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OPTICAL PROPERTIES OF BisSro—,La,;CuOs+s AT EQUILIBRIUM

In Figure S1 we report the light penetration depth in La-Bi2201, as a function of the photon energy at different
doping concentrations. The penetration depth (dpe,) has been obtained from the La-Bi2212 optical conductivity that
has been measured elsewhere [6]. Since the density of the CT excitations induced by the pump pulse depends on
the energy density delivered by the pump pulse, the knowledge of dp., is necessary to maintain a constant excitation
density when the doping is changed. As shown in Figure S1, at the pump photon energy of 1.4 eV dp.,, decreases as
the doping is increased. This is the consequence of the progressive increase of the charge carrier density which results
in a larger Drude contribution to the absorption process. The incident fluence has been tuned in order to maintain a
constant excitation density of 7 J/cm? for all the time-resolved measurements at different doping concentrations.

ULTRAFAST REFLECTIVITY VARIATION IN THE UV-VIS SPECTRAL RANGE

In order to rule out the possibility that, in optimally and over-doped La-Bi2201 samples, the absence of the CT
redhsift is related to a large increase of the Agr energy, which would push the observed phenomenon out of the
explored energy window, we extended the time-resolved measurements up to an energy of 3 eV. In Figure S2 we
report the dR(w,t)/R matrix measured on the overdoped La-Bi2201 sample (p=0.2). The absence of any negative
component in the signal, allows us to conclude that no CT redshift is observed in the energy range that extends far
above the Aot energy estimated by equilibrium optical spectroscopy. The same experiment has been repeated at
different pump photon energies (hw = 2.06 eV and fiw = 1.77 €V). The measured dynamics did not evidence any
significant change, in agreement with the results reported in the main text.

ULTRAFAST OPTICAL SPECTROSCOPY AT DIFFERENT TEMPERATURES

The transition of the CT dynamics observed in the La-Bi2201 samples at room temperature and at p=p,, is uncor-
related with the onset of the pseudogap at low temperatures. This can be easily inferred by single-color reflectivity
measurements on the p=0.16 La-Bi2201 sample at different temperatures, as shown in Figure S3. The data have
been collected starting from a cavity-dumped Ti:Sapphire oscillator. The photon energies are set to 3.14 and 1.5 eV
for the pump and the probe, respectively. The fluence is of the order of 10 uJ/cm?. Panel a) shows the time traces
at different temperatures. The onset of a negative component, typical of the pseudogap phase [1] is observed below

a temperature T* ~100 K. A double exponential function 6R(7)/R = AleTTt + Agefif; is fit to the measured time
traces. While the first exponential is positive and accounts for the typical electron-phonon dynamics of the normal
state [3], the amplitude of the second decay A is negative and accounts for the dynamics in the pseudogap region [1].
In Figure S3 we report the absolute value of the ratio between the negative and the positive contributions (A2/A4;) as
a function of the temperature. The A; component vanishes at T* ~100 K demonstrating that the pseudogap onset is
at temperatures significantly smaller that the temperature at which the p = p., discontinuity is observed.

The Mottness in the p < p., region of the phase diagram involves energy scales corresponding to Agr=2 eV.
The dynamics at such a high energy scale is expected to be completely temperature independent, being the thermal
fluctuations confined to k7. In order to support this assumption, we performed frequency- and time-resolved
measurements at different temperatures. In particular, we focused on the optimally doped sample that is the closest to
the p.,- turning point. In order to avoid artifacts related to the impulsive heating of the sample when the temperature is
decreased we performed time-resolved measurements in the low-fluence regime (~10 pJ/cm?). The relative reflectivity
variation, d R(w,t)/R, has been measured exploiting the supercontinuum light produced by a photonic fiber seeded
by a cavity-dumped Ti:sapphire oscillator. The details of the experimental setup can be found in Refs. 5 and ?
The frequency- and time-resolved reflectivity maps are reported in Figure S3c. In order to avoid effects related to
the increased average heating at low temperature, the repetition rate (RR) of the experiment has been decreased as
to maintain the ratio RR/Ciot(T) constant, Cyo:(T) being the total heat capacity. The data reported in the figure
demonstrate that the 0 R(w,t)/R signal at the Agr energy scale is temperature independent and that the transition



observed at p.. does not represent the room-temperature intersection with an additional T(p) line that decreases as
the doping increases.

RESONANT SOFT X-RAY SCATTERING (RXS) ON BiSra—,La;CuOgys

In Fig. S5 we show resonant soft X-ray scattering (RXS) measurements on BisSry_,La,CuOgs at three different
level of doping. These data are readapted from [2]. The resonance in the RXS signal at T=10 K at momentum
Q|| = 0.27 underlines the presence of a spontaneous breaking of the translational symmetry of the charge distribution
within the CuOs planes. The amplitude of the charge density modulation ((d¢pw)) shown in Fig. 3 of the main
text for different doping is evaluated integrating the RXS signal along the whole probed momenta at T=10 K and
normalizing it on the integrated intensity at T=300 K.
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Figure S 1: Penetration depth in BisSro_,La, CuOgys, as a function of the photon energy and for different doping
concentrations, 0.03 < p < 0.18. The photon energy of the pump pulse (1.4 €V) is indicated by a black line.
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Figure S 2: Ultrafast reflectivity variation (0 R(w,t)/R) measured by optical spectroscopy on the p=0.2 La-Bi2201
sample. The pump photon energy was set at 2.06 eV. The colour scale is reported in the inset.
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Figure S 3: a) Single-color ultrafast reflectivity variation (§R(t)/R) maesured at different temperatures on the
p=0.16 La-Bi2201 sample. The solid black lines represent the bi-exponential fit to the data. b) The ratio (As/A;) of
the amplitude of the two exponential functions is reported as a function of the temperature. The solid line is a guide

to the eye. ¢) Ultrafast dynamics at the Acr energy scale at different temperatures. The color scale is the same

than that used in Figure S2
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Figure S 4: a) dR(w,T)/R (purple solid line) measured on the p=0.12 La-Bi2201 sample at a delay 7=50 fs. The
dashed lines are the reflectivity variations calculated by modifying different parameters in the equilibrium dielectric
function. In particular, we considered the increase of the total scattering rate in the Drude part of the optical
conductivity (dashed green line, SR), the redshift of Acr (dashed blue line, RS) and the change of the CT spectral
weight (dashed red line, SW). b) A pictorial view of the modification of the optical conductivity for the three cases
is reported.
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Figure S 5: Low- and high-temperature scattering scans for the doping levels investigated with RXS: p = 0.10,
p=0.13, p=0.15 [2].



