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ABSTRACT: A high resolution spatiotemporal ultrafast pump—probe system is
developed to examine the interactions and transport phenomena between the electrical
and the lattice thermal subsystems during ultrafast laser—matter interactions. This
system incorporates an ultrafast pump—probe scheme with a stationary probe beam that
interrogates the response to a spatial scanning pump beam, providing a full
spatiotemporal mapping of a material’s response due to an ultrafast pump excitation.
The material’s response, which is highly sensitive to its transport properties, is measured
with a high spatial accuracy of up to +10 nm and subpicosecond time resolution. Details
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of achieving this high spatial accuracy are described, and a study of the ultrafast transport processes in thin film gold is demonstrated.
With the aid of transport and optical response models, the electrical thermal transport properties of gold and the electron—lattice

coupling constant are simultaneously determined.
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ultrafast pump—probe measurements

Itrafast pump—probe experiments have been widely used

for studying transport properties and understandin
ultrafast light—matter interactions in advanced materials.'~"
These ultrafast time-resolved experiments measure the optical
response of a material after pump excitation with a temporal
resolution on the order of the laser pulse duration. In the
context of energy or thermal transport in metals or
semiconductors, electrons in the irradiated material absorb
the pump energy which causes a change in electron
temperature. This temperature change leads to a change in
the material’s dielectric constant which dictates the optical
response to the probe.'* Pump—probe experiments with time
scales longer than hundreds of picoseconds tend to provide
information about a material as one thermodynamic system
since energy carriers have thermalized and have reached local
thermodynamic equilibrium with one another.'”'® These
experiments have long been used to extract the combined
electron and lattice transport properties.

The electron and lattice subsystems of a solid both
contribute to its thermal transport properties such as heat
capacity and thermal conductivity. Differentiating the con-
tributions of thermal transport from each subsystem is highly
desirable for understanding the fundamentals of energy
transport; however, it is not easily realized. Theoretically,
numerically, and experimentally, ultrafast laser excitations have
been studied within time scales shorter than ~100 ps, where
both subsystems are thermalized but not in equilibrium with
one another.””7?° In these works, the pump pulse optically
excites the electron subsystem, forming a nonequilibrium state.
This state quickly thermalizes within a few hundred femto-
seconds to produce a Fermi—Dirac distribution of electron
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states with a definable temperature. Because these hot
electrons have not had sufficient time to exchange energy
with the lattice subsystem, the temperature difference between
subsystems drives the exchange of thermal energy. These time-
resolved experiments give rich information on the interaction
of both subsystems and can be described by a two-temperature
model (TTM).*"** However, these studies tend to focus on a
spatially fixed response. The optical response mainly reflects
the energy coupling between the electrons and the lattice, not
the electron energy diffusion process that can provide its
thermal transport properties.

To study the thermal transport process of the electron
subsystem, spatial mapping of the electron thermal diffusion is
needed. Since the electron—lattice nonequilibrium lasts for
only a few picoseconds in most materials, this spatial mapping
needs to be carried out with sufficiently fine time resolution
before electron—lattice thermalization. Moreover, high spatial
resolution is also needed to capture the small amount of
diffusion that occurs within this time scale. Advances in
instrumentation now allow for direct spatiotemporal measure-
ment of the surface response of a material after laser excitation,
providing more complete studies of materials such as
semiconductors,”> ">’ topological insulators,”® and many
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Figure 1. Experimental setup of an ultrafast spatiotemporal pump—probe measurement. (a) A close-up schematic of the experimental setup. In the
experiment, the pump is moved along a line defined as the scan axis; the stationary probe interrogates the surface response to the pump. (b) An
overview of the schematic of the experimental setup. An ultrafast laser output is split into a pump and a probe by a polarizing beam splitter (not
shown). The probe is delayed by a mechanical stage (not shown) and split into a reference arm and a probe arm with the use of a beam splitter
(BS) for balance detection (BD). The pump is modulated by an electro-optical modulator (EOM) and frequency doubled with the use of a barium
borate crystal (BBO). Both the pump and the probe are focused on the surface of the thin gold film to near diffraction limited spot sizes. The
reflected probe collection scheme utilizes a lock-in amplifier (LIA) and balance photodetector (BD). The pump position on the surface of the
sample is controlled by a two-axis scanning mirror (SM). The relative distance between the surface of the sample and the objective is controlled by
an autofocusing and autotracking system (dashed box) and a piezo stage. (c) A typical 1D cutline of a spatiotemporal measurement at 0 ps along
with the best Gaussian fit. The error bars show the standard deviation of the probe signal as well as the position uncertainty, each quantified before
each experiment. (d) A histogram of the fwhm from fitting a Gaussian function to each data set produced by a Monte Carlo analysis. The
uncertainty of a given fwhm is defined as +3 standard deviations away from the mean fwhm. In this example, this corresponds to a +10 nm

uncertainty for the measured 697 nm fwhm presented in (c).

others.””*" A recent work used spatiotemporal imaging to

study the electron diffusion process with a sgatial accuracy of
20 nm and a temporal resolution of 250 fs.”' In this work, a
high resolution spatiotemporal ultrafast pump—probe system is
constructed, and its spatial accuracy is analyzed. A high spatial
accuracy of +10 nm is demonstrated, which allows for direct
measurements of the electron contribution to thermal
transport before thermalization with the lattice and elec-
tron—lattice coupling.

A schematic of the spatiotemporal pump—probe system is
shown in Figure lab. The system incorporates an ultrafast
time-resolved pump—probe measurement scheme where the
pump is scanned relative to the stationary probe under a
microscope objective lens (Supporting Information Note 1).

The system also incorporates a home-built autofocusing/
autotracking mechanism®” to maintain the pump (507 nm
fwhm) and probe (502 nm fwhm) at constant sizes at the
surface, which is critical for this study. Briefly, a HeNe beam is
brought into the shared beam path with a dichroic mirror. The
reflected HeNe from the sample surface is sent to a pair of

cylindrical lenses (CLP) and imaged onto a CCD. The
dimensions of the HeNe are processed in real-time and are
used as feedback to keep a fixed working distance between the
surface and the objective (Supporting Information Note 2).
Accurate measurement of the relative position between the
pump and probe is crucial to determine the spatial extent of
electron thermal diffusion and to extract thermal properties.
With the beam sizes maintained by the autofocusing/
autotracking system, the accuracy of the relative position is
mainly dependent on the positioning resolution and
repeatability of the scanning mirror, which can perform
repeatable nanometric displacement of the pump at the
surface of the sample with 1.6 nm steps (Supporting
Information Note 1). The overall accuracy of the spatial
measurements is also influenced by the signal-to-noise ratio of
the probe signal. Figure 1c,d illustrates how the overall
accuracy (or uncertainty) of a spatial measurement is
determined. A Gaussian function is used to fit the spatial
pump—probe signal as seen in Figure lc. The uncertainty
analysis of a measured fwhm employs a Monte Carlo approach:
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Figure 2. Experimental data of the spatial optical response. (a) A 2D colormap of the entire measurement results. The z-values are in units of uV
from the lock-in amplifier. (b) Excerpts of the measured reflectance profile for 0, 1, 4, and 50 ps. (c) fwhm? of the calculated surface response to the
2.0 mJ/cm? pump interrogated by the probe from 0 to 100 ps along with the results of the numerical model. (d) fwhm? of the calculated surface
response to the 2.0 mJ/cm’ pump interrogated by the probe from 0 to 30 ps along with the results of the numerical model.

the uncertainty of the relative position between the pump and
the probe and the uncertainty of the pump—probe signal are
modeled by their respective cumulative density functions
(CDFs). An inverse random sample is then taken from each
CDF, and each data point in Figure lc is modified to include
these uncertainties to produce a new, simulated data set. A new
fwhm is then extracted. This procedure is repeated 10000
times, and a statistical distribution of the fitted fwhm values is
obtained. Figure 1d shows the result of this analysis on the data
set in Figure 1c, which indicates a fwhm of 679 + 10 nm, with
+3 standard deviations defining the uncertainty of the fwhm
measurement (Supporting Information Note 3).

There are multiple transport mechanisms in gold in which
thermal energy is exchanged within and between subsystems
such as electron ballistic motion, thermal diffusion, and
coupling with the Iattice as well as exchange with a
substrate.’> ™% In this work, the heat transfer in the electron
and lattice subsystems of gold and between gold and the
substrate is modeled by a TTM:

oT,
Ce(Te)a_te = V-(k(T, HVT) - G(T, - T)) + S

()
o7,

Cr = V-(VT) + G(T, = T) @)
of, o

Here, T,/T; and T denote the electron/lattice temperature of
gold and the substrate temperature, respectively. The highest
electron and lattice temperatures, calculated using the highest
pulse energy in the experiments, are found to be far less than
the Fermi temperature (64 000 K) and larger than the Debye
temperature (180 K) of gold. Therefore, the electron heat

capacity, C,, is modeled by the Sommerfeld expansion.”” The
electron thermal conductivity, k,, is derived from the Drude
theory of metals.”” The heat capacity and thermal conductivity
of the lattice/substrate, C, k/C, and k, are taken as
temperature independent due to low temperature rises. The
heat transfer between subsystems is modeled through an
electron—lattice coupling constant, G. Heat transfer between
gold and the substrate is modeled as a thermal boundary
conductance. The volumetric heat generation due to laser
absorption is denoted as S, which includes effects from
electron ballistic motion (Supporting Information Note 4).

For gold, a Drude—Lorentz model is typically used to
describe its dielectric constant across a wide energy range.*’
However, because the probe center wavelength of 800 nm
(1.55 eV) is well below the interband transition of gold (2.47
V), the Drude theory of metals is used to model the optical
response of the surface.”"**

2
,

€ =€, — ?
(o + iy (T, T)) (4)
v(T, T) = AT, + BT, (s)

Here, €, is the high frequency limit of the dielectric constant,
w, is the plasma frequency, 7, is the electron relaxation rate or
damping constant as a function of T, and T, @ is the optical
frequency of the probe, and A and B are constants that will be
discussed shortly. The plasma frequency is defined as wp2 =
ne’/e,m, where n is the free electron density, e is the
fundamental electron charge, €, is the free space permittivity,
and m is the electron mass of gold. Clearly, @, depends on n
which can change due to thermal excitation, optical excitation,
and volumetric expansion. The change in n due to thermal

excitation of d-band electrons has been found to be negligible
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Figure 3. Measurements of thermophysical parameters. (a) Variation of the surface fwhm? versus electrical thermal conductivity. Here, k, = k, T,/ T},
where k, is the electron thermal conductivity at electron/lattice thermal equilibrium. (b) Variation of the surface fwhm?® versus electrical heat
capacity. Here, C, = yT, where 7 is the linear coefficient in the electron heat capacity. (c) Variation of the surface fwhm? versus electron—lattice
coupling constant. Error bars are removed for clarity. (d) A colormap of the root-mean-square error in units of gm? as a function k, and G. The pair
of parameters that gives the minimum root-mean-square error (0.30 ym?) is found to be 315 W/(m K) and 2.1 x 10'® W/(m® K). The
uncertainties of k, and G are +19% and +18%, respectively, determined from the uncertainty in the fwhm” measurement (0.04 ym?). The large,
dashed ellipse illustrates the propagated uncertainty of the measurement uncertainty (shown by the small, dashed ellipse at a contour line of (0.30 +

0.04) um?).

within our temperature ranges.” For this work, the estimated
effects of volumetric expansion and optical excitation are also
found to be negligible (Supporting Information Note 4).
Therefore, the main temperature dependence of the optical
response lies in ¥,, the damping constant, which is written as a
sum of temperature dependent collision frequencies: electron—
electron scattering, calculated as AT2 and electron—Ilattice
scattering, calculated as BT, %394

The key parameter of interest is the spatial extent of thermal
diffusion. At a given delay time 7 and a given pump/probe in-
plane offset (Ax, Ay), the measured signal is considered as a
weighted average of the spatial distribution of the surface
response to the pump with respect to the probe intensity
spatial distribution (Supporting Information Note 5). The
weighted average of these two distributions gives an expression
for the spatial/delay time dependency of the measured signal
Uy
Ax® + Ay

u,(Ax, Ay, 7) = U,(7) exp| ——— ——
0, (7)

(6)

Along a center line, i.e., Ax or Ay set to 0, the surface response
Gaussian width, o, can be expressed as a function of the probe
Gaussian width, 0, and the measured Gaussian width, o,,.

6’(7) = 6,%(z) — GPZ 7)

In this work, 6, and sz are measured and used to calculate 62

using eq 7. The surface response is then modeled by solving
eqs 1—=3 for the temperature profiles and converted to a

reflectance profile using eqs 4 and 5 and Fresnel equations.
The uncertainty of ¢,, from the Monte Carlo analysis and the
uncertainty of ¢, deduced from a knife edge measurement are
propagated to estimate the uncertainty in the surface response
to the pump, o, which is shown in the results below. Details of
the propagated uncertainty in o, and therefore o7, are
provided in Supporting Information Note 3.

Figure 2a shows the reflectance of the probe when the pump
scans across the probe at delay times up to 100 ps after a 2.0
mJ/cm® pump pulse excitation. The negative values indicate
that the reflectance signal drops first and then returns. The
minimum signal value corresponds to the maximum electron
temperature. From the data in Figure 2a, Gaussian curves of
the measured reflectance signal at different delay times can be
fitted and are shown in Figure 2b. The fwhm?® of the surface
response to the pump is calculated by using eq 7 where the
measured fwhm? is subtracted by the probe fwhm?, and the
associated uncertainties are shown in Figure 2c as a function of
delay time. It is seen that once the electron temperature has
reached its maximum value within the laser pulse, there is a
rapid rise in the fwhm?® within the first ~3 ps, followed by a
gradual, monotonic rise after ~8 ps. A numerical simulation of
the surface response is also shown in Figure 2¢ for comparison.
The electron thermal conductivity at thermal equilibrium, k,,
and electron—lattice coupling constant, G, are fitted simulta-
neously by a least-squares minimization routine. The best fitted
results for k,, 315 W/(m K), and G, 2.1 x 10* W/(m?> K), are
used in the following simulation. The electron heat capacity
used is C, = yT,, where y = 71 J/(m> K?)."* The lattice thermal
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Figure 4. Effect of electron relaxation parameters on the fwhm? of the surface optical response. (a) The effect of electron—lattice scattering, BT}, on
the fwhm® The legend states the value of B in units of 10'* 1/(K s). Error bars in the experimental data are removed for clarity. (b) Electron and
lattice subsystem temperatures, normalized to their respective maximum values, at the center of the pump as a function of the delay time. (c) fwhm?
of the electron and lattice temperature as a function of the delay time. Here, the electron temperature profile has a hump due to the different
thermal energy transport mechanisms in the center of the domain relative to the edges of the domain.

conductivity and heat capacity are fixed at 2.6 W/(m K) and
2.45 X 10" J/(m® K), respectively.'*** All other thermophys-
ical quantities are detailed in Supporting Information Note 4.
There is close agreement between the experimental and the
modeled results up to 100 ps, the longest delay time taken. At
longer delays, there are larger fluctuations in fwhm?, which are
attributed to a weaker signal as well as a gradual loss of laser
stability and laser power due to the long duration of the
experiment (~7 h). A slight hump in the signal near ~4 ps
appears in both the experimental and modeled results as seen
in Figure 2d. The cause of this small hump will be discussed
later.

The experimental data allows for extracting several
important thermophysical parameters simultaneously. Meas-
urement of the electrical thermal conductivity, k, separate
from the lattice contribution, is of great interest. The
simultaneous least-squares minimization routine produces a
best fitted value of 315 W/(m K), which is in excellent
agreement with literature values.' >4+ Figure 3a illustrates
the sensitivity of the calculated surface response to +10%
variations of k,. As k, increases, a faster change in the fwhm? is
observed; this is attributed to the increased electron diffusion
length at early delay times. The electron heat capacity is usually
well established if the density of states is known.**™*°
Therefore, a fit of C, is not attempted. However, the sensitivity
of the model to C, is also explored numerically. Here, C, is
varied by +20%, and the resulting sensitivity is shown in Figure
3b. As C, decreases, a slower change in the fwhm? is observed
compared with the experimental data. Comparing Figure 3a,b,
changing k, leads to a more pronounced change in the surface
fwhm? when compared to C,, implying a higher sensitivity to
k,.

The spatiotemporal measurement is also sensitive to the
value of the electron—lattice coupling constant, G. Figure 3c

shows that the transition time from a fast to slow rise of the
fwhm?® and the fwhm? value after this transition time are highly
sensitive to G. A lower/higher value of G shifts the transition
time to a longer/shorter delay time; this is because the
electron—lattice thermalization time is proportional to 1/G.
From the experimental data, the best fitted value of G is
determined to be 2.1 X 10'® W/(m?® K) with the least-squares
minimization routine. This value is well within the range of
values found in literature: 1.0 X 10" W/(m? K) to 4.0 x 10
W/(m? K).203443:46,51-55

The uncertainties of k, and G are coupled due to the nature
of the physical processes as well as the fitting routine.
Qualitatively, this is shown in Figure 3d where the root-mean-
square error (RMSE) is plotted as a function of both k, and G.
The best fitted k, and G values give a minimum RMSE value of
0.30 um> Once these values are established, the coupled
uncertainties are calculated as a function of the fwhm?®
measurement uncertainty by applying the first-order principles
of minimization.>® A conservative, average fwhm? measure-
ment uncertainty of 0.04 um” (corresponding to a 30 nm
uncertainty in a nominal 700 nm fwhm) across all data points,
represented by the small, dashed ellipse in Figure 3d, is
propagated in the uncertainty analysis. This results in
propagated uncertainties of +19% and +18% for k, and G,
respectively, and is illustrated by the large, dashed ellipse in
Figure 3d (Supporting Information Note 6).

In addition to the thermal properties of gold, the optical
properties also play an important role in the measured optical
response. Equation 5 gives the electron relaxation rate as a
function of the electron and lattice temperatures, reflected in
the values of A and B. A typically takes a consistent value of 1.2
X 107 1/(K* s) whereas B is found to vary between 1.0 X 10"
1/(K s) and 4.0 x 10" 1/(K s), depending on the method of
estimation or measurement.'****?*%>7% The variation of B is
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Figure 5. Optical response and modeling results at pump fluences of (a) 2.0 mJ/cm? (b) 1.7 mJ/cm?, (c) 1.0 mJ/cm? and (d) 0.5 mJ/cm? For
lower fluences, the overall signal strength is lower, and therefore, the error bars are larger.

explored numerically in Figure 4a. Here, a value of B & 1.1 X
10" 1/(K s) captures the upper bound of a hump which
appears clearly in the experimental fwhm” data around 4 ps.
The data at the hump appears to have a large fluctuation;
hence, B is not determined accurately, but its range shown in
Figure 4a is well within literature values. Fortunately, the
uncertainty in B does not affect the overall spatial extent of
thermal diffusion before and after the appearance of the hump
in Figure 4a, and therefore, it does not affect the sensitivity of
the numerical model to thermal properties.

The origin of the hump lies in the temperature distributions
of each subsystem. The temperature at the center of the pump
and fwhm? of both the electron and lattice subsystems are
shown in Figure 4b,c. The temperature changes are normalized
to their respective maximum values for clarity: 1400 K for the
electron subsystem and 315 K for the lattice subsystem at a
pump fluence of 2.0 mJ/cm® From 0 to 4 ps, the transfer of
thermal energy in electrons is dictated by electron—Ilattice
coupling and thermal diffusion; the large increase in the fwhm®
of the temperature profiles indicates that thermal diffusion is
prominent. After 4 ps, once the subsystems are nearly
thermalized, the electron fwhm? begins to decrease. Near the
edge of the elevated temperature region, the temperatures of
the electron and lattice subsystems converge, and the
dominant process of thermal transport is diffusion within
each subsystem. However, near the center, the contribution of
electron—lattice coupling to the overall thermal transport in
both systems is prominent but tends to decrease, causing a
decrease in the fwhm? of the electron temperature distribution.
The exact delay time occurrence of the hump in the optical
response does not correspond to the exact delay time of the
hump of the electron temperature distribution as the optical
response is also a function of the lattice temperature, which has
a fast rise in the first few picoseconds as shown in Figure 4c.
Therefore, the hump in the optical response is caused by the
transition from electron—lattice coupling and thermal diffusion
to a mainly thermal diffusion process within each subsystem,
especially the electron subsystem.

Pump fluence dependent measurements are conducted to
test the fidelity of the measurements and computation results.
Figure 5 shows the fwhm? of the surface response for four
different fluences along with their corresponding modeling
results using the same thermal properties and optical constant
values as before. As the fluence of the incident pump beam is
decreased, the overall signal-to-noise ratio is decreased,
resulting in an increase in the fwhm® uncertainty. Nevertheless,
the modeled results capture the fwhm?” data for all the fluences.

In summary, a high spatial resolution ultrafast pump—probe
system was developed to measure the spatial extent of
transport processes from the nonequilibrated electron and
lattice subsystems at early delay times to the fully thermalized
system at later delay times. Due to the high spatial accuracy
achieved, this system allowed for the direct measurement of
transport properties. The electrical thermal conductivity and
electron—lattice coupling constant are extracted from a TTM
and optical response model with high sensitivity. The origin of
the nonmonotonically increasing fwhm? of the optical response
is explained by the spatially varying contribution to thermal
transport in the electron subsystem due to electron—lattice
coupling and thermal diffusion, which also allows an estimation
of parameters in the optical model. Fluence dependent
measurements were conducted and showed the fidelity of the
experimental system and the numerical model.
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