confirmed by the spatial decays of the Hamiltonian, the dynamical
matrix, and the electron-phonon coupling matrix, which should
converge towards zero. The calculated Hamiltonian is given by,

H oo = > oe ™ (%R gty (6)
k

here, wg represents the weight of k points, R, denotes the electron unit
cell, and the gauge matrix Uy relates the Bloch eigenstates to the
maximally localized functions. The transformation of the dynamical
matrix to real-space is performed using:

h —iq-(R,~R, h t
Dy w, = > wqe (%) e D] %)
q
where, wq denotes the weight of the q points, and e, represent the

orthogonal eigen value dynamical matrix. Subsequently, the electron-
phonon matrix elements are given as,
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1 _i(kR,+q- _
g(R.R,) = 1> onage BRI gk, q) Uy ®

P qk

where, Uy and Uy 4 ¢ symbolize electronic matrices, uq denotes the
phonon eigenvectors scaled by atomic masses, and N, stands for the
number of unit cells in the period supercell [84,85]. The rapid decay of
all the quantities with distance in the electron or phonon unit cell is
shown in Fig. S11. As the distance increases, all the quantities rapidly
approach zero within the electron or phonon unit cells as shown in
Fig. S11.
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