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Supplementary Text

XUV-FEL pulse energy deposition and temperature estimation

The 1/e attenuation length of 13.6 nm (photon energy = 91.2 eV) XUV-FEL in gold is 20
nm (/), which results in about 77% absorption of the incident XUV-FEL pulses. The energy
absorption is dominated by the ionization of the 5d and 5p electrons (2), and the absorption ratio
of XUV energy is expected to be almost constant in our experimental condition. Taking into
account the efficiency of the XUV optics, at maximum pulse energy of 160 pJ, about 75 pJ is
focused on the sample surface, resulting in a maximum intensity of 5x 10! W/cm?. The maxi-
mum absorbed energy density is 1 MJ/kg, corresponding to a photon ionization rate of 0.02 eV
using the 91.2 eV XUV photons. The ionized electrons are expected to be thermalized in 100 fs
time scale (3), leading to a maximum electron temperature of 16,800 K, or 1.5 eV according
to the two-temperature model calculations. Because this temperature is only a fraction of the
Fermi energy (5.5 eV in gold), the electrons are expected to follow the Fermi distribution. It
is also worth to mention that XUV-FEL pulses generated from the self-amplified spontaneous
emission (SASE) usually contain multiple random spikes whose peak intensities can be sev-
eral times higher than the average intensity (4). In our experiment, they are not expected to
cause any change to the energy absorption. This is consistent with previous measurements of
aluminum (5) that have shown linear absorption for intensities up to 10** W/cm?,

Earlier studies in 400 nm ultrafast laser excited Au foils have shown that the longitudinal
thermal gradient in 30 nm gold thin foils is eliminated within 500 fs after laser excitation. Such
observation is ascribed to the ballistic electron energy transport (6, 7). In this study of XUV-
FEL excited 30 nm-thick gold, we find that our samples are also uniformly heated within 500 fs.
Here, electron thermal diffusion eliminates the thermal gradient. To quantify this process, we
perform the two temperature model (TTM) calculations (8),

e(z,t) 0, 0Tu(z1)

Ce(Te(z, t))T = 82(567) — Gei(Te(z,t) — Ti(z,t)) + S(z, 1) (la)
0Ti(z,1t)
Cl(Tl(zvt))T = gei(Te(zvt) - T;(th)) (1b)

where C, and C] are the specific heat capacities of electrons (9) and ions (/0), . is the electron
thermal conductivity (/7), g.; is the electron-ion energy coupling parameter determined from
recent experimental studies (/2), S' is the XUV-FEL pulse energy deposition rate, 7. and 7; are
the time-dependent electron and ion temperatures along the longitudinal direction z. Within
500 fs after the XUV-FEL heating pulse, 98% of the absorbed energy stays in the electronic
system. Therefore, we calculate the time-dependent behavior of 7. along the longitudinal di-
rection z. Figure S1 shows an example of a sample heated by a 150 fs FWHM XUV-FEL pulse
with absorbed fluence of 52mJ/cm?, corresponding to an averaged absorbed energy density of
AFE=0.9 MJ/kg over the sample thickness, These results indicate that electron thermal diffusion
eliminates the thermal gradient inside the sample. Ae(z) = [ S(z,t)dt is the local absorbed
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energy density along z direction, which is plotted in Fig. S1(a). Fig. S1(b) shows the corre-
sponding 7, profiles at different time delays. Here ¢=0 fs is the time when the XUV-FEL pulse
reaches peak intensity. We find that although Ae from XUV-FEL energy deposition attenuates
from ~1.8 MJ/kg at the front surface to ~0.4 MJ/kg at the rear surface, at = 500 fs no tem-
perature gradient is found owing to electron thermal diffusion. Therefore, the thermal diffusion
term in Eq. 1(a) is not included in subsequent calculations beyond 500 fs and the sample is con-
sidered to be uniformly heated. Because both XUV-FEL (this work) and optical-laser (/3) can
uniformly excite the 30nm gold films within 500fs, it also justifies our comparison of the THz
conductivity measured from this work with previously reported optical conductivity data (/3).

The XUV-FEL focal spot on target was measured to be 225 pm x 255 ym FWHM, cf. Fig.
S2(a, b). Fairly uniform 7; distribution is established in lateral directions after the XUV-FEL
pulse. An example of the temperature profile for an averaged absorbed energy density of 0.9
MIJ/kg at t=300 fs is shown in Fig. S2(c, d), indicating uniformity of 12% RMS within the 250
pm diameter THz probe region. Using TTM calculations with a 7.-dependent electron thermal
conductivity (/7), we find that thermal diffusion in the lateral direction is negligible within the
30 ps time window of our measurement, and the lateral profile of the absorbed energy density
is expected to stay unchanged.

The averaged energy density is estimated by dividing the absorbed XUV-FEL pulse energy
by the mass of the sample within the THz probed area of 250 pm diameter. The electrical con-
ductivity is then measured at various absorbed energy densities and peak electron temperatures
using calibrated Zr thin film filters to precisely attenuate the XUV-FEL pulse energies. (/4).

Using Egs. 1, the temperatures for different excitation conditions are computed. Fig. S3(a)
shows both the electron and ion temperatures at 0.7 ps after XUV-FEL excitation as a function of
absorbed energy density. The temporal dependent temperatures for excitation energy density of
0.89M1J/kg are shown in Fig. S3(b). In the TTM calculations, we also include the 20% error-bar
from the electron-ion energy coupling factor g.; reported in (/2), and the resulting uncertainties
are shown in the pink and light-blue area. The TTM calculations in our experimental conditions
show electron-ion equilibrium time scales well in excess of 15ps, which is significantly longer
than the experimental observations at much lower excitation energy density conditions (15, 16).
This behavior is in agreement with expectations because the electron-ion equilibrium time scale
increases with the absorbed laser energy density (15).

Multi-cycle THz data analysis

The THz signal is measured by the single-shot electro-optics sampling method with the
implementation of balanced detection (/7). Fig. S4 shows examples of the balanced detection
that correspond to the data presented in Fig. 2 of the main text. We can see that subtracting
the signal recorded by one polarization state of the sampling laser (left signal) by another one
recorded by the opposite polarization state (right signal) results in significant improvements to
the signal to noise ratio of the data.

The electrical conductivity ¢ measured by the multi-cycle THz radiation is analyzed in the
time domain using the following equation (/8),
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t| = % is the
amplitude of the electric field that transmits through the sample. | F;| and |E;| are integrated for
each THz cycle to determine |¢,.|. The boundaries of the cycles are defined by the measured | E;|
when % passes 0 on the falling edges. |o| of each unheated sample is obtained by averaging
the measurements from all 11 cycles, and |o| from the heated sample is obtained from each
individual THz cycle. Since % increases by about an order of magnitude from cold solid to hot
liquid, we achieve excellent signal-to-noise ratio (SNR) for each single cycle.

The amplitude of the THz radiation shows only 4% RMS fluctuations from shot to shot, cf.
Fig. S5, which is negligible compared to the large increase in %. Consequently, we are able
to use |E;| and |E;| measured on subsequent shot pairs to obtain |¢.| and o. The temporal jitter
between the THz-FEL and the ultrafast laser for electro-optic(EO) sampling is of order 50 fs
RMS as shown in Fig. S5 (a) and (b). To average the pre-shot data taken on the same sample,
the shot-to-shot jitter is corrected by an auto-correction function. Fig. S5 (c¢) and (d) show the
corrected results of Fig. S5 (a) and (b). The same method is used to temporally overlay the
pre-shot, on-shot and post-shot data in order to determine the individual electrical conductivity
for each cycle. The small amount of phase retardation (<30 fs) caused by the thin film samples
is not resolved. Our analysis utilizes the absolute values of the transmission.

The frequency components in each terahertz cycle is shown in Fig. S6. The peak frequencies
of the first 9 cycles are within 2-3 THz, and the last two cycles peak at lower frequencies because
they contain contribution from single-bend emission that is generated when the electrons exist
the THz undulator. The full width half maximum bandwidth of each single-cycle is in the range
of 3-4 THz.

Fig. S7 shows the comparison of the time resolved electrical conductivity determined from
our analysis with the more commonly applied THz time-domain spectroscopy (THz-TDS) anal-
ysis. The latter uses single-cycle THz pulse that is generated when the electron bunches are
deflected by the dumping magnet located after the undulators (19, 20) without operating the
THz undulator. The temporal and spectral profiles of the single-bend-emitted THz radiation
are shown in the inset of Fig. S7. Here the conductivity is determined using the same Eq. 2
but solved in the frequency domain. The frequency-dependent E-field amplitude of the THz
radiation is obtained by Fourier transformation of the time domain data. An example for a
single-shot measurement carried out at 5+1 ps after XUV-FEL excitation is shown in Fig. S8.
From Fig. S8 (c), the values of |o| within 1-3 THz are frequency independent and they are aver-
aged to obtain the conductivity data. Both data sets obtained from time- and frequency-domain
analysis are in agreement, corroborating the robustness of our multi-cycle THz analysis. In
addition, the multi-cycle THz radiation measures the evolution of the electrical conductivity
over a larger time window with better temporal resolution. It allows the time-resolved measure-
ments of samples that have varying initial conditions, such as defected or radiation damaged

samples (21).

where Z, =377 (2 is the free space impedance, d=30 nm is the sample thickness,



Comparing the Drude model and the Drude-Smith model fit to the Broadband conductivity data

To confirm that the Drude model is sufficient to describe the frequency dependent electrical
conductivity of our free-standing nano-foil samples, we also use the Drude-Smith model to
fit the broadband conductivity data. The Drude-Smith model has similar format as the Drude
model:

2
o(w) = T {1+ ¢ } 3)

m(1l — iwT) 1 —iwt

where n, is the carrier electron density, e is the electron charge, m is the electron effective
mass, 7 = 1/v, is the electron scattering time, which is the inverse of the total electron momen-
tum scattering frequency v, and the parameter C, ranging between O and -1, is introduced to
account for electron back scattering from nano-structures in the sample (22, 23). It returns to
the Drude model when C'=0. We take the real part of Eq. 3 to fit the broadband conductivity
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data, i.e. o,.(w)= nee’r [1 4 CU-wor )]. Here, we first determine C' at room temperature

T m(14w?r?) (1+w?r?)

with n, = 5.9 x 10?®m 3, corresponding to one carrier electron per atom (24), and the electron
effective mass m = 9.1 x 1073'kg in gold that is equal to its rest mass (25). Including the THz
data, the optical data at 1.55 eV, and the four point probe data, we calculate C'=-0.17%0.16 for
our thin foil samples, where the error bar is determined from the fit through the boundaries of
the of the experimental error. Better determination of the C' parameter requires more careful
measurements of the DC, THz and optical continuities on the same samples, or even includes
additional measurements in the mid-infrared regime. We find that the frequency response of
o.(w) is effectively constant for photon energies less than 0.012 eV, resulting in 0, ~ 0q in
this regime. In Fig. S9, the solid and dotted curves show the frequency-dependent conductivity
values fit by the broadband Drude and Drude-Smith models respectively. These two curves are
almost identical, indicating that the electron back scattering does not play a significant role in
our samples. This is in agreement with previous studies (22) that have found that the Drude-
Smith model only show significant difference from the Drude model when gold foil thickness
is below 10 nm. Therefore, the broadband electrical conductivity is adequately described by the
Drude model.

Electron scattering frequencies and electron densities deduced from the Drude and
Drude-Smith models

We apply both models (23, 26) to study the relationship between our measured electrical
conductivity data at THz frequencies and the real part of the optical conductivity o, measured
at a photon energy of 1.55 eV (13). The corresponding broadband electrical conductivity data
are shown as a function of photon energy in Fig. 3 of the main text. These data are measured
shortly after excitation when 7 is near its maximum but 7; remains low. In Fig. S10 we show
the electron scattering frequencies (ve, Ve and ;) similar to Fig. 5 in the main text, except
that the data are determined by the Drude-Smith model fit. These data are about 15% lower
compared to the Drude model. This value is within the uncertainty of the data and does not
affect the conclusions of this study.




In Fig. S11(a), the electron densities n. are determined from the fits of both models and
are found to be almost identical. They increase by ~ 30% when the T, increases from 300
K to 16000 K, which is much smaller than the change in electron scattering frequencies. In
Fig. S11(b), we plot 1, as functions of 7, 62, which shows that 1, follows the Fermi-liquid
scaling (24) even when T, reaches 1/4 of Fermi temperature.

Relation between THz conductivity and DC Electrical conductivity

We estimate the absolute value of the complex electrical conductivity using Eq. 2, which
is equivalent to Eq. 1 in the main text. This comes from the Tinkham equation, which is an
approximation for conducting samples in the long wavelength limit (wavelength of the electric
field is much larger than the sample thickness) (18, 22).

Here, we evaluate the accuracy of the Tinkham equation and the approximations of o(w) =~
or(w) = |o(w)| = 0¢ in the THz regime. We first use the Drude-Smith model to construct
the complex electrical conductivity o as a function of electron scattering frequency .. The
corresponding THz field transmission ¢, through a 30 nm foil is calculated exactly using the
characteristic matrices method (27). Substituting |¢,| in Eq. 2, the absolute value of the con-
ductivity is determined, which is called |ory| as the result of the Tinkham equation. The ratio
of |o7x| over our constructed |o| as functions of v, /w is presented in Fig. S12 (a), where ~ 1%
over estimation is found for v, at room temperature conditions, and almost exact solutions are
found at higher v, for excited solids at high T, conditions. We also plot |o|/cg, 0,./|c| and 0, /o
in Fig. S12 (b), where o, and o are obtained for the same Drude-Smith model calculations.
Obviously, the approximations of o =~ ¢, = |0| & 0 are accurate, i.e. less than 3% deviation
is found at room temperature, and no deviations for heated conditions.

Electron-electron and Electron-ion scattering frequency obtained from the THz conductivity

v, 1s the sum of electron-electron and electron-ion scattering frequencies v, and ve; (11, 24),
which are primarily dominated by 7. and T; respectively, i.e. ve(T¢, T}) & vee(Te) + vei(T}). At
room temperature, Ve; > Ve, thus v, & 1, (24).

The T.-dependent electron scattering frequency, v, is derived from 1, measured at fixed
time delay (¢=0.7+0.2 ps) shortly after photo-excitation with different absorbed energy den-
sities, cf. Fig. Sl1l(a). At these delays 7, is near its maximum but 7; changes by much
smaller amount as shown in Fig. S3(a). The scattering frequency is thus determined by
Vee(Te) = Ve — Vei(T}), where T, and T; are determined from TTM calculations and v; is esti-
mated based on its linear dependence of 7; , i.e. vi(7})/vei(300K)=T; /300K (24).The resulting
values for v (T;) are shown in Fig. 4(c) of the main text. In Fig. S11 (b), we also show the
linear scaling of v, as a function of 72,

Extrapolating the DC conductivity from measured optical conductivity and comparison with
the reported experimental data

In Fig. 3 of the main text, we show the extrapolated of the 800 nm optical conductivity
reported in (/3) to the low frequency regime based on the Drude model, where both the real and




imaginary parts of the conductivity are determined from the simultaneous measurement of the
reflection and transmission. The original Drude model is applied in the extrapolation,
00

7(w) = 0y ) + 1) = T2 @

where o, and o; are the real and imaginary parts of the optical conductivity, w is the angular
frequency of the 800 nm light, and 7 is the electron scattering time. Then the DC conductivity
0y can be calculated using o, and o; by re-arranging the above equation,
oi(w)

oo = o, (w)[1+ Jlf(w)

] &)

Fig. S13 shows the comparison of the DC conductivity values determined from our THz
measurement, i.e. oy & |o|, with the data extrapolated from the optical conductivity measure-
ments in (/3). The latter is about a factor of 2 lower than the measured results. For comparison,
we also include other DC conductivity of isochorically heated gold extrapolated from optical
conductivity data measured with 800nm lasers (28—30). In (28), a modified Drude model ac-
counting for the non-Drude components in the imaginary part of the optical conductivity is
applied to extrapolate DC conductivity from the optical conductivity reported in (/3). In (29),
the optical conductivity at 2 - 3ps after laser heating is used, where higher ionic temperature
than this study is expected, and the authors use Eq. 5 to extrapolate DC conductivity. In (30),
only the electron density n. and the electron scattering frequency v, are reported, and we use
them to construct the DC conductivity data following the original Drude formula. We can see
that all these extrapolated DC conductivity data are lower than our results measured by the
THz-FEL, consistent with the extrapolations shown in Figure 3 of our main text.

Determine XUV-THz overlap in time using silicon sample

To find the temporal overlap between the XUV-FEL and THz-FEL pulses, we use a 500um-
thick high resistivity single-crystal silicon wafer (2.4x1032.m) as a timing tool. We tune the
XUV pulses energy to be lower than the damage threshold of the silicon wafer so that the
measurement can run continuously without replenishing the sample. Then we scan the physical
path length of the THz-FEL pulse relavent to the XUV-FEL pulse, and also adjust the time delay
of the EO-sampling optical pulses accordingly. When the XUV pulses arrive on the sample later
than the THz pulses, we observe no change of THz transmission through the sample comparing
the measurements with and without XUV excitation, and when the XUV pulses arrive earlier,
the photo-excited and thermal-excited free carriers causes strong shielding of the THz pulse and
significantly reduce its transmission. This phenomenon agrees with the studies of optical laser
excitation of silicon (3/). We continue the scan until part of the THz-FEL cycles arrives earlier
than the XUV-FEL as shown in Fig. S14. Once the temporal overlap is found, we switch to the
free-standing gold thin foils to start our experiments.

Electron-ion scattering frequencies obtained from experimental measured ion-ion structure factors
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The Ziman formulation and its extended versions (32, 33) determine the electrical conduc-
tivity of disordered and liquid metals. It estimates the electron-ion momentum scattering fre-
quency v,; from the ion-ion structure factor (.5;), which is usually obtained from theoretical
calculations (34, 35). Recent ultrafast electron diffraction (UED) studies (/2) allowed us to
experimentally determine S;;. Here we use these data to calculate v,; using the following for-
mula (36):

4me?
¢+ kZ

nime [*/" dg
Vei =

qgsii(Q) (6)

2p¢ Jo 2

where 1;=5.9x 10?®/m~3 is the ionic density, m, is the electron mass, pg is the Fermi momen-
tum, e is the of electron charge, k. is the electronic screening vector obtained from Ref. 37.

In the UED experiments (/2) performed at approximately the same energy densities as this
study, we obtain the structure factor given by,

Si(q) = _Ma)_ (7)

N(vfe)?

where [(q) is the elastic scattering intensity obtained from the diffraction data (27), N is a
calibration factor for converting the measured intensity units into an absolute scale, 7y is the
Lorentz factor to account for relativistic effects of the 3.2 MeV electrons, and f, is the electron
scattering form factor for gold (38). The S;(q) data for several 7; conditions at the absorbed
energy density of 0.68 MJ/kg are shown in Fig. S15. The instrumental resolution of 0.26 4!
FWHM is deconvoluted from the measured structure factor, cf. Fig. S15. The upper bound of
the integration in Eq. 6 is marked in Fig. S15. The broadening of the solid peak and the rise
of liquid peak results into and increase of v;, in agreement with the THz data. At significantly
high 7; conditions beyond the superheating limit, the crystalline structure transits into liquid
rapidly (/2, 39), and the Drude-Smith model description of grain boundary back scattering may
not hold any more. Therefore, in Fig. 4(d) of the main text, we only focus on the comparison of
Ve up to 1.3 times of the nominal melting temperature before significant melting occurs (12, 39).



Supplementary Figures
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Figure S1: (a) The local absorbed energy density Ac inside a 30 nm gold thin film as a function
of distance from the front surface (z). Here the sample is heated by a 150 fs, 13.6 nm FEL
pulse, resulting in an absorbed energy density of 0.9 MJ/kg. (b) shows the electron temperature
(T¢) as a function of z at time delays of ¢ = 0 fs, 100 fs, 300 fs and 500 fs.
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Figure S2: (a) and (b) show both the measured XUV-FEL focal spot (orange data points) and
Gaussian profile fit (blue lines) along x (horizontal) and y (vertical) axes respectively. The
intensities are in arbitrary unit (a.u.) that are normalized to the peak intensity. (c¢) and (d) show
the calculated 7; profile along x and y axes for an average energy density of 0.9 MJ/kg within
the THz probed area at t=300fs. The boundaries of the probe area are marked by vertical dashed
lines.
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Figure S3: Two temperature model calculated (a) electron temperature 7, and ion temperature
T; as functions of absorbed energy density at ¢=0.7ps after the XUV-FEL excitation, and (b)
temporal evolution of 7, and 7 at an absorbed energy density of 0.89 MJ/kg. The pink and the
light blue shadows represent the error estimation of the TTM calculations
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Figure S4: Example data of the THz electric field acquired by the balanced detection for (a)

pre-shot, (b) on-shot and (c) post-shot measurements that correspond to the data shown in Fig.

2 of the main text. The XUV-FEL heating pulse arrives at O ps during the on-shot measurement.
No XUV-FEL pulse is applied during the pre-shot and post-shot measurements.
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Figure S5: Sequence of 28 multi-cycle THz pulses that were obtained every 5 seconds. (a)
shows the original time dependent profile without jitter correction, and (b) is the result after
jitter correction. (c) and (d) overlay the individual lineout plots from (a) and (b) respectively.
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Figure S6: Frequency components of the individual terahertz cycles. (a) shows the single-shot
measured THz cycles used in our time-resolved conductivity measurements, where each cycle
is shown with a different color. (b) uses the same color code to show the amplitudes of the
corresponding frequency components, and the dashed line represents the sum of the cycles.
The inset in (b) shows the peak frequency and bandwidth of each THz cycle (the cycle numbers

follow the ones shown in (a)).).
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Figure S7: Time-resolved electrical conductivity o of gold (logarithmic vertical axis) at mean
excitation energy density of 0.89£0.18 MJ/kg measured by multi-cycle and single-bend-emitted
THz pulses. The data are measured with multi-cycle (circles of multiple colors) and single-
bend-emitted THz (grey diamonds) pulses. Each section of multi-cycle measurement is aver-
aged over 4-6 shots, and each data point from the single-bend-emitted measurement is averaged
over 6-8 shots. The vertical error-bars include the standard deviation and the systematic error of
the measurements, and the horizontal error bars in the single-bend-emitted THz measurements
represents the width of the pulses. The multi-cycle THz measured o decay after O ps is fitted by
a two-segment exponential decay function represented by dashed and dotted lines respectively,
and the intersection of the two segments is found at t=14.5 ps determined by the minimum sum
of squared error. The inset shows spectral and temporal profiles of the single-bend-emitted THz
pulses.
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Figure S8: Single-shot measurement of o at 5£1 ps after XUV-FEL exciation for absorbed
energy density of 0.931+0.18 MJ/kg. (a) shows the measured E-field amplitude for pre-shot, on-
shot and post-shot conditions, and (b) shows the corresponding frequency dependent amplitude
obtained from Fourier transform. The obtained frequency dependent |o| is given in (c).
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Figure S9: Comparison of the Drude model and Drude-Smith model fit to the electrical con-
ductivity as a function of photon energy for various excitation conditions of solid gold. The
broadband electrical conductivity (real part, ,.) at electron temperatures of 7, =300 K (blue),
9000+900 K (green) and 1600041500 K (red) are indicated by different colors; the THz con-
ductivity at small photon energies (0.75-3.75 THz in frequency, or 3-15.5 meV in photon en-
ergy) are shown as square blocks that cover the range of frequency components in the individual
THz cycles that are used for the measurements (horizontal dimension) and precision of the in-
ferred conductivity (vertical dimension), the optical conductivity at higher photon energy (1.55
eV) from (/3) are presented as diamonds, and the DC conductivity at room temperature mea-
sured with four-point probe is pointed out by a black arrow. The dotted curves represent the
Drude-Smith model (23) fit through the high and low frequency data with a best fit back scat-
tering parameter C'=-0.17, which overlap with the Drude model fit represented by solid curves,
and the dashed curves are extrapolated from the optical conductivity at 1.55 eV using the Drude
model. The conductivity measured with THz radiation agrees well with the DC conductivity
from four-point probe measurements, while the extrapolation from optical measurements shows

significant discrepancies.
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Figure S10: Electron scattering frequencies as functions of time and temperatures determined
from broadband conductivity fitting by the Drude-Smith model. (a) shows the total electron
scattering frequency (v,) as a function of 7, determined from this work (blue symbols), com-
pared to the data reported from optical measurements (28, 30) (grey open triangles and dia-
monds) and the theoretical calculations from Ref. (28) (red curve). The 1, data determined
from the Drude model (light blue) are also show. (b) shows v, determined from the tempo-
rally resolved THz conductivity measurements (light blue symbols), which are the sum of the
electron-electron scattering 1. (green symbols) and the electron-ion scattering frequencies v
red symbols). (¢) shows v, data obtained from the total electron scattering frequency v, (green
symbols), and the light green dashed curve is a fit to the data with a 72 scaling. The blue and
red curves are the theoretical calculations from Refs. (11, 28). (d) shows v,; data as a function
of ion temperature (red symbols), and the black diamonds represent v; calculated from the ion-
ion structure factor (Sj;) measured in (/2) utilizing the Ziman formula (32), indicating excellent
agreement between these two methods. The horizontal error bars in (a), (c) and (d) taken into
account the FEL energy fluctuation and temperature distribution over the THz probed area, and
in (b) they represent the width of the THz cycles. The vertical error bars are determined by the
precision of the measured electrical conductivity and the error bars of the electron temperature
takes into account both the uncertainties of the experimental measurements and the range of
temperatures as determined by the TTM calculations.
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Smith model (orange squares) and Drude model (green circles) by fitting the broadband con-
ductivity o, at different electron temperature conditions measured at time delay t=0.710.2 ps.
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Figure S12: (a) The ratio of |ory| calculated from the Tinkham equation over the exact value
of |o| is shown as a function of electron momentum scattering frequency v, over the probe
electro-magnetic field frequency w, with w/(27) = 2.85THz. (b) The ratios of |o|/0, 0,/|0|
and o, /o are shown as functions of v, /w. Here o, o, and o are synthetic data obtained from
the Drude-Smith model with the ratios of v./w that cover the range of our measurements, e.g..
the v./w ratios for different excitation conditions that produces peak 7; of 300 K, 9000 K and
16000 K are marked by dotted lines.
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Figure S13: Comparison of the DC conductivity (o) of isochorically heated gold as a function
of electron temperature (7;) determined from our THz transmission measurements (red solid
circles), and the extrapolation results from the optical conductivity of (/3) (grey open squares)
and (29) (open blue circles) using the original Drude model and a modified Drude model (28)
(orange open diamonds). Also shown is the DC conductivity constructed by the Drude model
using electron density n. and scattering frequency v, reported in (30) (purple open triangles).
The error bars in THz represents the systematic uncertainties and standard deviations of our
measurements.
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Figure S14: THz electric-field transmission through 500um-thick silicon wafer without XUV-
FEL excitation (blue curve), and with XUV-FEL excitation when the XUV pulse arrives at O ps
(orange curve).
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Figure S15: Ion-ion structure factor (S;) of ultrafast laser heated gold as a function of the
diffraction vector ¢ is shown for ion temperatures of (a) 7;= 300 K (room temperature solid), (b)
750 K (hot solid) and (c) 1400 K (super-heated solid) measured by ultrafast electron diffraction
(12). The blue curves are the data from the original measurement, and the orange curves are the

results deconvoluted to account for the instrumental resolution. The vertical dashed lines mark

twice the Fermi wave vector 2kg = 2pg/h.
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