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Experimental results

Crystal growth

The single crystal of Bils was grown following the subsequent two-step procedure. Firstly, a
crystalline Bily powder is synthesized from a mixture of chemically pure bismuth and iodine
powders (weight ratio 2:1). The synthesis is carried out at a temperature of about 200°C
in a glass ampoule, the vacuum is 10~* mm Hg. Secondly, the crystalline Bils powder is
placed in an evacuated ampoule with a vacuum of 10~ mm Hg. The ampoule is inserted
into the furnace, where the powder is slowly (within an hour) heated up to 300°C. Then, a
temperature gradient is created along the ampoule, and Bils crystal plates grow in the cold
part of the ampoule for one hour. The crystal axis is oriented perpendicular to the plane of

the plates.

Equilibrium reflectance measurement

To characterize Bils, a PerkinElmer Lambda 950 spectrometer is used to collect the equilib-
rium reflectance spectrum of Bilz at room temperature as shown in Fig 2 (b) in the main
text. The spectrum exhibits a sharp resonance at 2 eV! ascribed to the lowest-energy exci-
ton, and a broader feature centered at 2.48 eV due to the L-U-M transitions in the Brillouin

zone. 2

Optical set-up

Temporal chirp of the white-light supercontinuum

A schematic picture of the setup for the transient reflectance collection is inserted in Fig. S1.
The first building block of our experimental set-up is the femtosecond pulsed laser LIGHT
CONVERSION PHAROS, which delivers 280-fs-long pulses with a 1030 nm central emis-

sion wavelength and 37.5 pJ/pulse energy per pulse. By means of an optical pulse picker,
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Figure S1: Scheme of the optical set-up exploited for the acquisition both of the transient
and the equilibrium reflectance.
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PHAROS has a tunable repetition rate (Rep. Rate) up to 400 kHz. A 20/80 beam split-
ter divided the PHAROS output into two beams. 30 uJ/pulse of the PHAROS emission is
used to pump the non-collinear optical parametric amplifier (NOPA) ORPHEUS-F, which
generates an output spanning from 640 nm to 900 nm. The beam is, then, compressed by a
double prism compressor. As a pump, we used the 650 nm output of the ORPHEUS-F with
a spectral bandwidth of A\ = 12nm. The remaining 7.5 uJ /pulse are used for the probe line.
The energy per pulse is reduced to 1.5 puJ/pulse with a quarter wave plate and a polarizer.
The outcoming beam is focused on a 4-mm-thick YAG (Yttrium Alluminium Garnet) crys-
tal to generate a supercontinuum (WLG). With the bandpass filter, Thorlabs FSH0950 the
500 nm-950 nm region of the white light is selected to exclude the fundamental excitation.
A motorized line delay stage is used to control the pump-probe delay changing the length
of the optical path of the pump. The acquisition is made with a GEMINI interferometer
by NIREOS. To collect the reflectance we used a Si-based photodiode (PD). The acquired
signal is split into two-component: a lock-in amplified signal that filters out the pump-probe
correlated signal (AR) modulated at the frequency of the pump beam chopper and a DC
signal that is the non-correlated reflectance component of the sample. The two collected
R

interferograms are Fourier transformed and the transient reflectance %—0 is acquired. The

sample is inserted in a closed-cycle helium cryostat that allows performing transient opti-



cal measurements at low temperatures down to 17K. The sample was cleaved in situ. The
measurement was carried out at 50K, at low ambient pressure, with a Rep. Rate of 40 kHz
and a fluence of 50 ;% The instrumental response function, defined as the cross-correlation
between the pump and the probe measured at the sample position, is limited by the temporal

duration of the pump pulse and results in 70 fs.
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Figure S2: Transient reflectance of HOPG as a function of probe energy left axis and delay
time bottom axis collected with a photon energy of 2.79 ¢V (a) and 1.91 ¢V (b). The
solid black curves are the time zeros dispersion. Horizontal linecuts at 1.7 eV with the
relative fit are inserted in (c¢) and (d) for the non-resonant and resonant pumping conditions,
respectively. The blue and red shades feature are the resuting punm-probe cross-correlation.

To collect the transient reflectance of Bilz as a function of pump-probe delay and probe
wavelength, a continuum white light probe in the 1.9 eV-2.3 eV range was exploited. The

use of a broad probe wavelength window induces a temporal chirp of a few hundred fs in



the response of Bilz. To study the probe-wavelength-dependent response, the dispersion of
the chirp has to be taken into account in the analysis. To evaluate the temporal chirp, the
transient reflectance of highly-oriented pyrolitic graphite (HOPG) was collected as a function
of pump-probe delay time and probe wavelength with a 2.79-eV- and 1.9-eV-pump photon
energy, Fig. S2 (a) and (b) respectively. The HOPG sample was located inside a closed-
cycle helium cryostat at low pressure and room temperature. The HOPG is used due to its
instantaneous response and its fast relaxation dynamic, shorter than the set-up resolution.
Therefore, HOPG is useful to evaluate the pump-probe correlation time and the dispersion
of the time zero in the probed energy region. To evaluate these quantities, horizontal line
cuts were extracted from the map. The horizontal linecuts at 1.7 eV for the two colormaps
are inserted as blue and red markers courves in Fig. S2 (c) and (d) respectively. To fit
the transient reflectance evolution with the pump-probe time delay, we used a convolution
between a Gaussian function, that takes into account the pump-probe-cross-correlation, and
a response function, which is a Heaviside function located at the pump-probe overlap time
multiplied by a fast exponential decaying function. As a result, the cross-correlation between
the pump and the probe is (70 & 10) fs, and the temporal chirp is the black line shown in
Fig. S2. The resulting fitting curves are inseted as black dashed lines in Fig. S2 (c¢) and (d)
and the cross-correlation intensity profiles are the shaded blue and red features. The chirp is
determined by the experimental set-up and the white light generation (WLG), therefore the
extrapolated time-zeros-dispersion is the same also for Bil;. The time zero of Bilz transient

reflectance was aligned according to the extrapolated temporal chirp.

Bil3 equilibrium reflectance at low temperature

White-light supercontinuum pulses between 1.55 eV and 2.48 eV have been exploited to
record the equilibrium reflectance of a single crystal of Bils. The white light is generated by
a 4-mm-thick YAG (Yttrium Alluminium Garnet) crystal. The generated light is collimated

with a parabolic mirror. A single crystal Bilz sample was mounted on a Cu sample holder
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Figure S3: (a) The acquired intensity of the supercontinuum I (solid blue line) and the
reflected light I by Bils at 50 K (dashed blue line) (b) Reflectance spectrum of Bils at
50 K.

inside a helium closed-cycle cryostat to control the temperature. To collect the reflected
intensity (Ig) we used a GEMINI interferometer by NIREOS. The reflected intensity is
collected with a Si-based photodiode and the DC signal is acquired by a lock-in. Then to
have the energy-dependent reflectance the acquired output is Fourier transformed. A sketch
of the set-up is inserted in Fig. S1. The set-up is the same one used for the acquisition of
the transient reflectance. The pump beam is blocked after the ORPHEUS-F output by a
beam blocker. An example of the reflected intensity is the dashed blue line in Fig. S3 (a).
As a reference, the spectrum of the non-interacting supercontinuum (I, for instance, the
solid blue line in figure Fig. S3 (a)) was collected. The final reflectance R is, then, the ratio
between the reflected light and the incident light (R = II—f;) The collected reflectance at 50 K

is shown in Fig. S3 (b).

Data analysis procedure

The first step of the analysis consists of finding the right parametrization of the Bil; equi-
librium reflectance R.,. A Tauc-Lorentz model has been chosen to reproduce R.,. As part

of this model, the complex dielectric function is described by:

érp = €L+ 1€ = €L+ 0 (67 X €.1) (1)



The Tauc term in the imaginary dielectric function (e;7) represents the response of the
direct gap material caused by the inter-band transition, while the excitonic resonances are
described by lorentian oscillators (¢; ). In our case, three Tauc-Lorentz oscillators have
been exploited to reproduce the excitonic resonances. The complete imaginary part of the

dielectric function is:
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where A;, I';, and Ey; are the amplitude, the full-width-half-maximum (FWHM), and the
center of the i-th oscillator, respectively. The real part of the dielectic function is retrived
by the Kramer-Kroenig integration:
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where P is the Cauchy principal value. For the Tauc-Lorentz model the real part of the

dielectric function (ezr,;) is the one reported by Jellison and Modine in 1996.3 The reflectance

is then defined as:
(n—1)% 4 k?
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(4)

where n and k are the real and imaginary part of the complex refractive index n = n+ik.

These are related with the dielectric function as:
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Thereby, the reflectance at 50 K has been fitted using the Tauc-Lorentz procedure. The

acquired and fitted reflectance are shown in Fig. 1 (b) of the main text. We report the



reproduced R, in Fig. 5S4 as a dashed black line to show more in details the parametrization
results. The first Tauc-Lorentz oscillator, located at (2.06 4+ 0.01) eV (orange-shaded peak)
with a FWHM of (40 + 5) meV, is assigned to the first bright exciton, while the second at
(2.17+£0.01) eV and with a linewidth of (60£5) meV is ascribed to the second bright exciton
(green-shaded peak), according to absorption measurement on Bilz thin film.? We note that
the total linewidth of the first excitonic resonance includes also the experimental resolution of
37 meV. The deconvoluted linewidth of the first exciton is (15+5) meV. Moreover, the third

oscillator located at (2.31 4 0.01) eV (violet-shaded peak) has a broader width of (240 & 5)

meV and represents a collection of the higher-order excitons, that in our analysis represents a
background since it is outside our probed energy window (highlighted on the top of Fig. S4).

The found Tauc energy gap is (1.97 & 0.01) eV and it is the same for all the oscillators.
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Figure S4: Reproduced equilibrium reflectance (black dashed line), where the three excitonic
oscillators are underlined by the orange, green and violet peaks.

The second step of the analysis procedure comprises the modelization of the out-of-
equilibrium reflectance (R,¢,). To reproduce it, we consider a shift in the energy position
(AE;), a change in the linewidth (AT}), a variation of the peak intensity (AA;) for each

oscillator, and a modification in the Tauc energy gap (AE,). The resulting imaginary part

of the dielectric function is:
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The out-of-equilibrium reflectance (R,.,) is then calculated following the procedure illus-
trated above.
Adding up all the elements, the energy-dependent transient reflectance spectra of Bil;
were fitted using the following function:

Rne - Re
AR = =i (8)
eq

where R., is the parametrized equilibrium reflectance and R, is the out-of-equilibrium
reflectance
Thereby, the fitting function (AR) is used to interpolate the energy-dependent transient
reflectance (TR) traces acquired at selected time delays. A representative fit is shown in Fig.
2 (b) and (e) of the main text, for the quasi- and out-of-resonance pumping, respectively.
In this analysis, the third exciton, being a background, is kept fixed for all the time delays.
In addition, due to the suppression of photoinduced free carriers ruled by the quasi-resonant
pumping, the Tauc energy gap is also fixed in all the delays. Conversely, the Tauc energy
gap is left free to change due to the free-carrier-induced band gap renormalization in the
out-of-resonant pumping. The transient evolution of both intensity and energy of the first
exciton oscillator with quasi-resonant pumping as a return of the fit are shown in Fig. 4
and discussed in the main text. To clarify the analysis described in the main text, the
time-resolved dynamics of these two quantities were evaluated with a global fit through the
sum of three terms, assigned in the main text as coherent excitons, incoherent excitons, and
coherent vibrations. The whole response function is convoluted with a gaussian function with

FWHM of 70 fs that represents the experimental resolution. Firstly, the coherent exciton



signal rises within the pump-pulse cross-correlation duration and has a single-component
decay evolution. Secondly, the incoherent exciton population is described by a single rise
time followed by a double exponential decay function. Lastly, the coherent vibrations are
periodic modulations described by a damped cosine function, with damped time longer than

the probed temporal window.
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Theoretical calculations

Computational details

The theoretical analysis of the equilibrium and non-equilibrium optical properties of Bils is
based on first-principles calculations. The calculation of the electronic structure is performed
within the framework of density functional theory (DFT), using the Quantum ESPRESSO
package®” and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.® The
van der Waals interaction is considered according to the Tkatchencko-Scheffler model (T'S-
vdW).? Due to the heaviness of the constituent atoms and the resulting strong spin-orbit
interaction, fully relativistic norm-conserving pseudopotentials are used from PseudoDojo,!°
including Bi 5d and I 5d semi-core states.!!!? Experimental lattice parameters are used in
this work with a = 7.52 A and ¢ = 20.7 A.'3 All the DFT calculations are performed with a
plane-wave cutoff of 80 Ry and a k-grid of 8x8x8, following the Monkhorst-Pack method.
The GW and GW+BSE calculations for the quasiparticle corrections and the equilibrium
and non-equilibrium optical properties are carried out in Yambo code.'®'” The quasiparticle
corrections are obtained at the GoWj level, using the plasmon-pole approximation. The
dielectric matrix is computed considering 300 bands and using a terminator for the electronic
Green’s function G.*® The calculation of the optical properties considering excitonic effects is
performed on top of the GW results. Equilibrium optical properties are computed solving the
Bethe-Salpeter equation within the Tamm-Dancoff approximation, ! while non-equilibrium
optical properties are calculated through the evolution of the equation of motion for the time-
dependent density matrix p(¢) under the effects of a pump field.?* To compute the static
kernel of the BSE, 200 bands are considered, while 10 valence bands and 4 conduction bands
are used for the calculation of the excitonic transitions. In the non-equilibrium case, both
the pump and the probe fields are computed with a time step of 10 as. We use a two step
integrator (Runge-Kutta 2"¢ order), where however each single step is based on an inversion

operation instead of the simple Euler approach. The inverstion step is the adaptation to
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the density matrix case of the algorithm present in,?! eq. 24. Both fields are modelled by
a QSSIN function so that the phase can be controlled. In particular, the pump field has a
time duration of 180 fs with an in-plane polarization and an intensity of 2x10° 2n—W2 On the
other side, the probe field arrives 25 fs after the maximum of the pump pulse and has a time
duration of 95 fs with an in-plane polarization perpendicular to that of the pump and an

: : 2 kW
intensity of 10° Z-.

Analysis of the role of the detuning in the quasi-resonant case
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Figure S5: Behaviour of the first bright exciton according to the pump energy. The yellow
bar represents the bright exciton while the gray bars represent the dark ones.

Experimentally, the first bright exciton is found to be at 2.06 eV. To study the quasi-
resonant case, a pump at 1.91 eV is used, resulting in a detuning of 150 meV. The same
detuning is used in the numerical simulations (bright peak at 2.12 eV, pump pulse at 1.97
eV). Since we are not formally in resonance, we here show the behaviour of the excitonic peak
as a function of the detuning. To this end, we plot in Fig. S5 the behaviour of the excitonic
peak for different pump energies and different detuning paramters, 1.91 eV (detuning 210
meV), 1.96 eV (detuning 160 meV), 2.01 eV (detuning 110 meV), 2.06 eV (detuning 60

meV). We keep the pump fluence constant. We also performed simulations at zero detuning.
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However in such case the very strong absorption leads to a drastic change in the spectrum
and we do not show it here. Comparing the different spectra we observe that there is no
qualitative difference in the shape of the spectra, just an increase in the intensity of the
excitonic peak due to higher exciton population as the detuning is reduced. This confirms
that the signal computed at 150 detuning is not a specific feature of the very low exciton
population, but that it is stable against the changes in the pump freqeuncy. As a side effect
the large detuning ensures a presence of a rather low density of coherent excitons, and thus

that we stay below the exciton Mott transition.

Analysis of the time dependence of the signal on the relative phase

of pump and probe

Quasi-resonant case
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Figure S6: Optical absorption spectra of Bils at equilibrium and when pumping at 1.97 eV
for different probe phases. The dashed black line is the direct gap energy. The yellow bars
represent the bright excitons and the gray bars the dark excitons.

To generate a quasi-resonant excitation we pump at 1.97 eV. The resulting absorption

spectra as well as the equilibrium spectrum are depicted in Fig. S6. We observe that depend-
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ing on the phase shift of the probe with respect to the pump, the change of the excitonic
peak is different. Indeed the signal is very sensitive to the relative phase of the pump and
the probe, resulting in time dependent oscillations as a function of the pump-probe delay
(Dynamical Franz Keldysh effect). From an experimental point of view, these oscillations
cannot be measured since (i) they are very fast, and (ii) it is necessary a control of the phase
of the probe, e.g. to work with phase-locked pulses. Instead the experiment is performed
without controlling the relative phase, and moreover averaging over many measurements
with random phases. This washes out the above discussed oscillations. Thus, in order to be
able to compare the theoretical results with the experimental measurements, we mimic the
averaging procedure by summing the signal obtained with two opposite relative phases at

fixed delay: 0° and 90°.

Non-resonant case
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Figure S7: Optical absorption spectra of Bilz at equilibrium and when pumping at 2.79
eV for different probe phases. The dashed black line is the direct gap energy. The bright
excitons are represented by yellow bars, and the dark excitons by gray bars.

For the non-resonant case we pump in the continuum with a pump energy of 2.79 eV,

as shown in Fig. S7. We perform the above discussed averaging procedure also in this case.
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However, in contrast to what it is observed for the quasi-resonant excitation, here the non-

equilibrium spectrum is not affected by the phase shift of the probe with respect to the

pump. This is likely due to the fact that we pump in the continuum and many frequencies

are present, so that the Dynamical Franz Keldysh effect is washed out.
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