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ABSTRACT: Ultrafast light-induced spatiotemporal dynamics in metals in the form of electron and/or phonon heating is a
fundamental physical process that has tremendous practical relevance. In particular, understanding the resulting lateral heat transport
is of key importance for various (opto)electronic applications and thermal management but has attracted little attention. Here, by
using scanning ultrafast thermo-modulation microscopy to track the spatiotemporal electron diffusion in thin gold films, we show
that a few picoseconds after the optical pump there is unexpected heat flow from phonons to electrons, accompanied by negative
effective thermal diffusion, characterized by shrinking of the spatial region with increased temperature. Peculiarly, this occurs on the
intermediate time scale, between the few picosecond long thermalization stage and the many picosecond stage dominated by
thermoacoustic vibrations. We accurately reproduced these experimental results by calculating the spatiotemporal photothermal
response based on the two-temperature model and an improvement of the standard permittivity model for gold. Our findings
facilitate the design of nanoscale thermal management strategies in photonic, optoelectronic, and high-frequency electronic devices.
KEYWORDS: plasmonics, energy transport, heat generation and diffusion, high-resolution microscopy, permittivity modeling

■ INTRODUCTION
Heat dynamics and transport mediated by optically excited
charge carriers in conductors is a fundamental aspect of
nanosystems which also plays an essential role in many
advanced applications.1 Indeed, it has proven useful for
photodetection,2−6 nanoscale imaging,7,8 data storage,9 ther-
mal emission,10,11 photocatalysis,12−14 heat management,15 etc.
In the quest of improving the speed of optoelectronic devices,
ultrafast optical heating induced by laser pulse absorption also
serves as a method of great practical interests.16−19

Ultrafast pump−probe techniques are widely used to study
the ultrafast carrier and heat transport in metals and
semiconductors under optical excitation.20 These studies
indicated that, in metals, the absorbed optical energy from
the pump is first deposited into the electron subsystem, driving
it away from thermal equilibrium. Femtosecond scale
electron−electron (e−e) collisions during the sub-picosecond
transient lead to the gradual re-emergence of a thermal
distribution yet at an elevated electron temperature. The lattice

remains almost thermally undisturbed in this initial femto-
second time period. At sub-picosecond to picosecond times,
the effect of electron−phonon interactions becomes more
pronounced,21 causing a transfer of some of the electron heat
to the phonon subsystem; this results in electron cooling and
phonon heating. At a few tens to hundreds of picoseconds, the
metal undergoes thermally induced acoustic oscillations,22−24

and finally, the system reaches thermal equilibrium via heat
transfer to the environment. Similar heat dynamics occur in
low electron density Drude metals,25 as well as graphene and
other 2D (semi)metals, albeit with shorter time scales:
thermalization within the electron system occurs within tens
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of femtoseconds, followed by electron−phonon-induced cool-
ing on a picosecond time scale.26
However, although the experimental techniques properly

resolved the temporal dynamics, they usually provided little
information about spatial dynamics. Indeed, direct real-space
mapping to observe the carrier diffusion in both space and time
has remained challenging. Only recently, the combination of
ultrafast spectroscopy and nanoimaging techniques, such as
electron microscopy, near-field microscopy, as well as ultrafast
pump−probe and photocurrent microscopy, has opened up
new avenues to visualize microscopic transport.27−33 Specifi-
cally, in refs 30, 31, 34 and 35, it was shown that the sub-
picosecond stages of the in-plane spatiotemporal heat
dynamics in thin noble metal films are dominated by electron
diffusion, whereas beyond 10 ps, the diffusion slows down as it
is then dominated by the phonons. The intermediate time
scale of 5−10 ps showed a rather noisy transition between
these two stages, exposing a clear lack of understanding of the
intermediate regime between these two stages of electron-
dominated transport and phonon-dominated transport. Several
theoretical works discussed diffusion in metals, including the
intermediate regime,36−40 yet they lack experimental valida-
tion.
In this work, we focus on the heat dynamics in the

intermediate regime. We report on a counterintuitive
phenomenon of (transient) negative diffusion of the electron
heat in a thin gold film, caused by the localized cooling of
electrons below the local phonon temperature. We start with a
thorough analysis of this phenomenon and argue that apparent
negative diffusion can occur whenever two coupled systems are
characterized by distinct populations with dissimilar diffusiv-
ities. Indeed, apparent negative diffusion has recently been
observed in bright/dark excitonic41 and singlet/triplet42

systems. We adopt the two-temperature model (TTM)43,44
which has been widely used to predict the electron and
phonon temperature distributions in metals pumped by
ultrashort laser pulses. We monitor the spatial distribution of
the electron temperature Te undergoing an effective thermal
diffusion at a rate Deff. We also demonstrate theoretically the
emergence of a negative effective diffusion, whereby the spatial
profile of the electron temperature distribution in thin gold
films transiently shrinks in space. We then study experimentally
the picosecond-scale effective diffusion via ultrafast thermo-
modulation microscopy30 in a thin film of Au, where a near-IR
pulse (∼805 nm central wavelength) probes the temperature-
dependent transient reflectivity (ΔR/R) as a function of both
pump−probe time delay and pump−probe spatial offset. We
show that due to greater sensitivity of the Au permittivity to
the phonon temperature, the shrinking of the electron
temperature spot size does not leave a clear signature on the
reflectivity spot dynamics ΔR/R. In order to expose the effect,
we replaced the near IR probe by a visible probe (∼620 nm
central wavelength). Unlike the near-IR probe, this probe
induces also efficient interband transitions. These are shown,
using an improvement of the conventional model for the
contribution of these transitions to the metal permittivity, to
induce a relatively greater sensitivity of the permittivity to the
electron temperature. Accordingly, the spatiotemporal dynam-
ics of the reflectivity becomes more similar to that of the
electron temperature, thus making it clearly observed in the
measurements. Our theory closely matches the experimental
data and thus demonstrates the occurrence of transient
negative diffusion in one of the most common and
representative (3D) material systems, namely, a thin metal
film.

Figure 1. Spatiotemporal dynamics of the electron temperature. (a) Electrons are excited locally by an ultrafast laser pulse (pulse duration tp = 200
fs), as shown in the inset. We present the calculated spatial profiles of the normalized electron temperature distribution (Te − T0)/max{Te − T0},
with the profile width denoted by σe, at different pump−probe delay times (see labels), where T0 = 300 K is the ambient temperature. The spatial
profiles are calculated without considering electron−phonon coupling. Black arrows indicate the temporal dynamics of the spatial profiles. (b) Same
as panel (a) but including the electron−phonon interaction. The inset shows a zoomed view for better visibility of the dynamics. (c) Temporal
evolution of σe

2 fitted from the spatial profiles shown in panels (a) and (b) for cases with (magenta curve) and without (blue curve) electron−
phonon coupling. (d) Temporal evolution of the effective thermal diffusivity Deff extracted from σe

2 shown in panel (c) for cases with (magenta
curve) and without (blue curve) electron−phonon coupling. The inset shows the later time scales when the effective diffusion converges at around
1 cm2/s.
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■ RESULTS
We consider laser-induced electron temperature dynamics (see
inset of Figure 1a), where an ultrafast laser pulse (pulse
duration tp = 200 fs, pump fluence is 10 μJ/cm2 causing a
maximal electron temperature of ∼400 K) with a Gaussian
profile (profile width, defined as its standard deviation, σp = 0.3
μm) impinges onto a thin gold film to create high-temperature
electrons. In this work, we focus on the temperature dynamics
that follows the sub-picosecond-scale thermalization of the
electron system. Accordingly, we can safely ignore the
nonthermal stage of the dynamics.
For the hypothetical case of no electron−phonon coupling,

the spatiotemporal dynamics of the electron subsystem’s
temperature is subjected to a heat diffusion equation

= · +C
T
t

T S tr( ) ( , )e
e

e e (1)

where Ce and κe are the heat capacity and thermal conductivity
of the gold electron and S is the source term representing the
absorbed optical energy from the pump pulse (see refs 30 and
45−47 for more details). Here, we are interested in the lateral
(in-plane) heat diffusion and consider metal films thin enough
(∼50 nm) for which it was verified numerically that the
temperature distribution is homogeneous across the film
thickness.
Within this simple model, the temporal dynamics of the

squared width σe
2, for the in-plane spatial distribution of Te, are

governed by ∂σe
2/∂t = 2D(t) with D(t) = κe/Ce being the

instantaneous diffusion coefficient.48 As a result, we find that
the spatial profiles of the electron temperature expand in space
as time evolves, as shown in Figure 1a, where the pump pulse
arrives at t = 0 (with initial ambient temperature T0 = 300 K).
The spreading character of the spatial profile indicates a
positive D(t).
A more realistic model would also include electron−phonon

coupling. This plays an important role in the spatiotemporal
dynamics of Te, which is reflected in the TTM43,44

= · +C
T
t

T G T T S tr( ) ( ) ( , )e
e

e e e l (2)

= · +C
T
t

T G T T( ) ( )l
l

l l e l (3)

where Cl and κl are the heat capacity and thermal conductivity
of the gold lattice and G is the electron−phonon coupling
coefficient (see refs 30 and 45−47). After taking into account
the electron−phonon coupling, the spatial profiles of the
electron temperature shrink when comparing their shapes at
two subsequent time instances t = 5 and 10 ps despite an
expansion at earlier times, as shown in Figure 1b. The time
evolution of σe

2 extracted from Figure 1a,b is shown in Figure
1c. Surprisingly, we find a decreasing σe

2 starting from t ≈ 3 ps
(magenta curve) when the electron−phonon interaction affects
the electron temperature dynamics, in stark contrast to the
situation without considering the electron−phonon coupling
where σe

2 increases linearly with time (blue curve). Moreover,
one can define and extract an effective instantaneous diffusion
coefficient for the electron temperature as Deff(t) = 0.5 ∂σe

2/∂t
from Figure 1c. The extracted Deff with electron−phonon
coupling considered (magenta curve) is displayed in Figure 1d,
and a negative Deff is indeed observed from t ≈ 3 ps to 10 ps.
This is in stark contrast to the constant positive diffusion
coefficient when excluding electron−phonon coupling (blue
curve). At later times, our model recovers to the state of
positive Deff. Essentially, the diffusion coefficient converges to
be (κe + κl)/(Ce + Cl), i.e., the well-known equilibrium thermal
diffusivity around 1 cm2/s, as shown in the inset of Figure 1d,
which leads to a slow increase of σe

2, as shown in Figure 1c.
In order to understand the mechanism underlying the

observed negative diffusion, we present the spatiotemporal
dynamics of Te, A1 = Te − Tl, and A2 = −(κe/G)∇2Te in Figure
2a−c, respectively. A1 and A2 represent the influence of the
electron−phonon coupling and electronic heat diffusion,
respectively, on the electron temperature dynamics. They
enable one to compare directly the temperature difference
term to the magnitude and evolution of the diffusion term. In
more detail, A1 > 0 (or A2 > 0) means that the corresponding
process should result in a decrease of the local electron
temperature with time and vice versa, as seen from eq 2. At the
early stages of the dynamics (t = 0.3 ps, Figure 2d), we have A1
> 0 (orange curve) over the whole spatial extent of the heat

Figure 2. Analysis for the spatiotemporal dynamics of the electron temperature. (a−c) Contour plots for the spatiotemporal dynamics of the
following three quantities: Te, A1 = Te − Tl, and A2 = (κe/G)∇2Te. (d−f) Spatial profiles of those three quantities at three selected delay times: 0.3,
5, and 10 ps, indicated by vertical dashed lines shown in panels (a−c).
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spot, which means that electrons tend to dissipate heat to the
lattice everywhere within the gold film right after the optical
pump. In particular, the most efficient heat dissipation to the
lattice occurs at the center (x = 0). On the other hand, we have
A2 > 0 at the center, but A2 < 0 away from the center (green
curve). In other words, the electronic heat flows away from the
center which broadens the spatial profile at early times.
At the intermediate stages of the dynamics (t = 5 ps, Figure

2e), the shape of the spatial distribution of A2 (green curve) is
similar to the case for t = 0.3 ps, and the electronic heat
diffusion remains outward from the center. We still have A1 > 0
everywhere; however, its shape has drastically changed (orange
curve). Noticeably, the maximum of A1 is no longer at the
center, which means that electrons dissipate heat more quickly
at locations away from the center. This fact leads to an
instantaneous shrinking of the spatial profile of Te and a
negative effective thermal diffusion coefficient. Finally, at the
later stages of the dynamics (t = 10 ps, Figure 2f), a quasi-
equilibrium is established between electron and lattice
subsystems. As a result, from Figure 2b, one can see that Te
≈ Tl over the whole spatial extent at t = 10 ps. Interestingly, we
have A1 < 0 (i.e., Te < Tl) at the center (orange curve), and A1
counterbalances A2 (green curve), leading to a quasi-steady-
state with a small thermal diffusion coefficient Deff.
To observe the ultrafast spatiotemporal dynamics of charge

carriers, we utilize a spatially resolved pump−probe technique,
where an optical probe is scanned across the sample surface in
order to measure the temperature-dependent transient differ-
ential reflection signal ΔR(ϵ(Te,Tl))/R(ϵ(Te,Tl)) locally (see
the inset of Figure 3a and the Methods section). This approach
yields spatiotemporal dynamics of ΔR/R, as an indirect
measure of the electron and lattice temperatures, as shown
in Figure 3. Without considering the electron−phonon
coupling, the spatial profiles of ΔR/R expand with time, as
shown in Figure 3a, which is similar to the observations in
Figure 1a. After accounting for the electron−phonon coupling,
we find again the shrinking in the spatial profiles between two
time instances t = 2.5 and 5 ps, as shown in Figure 3b. Note
that the temperature dependence in ΔR/R resides in the
temperature-dependent gold permittivity ϵ(Te,Tl)30,49−51 (see
the Methods section for more details), which causes a much
weaker shrinking effect compared with the results shown in
Figure 1b. We compare the time evolution of the squared
width σ2 extracted from the spatial profiles of ΔR/R (magenta
curve, now named σR

2) with those from Te (orange curve, σe
2)

and Tl (green curve) in Figure 3c, where σR
2 slowly starts

decreasing starting from t ≈ 2.5 ps. In addition, the shrinking
of σR

2 occurs earlier than that of σe
2 due to the nontrivial

temperature dependence in ΔR/R. As a reference, a linear
increase of σR

2 with time is found (blue curve) when ignoring
the electron−phonon interaction.
In the experiment (see Methods), we image the light-

induced spatiotemporal dynamics of a 50 nm thin gold film by
performing pump−probe measurements where we control the
spatial offset between pump and probe pulses, in addition to
the usual control of temporal delay. We excite the sample with
a pump fluence of ∼0.3 mJ/cm2. By spatially scanning the
probe beam relative to the stationary, tightly focused pump
spot, we recorded the transient reflectivity ΔR/R profiles at
different pump−probe time-delays, from 0 to 20 ps. Our spatial
accuracy is determined by the signal-to-noise ratio and is
estimated at ∼20 nm. The measured time evolution of σR

2 of a
Gaussian fit is shown in Figure 4 for two different probe
wavelengths. In both cases, we observe an initial fast
broadening of the spatial profiles (0−3 ps), followed by a
much slower broadening at longer time-delays. For the shorter
probe wavelength, we also observe a substantial decrease in σR

2

Figure 3. Spatiotemporal dynamics of transient reflection signal ΔR/R. (a) Probe pulse is used to monitor the local electron temperature
distribution by measuring the spatiotemporal dynamics of the temperature-dependent transient reflectivity ΔR/R, as shown in the inset. We present
the calculated spatial profiles of the normalized ΔR/R at different delay times. The spatial profiles are calculated without considering the electron−
phonon coupling. Black arrows indicate the temporal dynamics of the spatial profiles. (b) Same as panel (a) but including the electron−phonon
interaction. The inset shows a zoomed-in view for better visibility of the dynamics. (c) Temporal evolution of the squared width σR

2 fitted from the
spatial profiles shown in panels (a) and (b) for cases with (magenta curve) and without (blue curve) electron−phonon coupling. We also show
temporal evolution of σ2 for both electron Te (orange curve) and lattice Tl (green curve) temperatures with electron−phonon coupling as a
reference.

Figure 4. Gaussian width of the differential reflectivity spot as
measured (crosses) and compared to the theoretical prediction (solid
lines) for probe wavelengths of (2 eV, orange) and (1.54 eV, red).
The error (67% confidence interval) is around ±0.006 μm2, such that
the theory−experiment agreement is satisfactory. While the trend of
the experimental data for the 1.54 eV probe wavelength is
inconclusive, a clear refocusing stage can be identified for the shorter
wavelength. We have offset the calculation results by 50 nm (100 nm)
for the 1.54 eV (2 eV) probe wavelength, which could be related to
some very fast initial hot carrier diffusion that is not captured in the
model.
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in this transition regime, indicating negative diffusion, in
agreement with our calculations; see Figure 4.

■ CONCLUSIONS
In conclusion, we have shown that the spatiotemporal electron
temperature dynamics in gold films can result in unexpected
negative thermal diffusion, i.e., a shrinking of the spatial
profiles of the electron temperature, after ultrafast optical
excitation. Based on the two-temperature model providing
temporal and spatially resolved electron temperature dynamics,
we first theoretically attribute this effect to the intrinsic
electron−phonon interaction in gold. We then experimentally
demonstrate this effect by tracking optically induced thermal
diffusion in a thin gold film in time and space with
femtosecond and nanometer resolution using ultrafast
thermo-modulation microscopy. The measured dynamics
agree well with the theoretical predictions as well as with the
recent results of refs 31 and 52. In ref 31, the TTM parameter
space was investigated, while the negative diffusion effect was
less pronounced due to the NIR probe wavelength (similar to
that in ref 30), and in ref 52, a more pronounced effect was
achieved by varying the fluence and sample thickness via a
simpler model that considers two diffusive, yet uncoupled
temperature profiles (see also ref 48, Ch. 3.2.3).
Our results obtained in a simple metallic film show that the

apparent negative diffusion that was recently observed in
arguably more exotic material systems, with exciton41 and
singlet/triplet42 diffusion, is a more general phenomenon. The
effect occurs whenever there are two diffusing species that are
coupled and have dissimilar diffusivities. In ref 41, these were
bright and dark excitons in 2D layered transition metal
dichalcogenides; in ref 42, these were singlet and triplet states
in organic semiconductors; and in the present case these were
electrons and phonons in a metal film. Our findings should
motivate further investigations into the complex spatiotempo-
ral heat dynamics occurring at the intermediate time range of a
few picoseconds.

■ METHODS
Fabrication and Pump−Probe Measurement. We

fabricated the sample by the thermal evaporation of 50 nm
of gold onto a cleaned glass coverslip. We use an experimental
setup as described in ref 53. In brief, a mode-locked laser
(repetition frequency f rep = 80 MHz) generates pulses centered

at 1030 nm. Most of the laser output power is used to pump an
optical parametric oscillator (OPO) which has a tunable signal
output between 1320 and 2000 nm. To obtain the pump pulse
for the measurement (with a wavelength of 515 nm), we used a
lithium triborate (LBO) crystal to generate the second
harmonic of the fundamental laser source. The probe beam
centered at a wavelength of 805 nm (620 nm) is obtained from
the second (third) harmonic of the signal output of the OPO.
We combine the pump and probe beams with a dichroic
mirror and tightly focus the beams to the sample plane using a
50× microscope objective lens (NA: 0.67); both beams are
linearly polarized. We minimized and overlapped the pump
and the probe beam foci in the sample plane by iterative
(de)collimation and beam profiling, resulting in values of fwhm
pump ∼0.6 μm (515 nm) and fwhm probe ∼0.7 μm (620 nm)
and ∼0.82 μm (805 nm) at the same z position. The probe
beam was passed through a galvo mirror system for scanning. A
mechanical chopper modulates (chopping frequency fchop =
4.37 kHz) the pump beam, and a variable delay line allows for
acquiring pump−probe time-delay-dependent transient reflec-
tion measurements. A silicon photodiode and lock-in amplifier
(Zurich Instruments MFLI) detects and demodulates the
transient reflection signal, respectively.

Temperature-Dependent Permittivity Model. In order
to model the permittivity (ϵtot = ϵtot′ + iϵtot″ ) dynamics during
the few picosecond stage where effective negative diffusion is
observed, one can safely assume that the electron system has
reached internal equilibrium (i.e., its distribution is described
by Fermi−Dirac statistics), yet it is not at equilibrium with the
lattice. Therefore, high temperature ellipsometry data (as
obtained, e.g., in refs 54−56) is insufficient for our purposes, as
it is obtained under steady-state conditions where Te = Tl.
Instead, since the differences between Te and Tl are hard to
measure, it is preferable to resort to a theoretical model. The
permittivity model used in ref 30 accounted only for the
contribution of intraband transitions to Au permittivity (ϵDrude
= ϵDrude′ + iϵDrude″ ). While this is suitable for the probe
wavelength used in these studies (1.5 eV), the shorter probe
wavelength used in the current work (2 eV) requires
accounting also for the contribution of interband transitions
to the permittivity (ϵib, i.e., ϵtot = ϵDrude + ϵib). For brevity, we
describe here only the latter.
Interband transitions (i.e., transitions between states in the d

band and the s/p bands) occur in Au around either the L or X
points in the band structure; see Figure 5a. They are

Figure 5. (a) Schematic of Au band structure adapted from ref 58. Red and blue lines correspond to the 6p and 5d bands, respectively. Fermi level
is denoted by horizontal line F at ≈ 5 eV, and the gap between 5d and the Fermi level is around 1.8 and 2.3 eV near X and L points,
respectively. (b) Imaginary part of the dielectric constant for Au: Dots are experimental data. Green dashed line, orange dashed line, purple dot-
dashed line, and gray dotted lines are Drude, d → p at L point, p → s at L point, and d → p at X point, respectively. The black solid line
corresponds to the total dielectric constant, ϵtot. Adapted with permission from ref 20. Copyright 2014 Springer Nature.
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characterized by transition thresholds of ∼2.3 and ∼1.8 eV,
respectively.57
The contributions of interband transitions to the permittiv-

ity are usually computed using the model developed by Rosei
and co-workers.57,59 This model is based on a standard
calculation of =( )ib ib via the population-weighted joint
density of electron states and Fermi’s golden rule, assuming
thermal electron distributions and assuming the broadening of
the individual electron energies is sufficiently small to be
neglected. This parameter can be connected to the various
electron collision mechanisms via the density matrix
formulation (see refs 60−63). The different contributions to
the permittivity predicted by this approach are listed in Figure
5b.
We note, however, that the broadening has a non-negligible

dependence on the electron and phonon temperatures that
disappears within the approach of refs 57 and 59. Thus, in
order to test the importance of this additional sensitivity, we
start with the so-called Lindhard-like model for the transverse
permittivity of the material; by extending its frequency domain
form (e.g., ref 64) to the time domain assuming the adiabatic
approximation,63,65 it becomes
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Here, qe is the electron charge, ϵ0 is the vacuum permittivity,
me is the free electron mass, e ̂ is the polarization vector and pc,v
is the matrix element of the electron momentum operator
between states in the conduction and valence bands; its value
at room temperature is taken from ref 66. ηc,v(Te(t), Tl(t), t) =
(ηc(Te(t), Tl(t), t) + ηv)/2 is the average level broadening
(namely, damping or collision rate) with the indices c and v
signifying the final and the initial states in the absorption event.
Specifically, ηc = ηc,e−e + ηc,e−ph is the damping rate following
Matthiessen’s rule,60 where ηc,e−e and ηc,e−ph are, respectively,
the collision rates associated with the electron−electron and
electron−phonon interactions.60,67 These temperature- and
time-dependent rates are calculated by taking the functional
derivative of the corresponding interaction terms with respect

to the electron distribution.25,61 ηv = 0.1 fs−168 is the collision
rate associated with the electrons in the d-band; it is assumed
to be time-independent since the electron distribution in the d-
band remains nearly unchanged over time. This is due to the
high density of states of the d-band. c v/ is the energy of the
electron in the conduction/valence band state |ψc/v⟩ of the
studied metal nanostructure whose occupation is given by the
Fermi−Dirac distribution f T t( ; ( ))T

c v/ e . The electron
distribution dynamics f T t( ; ( ))T

c v/ e that follow the sub-
picosecond-scale thermalization is dominated by the electron−
phonon interactions, which are much slower than the damping
rate. Thus, the permittivity can be assumed to change with the
electron distribution adiabatically so that the time variable
appearing here is associated with the probe envelope (see more
details in ref 63). Moreover, we neglect the Te dependence of
the chemical potential because Te is much smaller than the
Fermi temperature.60
Figure 6a,b shows the derivatives of the metal permittivity

with respect to the electron and phonon temperatures via the
mechanism of Fermi smearing, change of ηc, and band-shifting
(see their individual effects in Figure 6c,d). The Fermi
smearing mechanism refers to the change in Fermi distribution
with Te. The band shifting is a consequence of the lattice
expansion with increasing Tl, resulting in a change of the
transition matrix element pc,v and transition threshold for X
and L transitions.57,69−71 One can appreciate that while the
sensitivity of the permittivity to Tl is always greater than the
sensitivity to Te, the relative importance of the latter is much
higher at the shorter probe wavelength used (2 eV) compared
to the longer wavelength originally used in ref 30 (1.54 eV).
This happens because of the greater sensitivity of the
contribution of interband transitions to Te due to Fermi
smearing (dotted blue lines in Figure 6c−f), the weaker
dependence of the intraband contribution due to the
dependence of ηc on Tl (thick dashed orange line) and the
negative contribution of ηc,v due to interband transitions (thin
dashed orange line). The latter effect is particularly strong
close to the L point and is the main novelty in the model used
in this work. The additional effects we modeled (effect of
Fermi smearing on the contribution of intraband transitions
and the temperature dependence of the broadening ηc) were
found to be relatively small (hence, negligible).

Figure 6. Sensitivity of (a) ϵtot′ and (b) ϵtot″ to Te (blue solid lines) and to Tl (orange solid lines). (c,d) Dominant mechanisms responsible for the
change of ϵDrude′ or ϵib′ with Tl and Te, respectively. (e,f) Same as (c,d) but for ϵDrude″ or ϵib″, respectively. In (c−f), the dotted, thick-dashed, thin-
dashed, and dash-dotted lines represent the mechanisms of Fermi smearing, change of ηc contributing to the intraband transition, change of ηc,v
contributing to the interband transition, and band-shifting, respectively.
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