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Bound electronic excitations play a major role in the electrodynamics of insu-
lators and are typically described by the concept of Wannier-Mott and Frenkel
excitons [I]. The former represent hydrogenic electron-hole pairs delocalized over
several unit cells of a crystal and they occur in materials with high dielectric con-
stant; the latter correspond to a correlated electron-hole pair localized on a single
lattice site and they mostly prevail in molecular solids. Between these two extremes,
an intermediate type of excitons exists, typically referred to as charge-transfer ex-
citons [2, B, 4]. A prototypical system in which these rare quasiparticles have
been theoretically predicted [5] but never experimentally confirmed is the anatase
polymorph of TiO,, which is one of the most promising material for light-energy
conversion applications. Here, we combine angle-resolved photoemission and opti-
cal spectroscopies, along with ab initio state-of-the-art theoretical calculations, to
demonstrate that the direct optical gap of anatase TiO; is dominated by a charge-
transfer exciton band rising over the continuum of indirect interband transitions.
In particular, we find that the lowest exciton possesses a two-dimensional nature
and is characterized by a giant binding energy of ~ 300 meV. The universality of
these findings is proven in highly defective samples used in light-energy conver-
sion applications, by interrogating these systems out-of-equilibrium via ultrafast

two-dimensional UV spectroscopy.



The field of excitonics has gained increased attention in the last years, due to the unique
properties that excitons manifest in the conversion and transport of energy. Key to these
developments is the ability to exploit exciton physics in materials that are easily fabricated and
widely available. Anatase TiOy belongs to the class of solids with superior functionalities for the
conversion of light into other forms of energy [0, [7, 8], but the nature of its fundamental optical
excitations is still unclear and heavily debated. Despite the absence of strong electron-electron
correlations, the main source of uncertainty remains the electronic structure and its relationship
to the optical spectra. It is therefore pivotal to clarify the single- and two-particle excitation
spectra of anatase TiOy and to establish the nature of the charge excitations produced upon
photon absorption.

Anatase TiO, crystallizes in a tetragonal unit cell, built on a network of corner- or edge-
sharing TiOg octahedra (Fig. [JA). The substantial difference between the lattice constants a =
3.78 A and ¢ = 9.51 A results in a strong anisotropy of the electronic and optical properties.
First significant steps towards the understanding of the electronic structure were achieved
by experimental probes such as angle-resolved photoemission (ARPES) [9 10] and optical
spectroscopies [11], 12, [13]. Recent ARPES studies revealed that the fundamental bandgap of
anatase TiO, has an indirect character, since the valence band (VB) maximum lies close to
the X point of the Brillouin Zone (BZ) and the conduction band (CB) minimum is at the I'
point [0, [10]; consequently, the lowest optical absorption edge can be described in terms of
an Urbach tail caused by the phonon-induced localization of excitons [I1]. This Urbach tail
displays two independent responses for light polarized perpendicular or parallel to the c-axis, as
expected from the intrinsic structural anisotropy of the system. Less attention, however, has
been paid to the detailed characterization of the optical response above the absorption threshold,
where anisotropy effects become more pronounced [12], [13]. In particular, the role played by
many-body correlations in the optical properties has remained elusive to experimental probes,
leading to a lack of knowledge about the character of the elementary direct charge excitations
in this material.

On the theory side, Density Functional Theory (DFT) with many-body perturbation-theory

corrections provided a proper description of the material’s dielectric function [5] 14l [15] [16]. The



diagonalization of the Bethe-Salpeter Hamiltonian predicted several direct optical transitions
at energies well below the direct electronic gap computed at the GW level. The existence of
bound excitons in anatase TiO, is, however, still awaiting experimental verification, due to
the difficulty of measuring the exciton binding energy (Eg). Indeed, conventional experimental
methods like optical absorption [I7], photoluminescence [I8, [19] and magneto-optics [20] are
not suitable for an indirect gap material, as the onset of direct band-to-band transitions cannot
be identified; moreover, to derive Eg, these methods often rely on approximate models valid
only for hydrogenic Wannier-Mott excitons [21].

Here, we address the importance of many-body correlations in anatase TiOy by a combination
of ARPES and spectroscopic ellipsometry (SE), which allows us to clarify the values of the direct
gap for both charged and neutral excitations. Their difference quantifies the interaction energy
between the electron and hole generated by photon absorption. Importantly, we demonstrate
the existence of strongly bound charge-transfer excitons in anatase TiO, and offer an accurate
and rigorous estimate of Eg for a direct exciton rising over the continuum of indirect interband
transitions, free from assumptions on the nature of the excitonic species under study. The results
are corroborated by many-body perturbation-theory, revealing the two-dimensional (2D) spatial
distribution of the excitonic states on the (001) plane and the localized nature of the excitonic
states for light polarized along the [001] direction. Finally, the stability of the localized bound
excitonic states in samples of different character, ranging from single-crystals with varying
degrees of defects to colloidal nanoparticles (NPs), is demonstrated by ultrafast 2D spectroscopy
in the deep UV spectral range.

The first ingredient to determine the exciton Egp is an accurate evaluation of the direct
electronic band gap of the material. To estimate the direct electronic bandgap at the I' point
via ARPES measurements, we inject excess electrons into the CB by inducing oxygen vacancies
in an (001)-oriented single-crystal (see Ref. [10]). The new Fermi level at the CB minimum
represents a solid reference energy to evaluate the gap with respect to the VB. Indeed, because
of the weak electronic correlations, the electron doping provided via oxygen vacancies does
not significantly renormalize the electronic structure of anatase TiOy [10]. Fig. shows the

second derivative ARPES data of the valence states at 20 K between the I" and X points of



the three-dimensional (3D) BZ. The dashed blue line, highlighting the top of the VB, has been
drawn as a guide to the eye. As expected, the onset of the VB occurs close to the X point, and
precedes the rise at I' by ~ 500 meV. The direct inspection of the band structure yields a first
highly dispersing band close to the VB upper edges, whose maxima in the vicinity of the X and
I' points sit at -3.55 4+ 0.05 eV and -4.05 + 0.05 eV, respectively. Our primary interest here is
the value of the direct gap at the I' point, which can be estimated around 4.05 eV.

Further insight into the nature of the elementary excitations is obtained by SE, which is a
very reliable technique for measuring the dielectric function €(w) = € (w) +iez(w) of a material,
allowing the determination of the steady-state absorption and reflectance spectra. Fig. 2A-B
show the imaginary part of the dielectric function, €s(w), measured at 20 K in a (010)-oriented
single crystal, with light polarized perpendicular (E L c) and parallel (E || ¢) to the c-axis,
respectively. We also performed analogous measurements on the single-crystals with various
concentrations of oxygen vacancies used in the ARPES experiments and observed no apparent
shift in the energy position of the peaks (Fig. —D). In Fig. , the direct absorption is
characterized by the presence of a sharp peak at 3.79 eV (I), preceded by a long Urbach tail at
lower energies [I1]. A second, broader charge excitation (II) lies at 4.61 ¢V and extends up to 5
eV. The c-axis response (Fig. 2B) is instead characterized by a feature peaking at 4.13 eV (III)
with a shoulder at 5 eV. Remarkably, all these excitations are still clearly distinguished at room
temperature (RT) (Fig. [SHA-B).

To rationalize the experimental data, we calculated the anatase TiOy band structure at
the GW level of theory (Fig. and Fig. . Grey diamonds in Fig. denote the values
obtained within GW for VB and CB at the I' and X points. These are also reported in Fig.
for a direct comparison with experimental values from ARPES, showing excellent agreement
not only in the overall band shape across the explored region of the BZ, but also for the values
of the band gaps, the direct one at the I' point (Eg;, = 4.07 V), and the indirect one from ~
X toI' (Ejng = 3.61 eV). These fully converged GW values are consistently reproduced within
different computational approaches (see Fig. [S10). The full calculations of the electronic band
structure in Fig. also yield important information about the I'-Z direction, which is crucial

for understanding the optical transitions of the material. The CB and VB dispersions between



I' and Z are approximately parallel, providing a large joint density of states for the occurrence
of optical transitions. Here, we show that this peculiar dispersion leads to intense excitonic
transitions in the optical absorption spectrum for both considered light polarizations.

To unravel the nature of the optical excitations, we calculated €;(w) with and without
many-body electron-hole correlations. The optical spectra in the uncorrelated-particle picture
are obtained within the random-phase approximation (RPA) on top of the GW quasiparticle
description, while the absorption spectra are calculated by solving the Bethe-Salpeter Equation
(BSE) as implemented in the BerkeleyGW code [22] (see SI for details of the calculations).
The simulated spectra with (violet lines) and without (red lines) electron-hole correlations are
shown in Fig. 2JA-B. By including many-body effects [5], 14} 15 [16], we obtained an excellent
agreement with the high-resolution SE spectra, and we performed a detailed analysis of optical
transitions in real and reciprocal space. In particular, for E L c, the calculations clearly indicate
an absorption maximum (exciton I) at 3.76 eV, well below the direct valence-to-conduction
optical transition evaluated at the independent particles level. Such a feature is associated
with an exciton band, with the contributing exciton transitions retaining a strongly bound
character. The points of the BZ involved in these transitions are the ones along the I'-Z direction,
i.e. the region where the parallelism of the CB and VB dispersions largely contributes to the
enhancement of the oscillator strength (inset of Fig. [I|C, violet arrow). Due to the almost
parallel band structure for CB and VB along the I'-Z direction, the electronic gap at the I
point (coincident with the continuum absorption rise) can be used as a reference energy in the
evaluation of Eg, leading to Eg ~ 300 meV. The combination of ARPES and SE here allows us
to confirm the bound exciton scenario for the excitation observed at 3.76 eV, and to provide
the first experimental estimate of Eg for anatase TiO,. The energy, shape and reciprocal space
contributions for exciton II highlight its bulk-resonance character, most evident as its offset
coincides with the RPA @ GW absorption rise. For E || ¢, the strong absorption maximum in
the computational spectrum at 4.28 eV is also in very good agreement with the SE results. The
energy position and peak shape of exciton III indicate a mixing of localized and bulk-resonant
contributions, as the continuum onset in RPA @ GW undergoes an intensity enhancement.

The k-points contributing to this charge excitation are both localized along the I'-Z line and



distributed in the whole BZ. The mixed nature of exciton III makes it less straightforward to
estimate its Eg. Assuming the RPA @ GW onset at 4.4 eV for E || ¢ as the reference energy for
evaluating Eg (marked as Eg;, in Fig. ), we can estimate Eg ~ 150 meV, which is well above
the standard exciton binding energies observed in bulk semiconductors.

The large Ep of the excitons in anatase TiOs leads us to a deeper investigation of the nature
of such anomalously bound quasiparticles. A certain degree of spatial localization has to be
expected for these neutral excitations. The character of excitons I and III can be inferred by
the spatial distribution of the excitonic wavefunctions in a frozen lattice. In Fig. [3| the relevant
excitonic wavefunctions are shown on an isosurface, representing the electronic configuration
when the hole of the considered excitonic pair is localized on a specific site. The first bright
exciton observed for E L c¢ (first BSE eigenvalue at 3.76 eV) extends two-dimensionally on
the (001) plane with a radius of 15 A, being almost confined to a single atomic plane along
the c-axis (Fig. and ) Fig. depicts the spatial distribution of the charge excitations
associated with peak IT of Fig. 2JA, showing significant contributions from extended bulk states.
Hence, this peak is ascribed to a resonant excitation which does not evolve into a bound state.
Its electron wavefunction appears completely delocalized over many lattice constants around the
hole. Finally, in Fig. , the linear combination of excitonic wavefunctions (with eigenvalues in
the range 4.15-4.35 eV for E || ¢) contributing to peak III leads to a highly localized exciton in
all three directions, with an average radius of 20 A.

Typically, the character of an exciton (Wannier-Mott, Frenkel, or an intermediate one)
is driven by the combined effects of the crystal geometry and the screening properties. Our
analysis reveals that excitons in anatase TiOy can be regarded as peculiar quasiparticles with
an intermediate character between the Frenkel and Wannier-Mott regimes, since the spatial
extent is not restricted to a single unit cell nor is it fully delocalized in space. These excitons
result from the interaction between an electron in Ti 3d,, orbitals and a hole in O 2p orbitals
and therefore are of the charge-transfer type. Since our ab initio calculations are performed
within the frozen lattice approximation, we are neglecting possible phonon effects that play
a crucial role in the experimental optical spectra. These arise both in the Urbach tail of the

spectrum, dominated by phonon-assisted interband transitions, and in the lineshapes of the



excitonic features, which retain a broad character even at 20 K. Indeed, it is extremely unlikely
that such a large linewidth can be explained only via the residual exciton-defect scattering in a
high-quality single-crystal. Therefore, we conclude that most of the linewidth is intrinsic and
arises from a series of sidebands due to coupling to several modes of the phonon field [23]. As
a consequence, such strong exciton-phonon coupling may lead to the formation of polaronic
excitons. The presence of an intermediate-to-strong electron-phonon coupling in anatase TiO,
has already been invoked to explain experimental results naturally pointing to the polaron
concept [24, 25]. Recent transport [26], ARPES [10] and Scanning Tunneling Microscopy [27]
data detected signatures of large polaronic electrons in the CB of this material, while earlier
threshold absorption [I1] and photoluminescence [28] data provided clear evidence for Toyozawa’s
theory of the Urbach tail and radiative recombination of self-trapped excitons [23].

The above description dealt with bulk single-crystals of anatase TiO,, but in most appli-
cations [0, [8 [7], highly-defective samples are used at RT and ambient pressure, e.g. NPs or
mesoporous films. The possible extension of our findings in such samples would have a strong
impact on the common understanding of charge interaction and energy transport in applications
involving anatase TiO,. However, one expects that the carriers released by defects and the
local electric fields generated by charged impurities screen the Coulomb interaction in the
exciton, leading to the cancellation of the binding forces. Moreover, strong exciton-defect and
exciton-impurity scattering can also cause an extreme broadening of the exciton linewidth,
hiding the characteristic exciton feature into the continuum of indirect interband excitations.
These ideas are reinforced upon direct inspection of the equilibrium absorption spectrum of
colloidal anatase TiOs NPs, which does not show any obvious signature of excitonic transitions
(Fig. [S2] and black curve in Fig. [4A) [29, B0]. In addition, this spectrum is strongly affected
by the scattering of the incident light. One may therefore question the validity of the above
conclusions to the actual systems used in applications.

Here, instead, we demonstrate that the bound excitons existing in the bulk emerge with the
same phenomenology in anatase TiO, NP at RT. A powerful approach to address the existence
of excitonic transitions in colloidal anatase TiOs is to interrogate the system out-of-equilibrium

via ultrafast 2D UV transient absorption spectroscopy [32], since this technique subtracts the



scattered light and provides a better contrast for resolving hidden features. Typically, the
exciton lineshapes can be identified through the pump-induced transparency of the excitonic
peak, which is referred to as “exciton bleaching”. This nonlinear optical process is intrinsically
related to a many-body phenomenon: its manifestation depends not only on the final-state
interactions of electron and hole involved in the excitonic state but also on the interaction with
all other particles in the material, that can contribute to screening or blocking the excitonic
transition [31]. The 2D UV experiment covers the spectral region of the excitonic resonances.
Fig. and 4B respectively show the transient absorption (normalized AA) of anatase TiOq
NPs in aqueous solution and the transient reflectivity (AR/R) of anatase TiO, single-crystals
(with varying degrees of oxygen vacancies), as a function of the probe photon energy, at a time
delay of 1 ps and for different pump photon energies. All the transients exhibit a negative
(bleach) signal, and display two prominent features at 3.88 eV and 4.35 eV. While the former
excitation is present at all pump photon energies, the latter becomes more prominent for pump
photon energies beyond 4.1 eV, i.e. in correspondence with the threshold for accessing the c-axis
optical response. Both features have a relatively narrow width of 250 meV.

To assign them, we computed AA from the AR/R measured in anatase TiOy single-crystals
(see details in the SI). Fig. shows the derived AA along the a- and c-axis, for a 4.4 eV pump
photon energy and a time delay of 1 ps. In these separate polarization channels, two negative
features appear at 3.88 eV and 4.32 eV, similarly to the AA spectra of NPs. It appears that
these energies match those of the first excitonic peaks in the equilibrium absorption spectrum
along the a- and c-axis (note that the values of the absorption peaks slightly differ from the
peaks in the dielectric function). Hence, this analysis leads us to disentangle the a-axis and
c-axis contributions in the AA response of the NPs. Both excitons are found to appear in the
latter due to the lack of anisotropy in the randomly oriented NPs in solution. Therefore, the
excitonic features are also present in the equilibrium absorption spectrum of anatase TiOy NPs,
but they are obscured by the strong light scattering.

Establishing unambiguously the existence of excitons in bulk single crystals of anatase TiO,
and more importantly in NPs, provides novel perspectives on the optical response of this widely

used material. In particular, the 2D wavefunction of the lowest charge-transfer exciton represents



a fascinating aspect, because it does not occur in a quasi-2D material. In the last years, several
2D excitons were discovered in materials such as hexagonal boron nitride [33] and transition
metal dichalcogenides [34 35, 36], which are layered 2D systems held together by Van der Waals
forces to form a 3D lattice. The lack of strong interaction between the layers yields to a physical
behaviour which reflects the predominantly 2D structure. The situation of anatase TiOy is
radically different in that a genuine 3D material exhibits a 2D exciton wavefunction on a specific
lattice plane.

Besides the fundamental interest in this exotic species, the correct description of the equilib-
rium optical spectrum can improve the comprehension of the enhanced photocatalytic activity
of anatase TiOy (001) surface compared to other facets: to this purpose, it is crucial to establish
how molecules adsorbed to this surface react to specific charge excitations generated by tunable
incident light. From the point of view of devices, the newly discovered bound excitons may
provide a significant source of optical nonlinearity, paving the route for the development of
electro-optical or all-optical switches in the UV. Also engineered nanostructures exposing a large
percentage of (001) facets can be useful in guiding the energy at the nanoscale in a selective
way [37, B8, [39]. Finally, due to the important contribution that phonons play in the exciton
linewidth and lineshape, we expect that the optical properties of anatase TiO, can be effectively
altered by tuning the exciton-phonon coupling, e.g. through the applications of mechanical
strain or via dielectric screening. In this regard, new insights from many-body theory will be
crucial for evaluating the transport of these excitonic species, their coupling to the vibrational

degrees of freedom and their reaction to various external stimuli.
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Figure 1: (A) Crystallographic structure of anatase TiOy with highlighted TiOg polyhedra.
Blue atoms represent titanium, red atoms represent oxygen. (B) Second derivative ARPES data
of the electronic structure at the top of the VB between I'" and X. Dashed blue lines are reported
as a guide to the eye. Grey diamonds indicate the values obtained with the GW corrections.
The spectrum is referenced to the Fermi energy, which lies at the bottom of the CB at T
(C) Electronic band structure of bulk anatase TiO, along the Z - I' - X directions of the first
BZ. The lines indicate the DFT calculations corrected by the GW values. Grey diamond dots
indicate the values obtained with the GW corrections at the high symmetry points, while the
values along the high symmetry directions are obtained by correcting with linearly interpolated
values. The inset shows a schematic representation of the three-dimensional electronic structure
between the I' and Z points of the BZ, where the CB and VB dispersions are approximately
parallel. The violet and black arrow highlight the region involved in the optical transitions
which contribute to exciton I and III respectively. The gap at I" is a good reference to highlight
the bound nature of exciton I in Fig.
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Figure 2: Imaginary part of the dielectric function at 20 K with the electric field polarized
along (A) the a-axis and (B) the c-axis. The experimental data measured by spectroscopic
ellipsometry are reported in blue, the calculated spectra in the RPA @ GW scheme in red and
the calculated spectra in the BSE @ GW scheme in violet. The quasiparticle indirect gap Ei,q
= 3.61 eV is indicated by a dashed grey vertical line; the direct gaps Eq;; = 4.07 eV (at the T’
point) for E L ¢ and Eg;;, = 4.4 €V (coincident with the onset of the RPA @ GW) for E || ¢ are
indicated by dashed black vertical lines in Fig. (A) and (B) respectively.
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Figure 3: Isosurface representation for the wavefunction of the fundamental charge excitations
in anatase TiOy. (A) Charge-transfer exciton I at 3.76 ¢V. (B) Resonance 1T at 4.37 V. (C)
Charge-transfer exciton III at 4.25 eV. (D) Side-view of the charge-transfer exciton I at 3.76 eV.
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Figure 4: (A) Normalized transient absorption spectra of room-temperature colloidal solution
of anatase TiO, NPs at a fixed time-delay of 1 ps and for different pump photon energies
(indicated in the figure). Each trace is normalized with respect to the minimum of the main
feature at 3.88 eV. For comparison, the black trace shows the inverted steady-state absorption
spectrum. (B) Transient absorption spectrum of room-temperature anatase TiO, single-crystals
along the a- and c-axis at a fixed time delay of 1 ps. For this experiment, the pump photon
energy is 4.4 eV.
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S1 Experimental methods

S1.1 Single crystal growth and characterization

High-quality single-crystals of anatase TiOs were produced by a chemical transport method
from anatase powder and NH4CI as transport agent, similar to the procedure described in Ref.
[40]. In detail, 0.5 g of high-purity anatase powder were sealed in a 3 mm thick, 2 ¢cm large and
20 cm long quartz ampoule together with 150 mg of NH4Cl, previously dried at 60°C under
dynamic vacuum for one night, and 400 mbar of electronic grade HCl. The ampoules were placed
in a horizontal tubular two-zone furnace and heated very slowly to 740 °C at the source, and
610°C at the deposition zone. After two weeks, millimeter-sized crystals with a bi-pyramidal
shape were collected and cut into rectangular bars (typically 0.8 x 0.6 x 0.15 mm3). We
characterized the raw anatase single-crystals through transport and Reflection High-Energy
Electron Diffraction (RHEED) measurements, as in Ref. [10]. Copper-doped anatase TiOy
single-crystals were obtained by annealing raw anatase single-crystals in O, at 700°C for 6
days in the presence of Cu vapors. The reduced form of anatase TiO, was instead obtained by
annealing the raw anatase TiO, crystals at 700 °C for 10 days under 950 mbar of CO.

The reduced anatase TiOq single-crystal was also polished along a (010)-oriented surface, in
order to be used in the spectroscopic ellipsometry (SE) measurement. The surface roughness of
this crystal was estimated via Atomic Force Microscopy (AFM). Fig. —B shows two images
taken under the AFM. The average surface roughness of the polished surface was found around

0.9 nm.

S1.2 Nanoparticles synthesis and characterization

TiO, nanoparticles (NPs) were prepared by the sol-gel method [41]. The synthesis was
carried out in a glove box under argon atmosphere. We used titanium isopropoxide (Sigma
Aldrich, 99.999% purity) as precursor, which was mixed with 10 ml of 2-propanol. This mixture
was added dropwise under vigorous stirring to cold acidic water (2°C, 250 ml H,O, 18 M,
mixed with 80 ml glacial acetic acid, final pH 2). At the beginning the mixture looked turbid,

but after stirring it in an ice bath for 12 hours, it became transparent as the amorphous NPs

19



were formed. Half of the mixture was left stirring for days to stabilize the NPs. The other half
was peptized at 80 °C for about 2 hours until the liquid turned into a transparent gel. The gel
was autoclaved at 230°C for 12 hours. During this process the previous amorphous sample
became denser and underwent a phase transition, resulting in anatase TiO, NPs. After the
autoclave the NPs have precipitated to the bottom of the container. They were separated from
the supernatant and added to 100 ml acidic water (pH 2) to obtain a white colloidal solution
with a final concentration of ca. 337 mM. In Ref. [42], we reported the details of the sample
characterization by means of X-ray diffraction and transmission electron microscopy. These
techniques enabled us to demonstrate the good quality of the anatase phase and the spherical
shape (with an average diameter of approximately 25 nm) of the NPs.

The steady-state absorption spectrum of the colloidal solution of anatase TiOy was recorded
at room temperature using a commercial UV-VIS-NIR spectrometer (Shimadzu, UV-3600).
Before measuring the absorption spectrum of the sample, a reference spectrum of the pure
solvent (acidic water, pH 2) was taken to check its transparency in the investigated spectral
range. Fig. shows the absorption spectrum of the colloidal solution in a range between 2.6

eV and 4.8 eV. This spectrum is comparable to the one reported in previous works [29, [30].

S1.3 Angle-resolved photoemission spectroscopy

The Angle-Resolved Photoemission Spectroscopy (ARPES) measurements were performed
at the Electronic Structure Factory endstation on beamline 7.0.1 at the Advanced Light Source,
Berkeley, USA. A raw anatase TiO, single-crystal was polished and cleaned in a buffered 5%
fluoridic acid solution before introducing it into the UHV system (<107'° mbar). The crystal

was annealed in 35 mbar of oxygen at 400 °C for 30 minutes before the ARPES experiments.

S1.4 Steady-state spectroscopic ellipsometry

Using SE, we measured the complex dielectric function of the sample, covering the spectral
range from 1.5 eV to 5.5 eV. We used a Woollam VASE ellipsometer at the University of
Fribourg, Switzerland. The sample was mounted in a helium flow cryostat, allowing measure-

ments from room temperature down to 10 K. When at cryogenic temperatures, these latter
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measurements were performed at <10~® mbar to prevent measurable ice-condensation onto
the sample. Anisotropy corrections were performed using standard numerical procedures [44]
and diffraction effects at low frequency were accounted for using the procedure developed by
Humlicek et al. [45]. The data have been further corrected to account for the surface roughness

of the single-crystal, which was estimated around 0.9 nm by means of AFM.

S1.5 Ultrafast two-dimensional UV spectroscopy

The ultrafast optical experiments have been performed using a novel set-up of tunable UV
pump and broadband UV probe, described in detail in [32]. A 20 kHz Ti:sapphire regenerative
amplifier (KMLabs, Halcyon + Wyvern500), providing pulses at 1.55 eV, with typically 0.6 mJ
energy and around 50 fs duration, pumps a noncollinear optical parametric amplifier (NOPA)
(TOPAS white - Light Conversion) to generate sub-90 fs visible pulses (1.77 - 2.3 eV range).
The typical output energy per pulse is 13 pJ. Around 60% of the output of the NOPA is used
to generate the narrowband pump pulses. The visible beam, after passing through a chopper,
operating at 10 kHz and phase-locked to the laser system, is focused onto a 2 mm thick BBO
crystal for nonlinear frequency doubling. The pump photon energy is controlled by the rotation
of the crystal around the ordinary axis and can be tuned in a spectral range up to ~ 0.9 eV
(~ 60 nm) wide. The typical pump bandwidth is 0.02 eV (1.5 nm) and the maximum excitation
energy is about 120 nJ. The pump power is recorded on a shot-to-shot basis by a calibrated
photodiode for each pump photon energy, allowing for the normalization of the data for the
pump power. The remaining NOPA output is used to generate the broadband UV probe pulses
with ~ 1.3 ¢V (~ 100 nm) bandwidth through an achromatic doubling scheme. Pump and probe
pulses, which have the same polarization, are focused onto the sample, where they are spatially
and temporally overlapped. The typical spot size of the pump and the probe are 100 ym and
40 pm FWHM respectively, resulting in a homogeneous illumination of the probed region.

This setup can be used either in transmission or in reflection configuration. The anatase TiO,
single-crystals were studied by detecting their transient reflectivity (AR/R) upon photoexcitation,
while the NPs were investigated by recording their transient absorption (AA). In the case of the

measurements on the anatase TiO, single-crystals, the specimens were mounted on a rotating
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sample holder, in order to explore the AR/R response along the desired crystalline axis. The
measurements were performed on the three different classes of samples (raw anatase, copper
doped anatase and reduced anatase). The crystals were polished in order to obtain optical-grade
surfaces. The portion of the probe beam reflected by the surface of the crystal has been detected
and the time evolution of the difference in the UV probe reflection with and without the pump
pulse reconstructed. All the experiments have been performed at room temperature. Concerning
the measurements on the anatase NPs, the sample consisted of anatase TiO, NPs dispersed
in an aqueous solution (20% acetic acid and 80% water) to avoid interparticle charge-transfer.
The colloidal solution circulated into a 0.2 mm thick quartz flow-cell to prevent photo-damage
and its concentration has been adjusted to provide an optical density of approximately 0.4.
Alternatively, for limiting the issues of cross-phase modulation in the sample and achieving a
better time resolution, the NPs solution could be made flowing in the form of 0.2 mm thick jet.
The probe was measured after its transmission through the sample and its detection synchronized
with the laser repetition rate. The difference of the probe absorption with and without the
pump pulse has been measured at different time delays between the pump and the probe, thanks
to a motorized delay line in the probe path.

After the sample, the transmitted /reflected broadband probe beam is focused in a multi-mode
optical fiber (100 pm), which is coupled to the entrance slit of a 0.25 m imaging spectrograph
(Chromex 250is). The beam is dispersed by a 150 gr/mm holographic grating and imaged onto
a multichannel detector consisting of a 512 pixel CMOS linear sensor (Hamamatsu S11105, 12.5
x 250 pm pixel size) with up to 50 MHz pixel readout, so the maximum read-out rate per
spectrum (almost 100 kHz) allows us to perform shot to-shot detection easily. The described
experimental setup typically offers a time resolution of 150 fs, but can be improved to 80 fs
with the adoption of a prism compressor on the pump pulses, at the expenses of a reduction of

the probe bandwidth in the achromatic frequency doubling scheme.
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S2 Additional experimental results

S2.1 Angle Resolved Photoemission Spectroscopy

The ARPES experiment has been performed on an (001)-oriented single-crystal at T = 20
K. The presence of oxygen vacancies leads the injection of electrons in the conduction band
(CB), causing a shift of the Fermi level (Er) to approximately 80 meV above the bottom of the
CB at I'. Fig. is a constant energy map measured at the Er with a photon energy hrv =
85 eV. The partially resolved circular contours at the center of the BZ correspond to a small
electron pocket at the bottom of the CB. Further details on the characterization of this electron
pocket are reported in Ref. [10]. Fig. shows the ARPES data of the valence states at 20 K
between the I' and X points of the three-dimensional BZ. The data have been measured with a
photon energy hrv = 128 €V. Fig. in the main text represents the second-derivative of these
data along the energy direction. This method has been proven effective for resolving dispersive

features in ARPES maps [43].

S2.2 Steady-state spectroscopic ellipsometry

The SE measurements have been performed on two classes of (010)-oriented single-crystals,
namely reduced anatase (transparent crystal) and raw anatase (black crystal).
The reflectivity response derived from SE on the transparent (violet lines) and black (blue lines)
single crystals is plotted in Fig. [S4A-B together with the data of Hosaka et al. (red lines) [12].
The reflectivities for light polarized along the a- and c-axis of the crystals are shown in Fig.
and [S4B, respectively. In order to establish a direct comparison with the normal-incidence
reflectivity data of Hosaka et al. [12], all reported traces have been measured at 100 K. We
observe the overall agreement of our results with the ones reported in literature, with slight shifts
in the reflectivity peak energies. However, given the sharpness of the reflectivity lineshapes,
we can also deduce that the quality of our transparent crystal is much higher than the one
employed by Hosaka et al. [I2]. Indeed, the reflectivity spectrum of the latter is closer to the
response measured on our black crystal, which has a large percentage of oxygen vacancies.

Fig. [S4C-D display the normalized absorption spectra of our anatase TiO, single-crystals
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at 300 K. The a- and c-axis responses are respectively shown in Fig. and [S4D. Here, our
interest is to reveal the robustness of the excitonic peaks even at room temperature and to
highlight the role played by the presence of oxygen vacancies in the black sample. Hence, for
this purpose, the data have been normalized with respect to the lowest direct exciton peaks.
We observe that in both the a- and c-axis absorption spectra the exciton peak energies are not
renormalized by the presence of oxygen vacancies, while the linewidth becomes clearly broader
in the black crystal. We associate this effect with the higher exciton-defect scattering, which
reduces the lifetime of the excitonic species.

Fig. and display €;(w) and €3(w) calculated by applying the KK analysis on the
reflectivity spectrum at room temperature. This technique represents a valuable test to evaluate
the consistency with our original €;(w) and ey(w) values. We observe that the effect of the KK
transformation on both the in-plane and out-of-plane €3(w) is to modify the lineshape and the
intensity of the peaks and to change the spectral-weight in the Urbach tail. This behavior proves
that the KK analysis, even performed on the broadest possible spectral range, is not a precise

approach to treat the normal-incidence reflectivity data.

S2.3 Ultrafast transient-reflectivity of single crystals

The femtosecond transient-reflectivity experiments have been performed on three different
types of (001)-oriented single-crystals, namely raw anatase (black crystal), copper-doped anatase
(red crystal) and reduced anatase (transparent crystal), and on a (010)-oriented raw anatase
single-crystal. In the first experiment we monitored the AR/R signal in a broadband UV range
(3.75 - 4.35 €V) for the three classes of (001)-oriented samples along the ab planes. Both pump
and probe polarizations were set in a parallel configuration. An isotropic optical response is
found when the (001)-oriented crystals are rotated about the ¢ axis. The pump energy was set
at 4.1 eV, in order to selectively perturb the spectral region above the first excitonic peak.

Fig. [S6IA compares the transient spectrum obtained from the three specimens at a fixed
time-delay of 6 ps. The AR/R spectrum is bipolar, showing an inversion point around 3.96 eV.
The inflection that is present in the signal obtained from the Cu-doped sample around 4.1 €V is

an artefact produced by the scattering of the pump beam. A similar response can be found for
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all the temporal delays between pump and probe up to 1 ns. The main difference is displayed
by the intensity of the signal at long time delays, since it depends on the rate of the carrier
recombination process. Fig shows three temporal traces up to 100 ps probed around 3.82
eV, in which this effect is most visible. The decay of the nonequilibrium signal in the black
crystal is faster than the other responses, since the increased density of in-gap states facilitates
charge carrier recombination across the bandgap. The detailed analysis of the kinetics will be
subject of a future separate publication.

A second set of experiments was subsequently performed on (001)- and (010)-oriented black
single-crystals of anatase TiO,, in order to access the anisotropic dynamics along a- and c-
axes. Fig. and display the transient-reflectivity maps of the in-plane and out-of-plane
response of the (010)-oriented single-crystal, as a function of the probe energy and of the time
delay between pump and probe. Although the kinetics have been registered up to 1 ns, the two
maps are displayed up to 10 ps. The a-axis response was measured upon photoexcitation at
4.4 eV, with the broadband probe covering the range 3.7 eV - 4.65 eV. These results have also
been reproduced by polarizing the beams along the [100] axis of the (001)-oriented samples.
The higher-energy region of the spectrum does not evolve in time, remaining unaffected by the
photoexcitation process. The c-axis response (Fig. ) is obtained through the measurement
of the (010)-oriented single-crystal with a pump and probe polarizations set along the c-axis.
Also in this case the pump energy is at 4.4 eV, but the probed range is shifted to 4.05 eV - 4.8
eV. The transient spectrum of Fig. strongly differs from the in-plane one, consisting of a
negative contribution set around 4.28 eV and a tail extending to 4.6 €V in the high-energy range.
A conclusive AR/R map with both pump (at 4.4 €V) and probe (between 3.7 and 4.6 eV)
polarized along the c-axis of the (010)-oriented single-crystal is reported in Fig. [S8 This
demonstrates the absence of c-axis spectral features at low energies and confirms the finding of
the pump-probe experiment along the c-axis reported in Fig. [S7IC. The difference in terms of
intensity with respect to Fig. has to be attributed to the reduced pump intensity (of ~

1/3) due to constraints in the generation of the broadband probe beam.
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S3 Theory and data analysis

S3.1 Extracting AA from AR/R in single-crystals

In our ultrafast measurements, we probed AR/R of anatase TiO, single-crystals and AA
of a colloidal solution of NPs. Thus, it is useful to analyse the time-resolved dynamics of the
single-crystals in terms of their transient-absorption, in order to establish a link with the data
on NPs. However, while AA is directly proportional to Aes, AR/R has a non-trivial relationship
with both Ae; and A€,y in the probed spectral range. Indeed, in the UV, the real and imaginary
part of the dielectric constant have rather similar absolute values. For this reason, the optical
reflectivity is equally sensitive to the reactive and the absorptive components of the dielectric
function.

Hence, in order to calculate the pump-induced evolution of the AA from the AR/R data,
we proceed as follows. We model the static ellipsometry data using a set of Lorentz oscillators,
we calculate the equilibrium reflectivity (Ro), and we fit the measured transient reflectance
Rexp(t)/Rexp with a differential model (R(t) - Rg)/Ro, where R(t) is a model for the perturbed
reflectivity obtained by variation of the parameters used to fit the equilibrium data as a function
of the pump-probe delay t. We adopted this approach to treat our AR/R data in order to avoid
possible systematic errors that can be produced by the typical analysis through Kramers-Kronig
transformations. The SE spectra were fitted using the RefFIT program [46]. The dielectric
function is given by:

w2

v (1)

wi; — w? —ilw

e(w) = eoo+z

i
where €., is the high-frequency dielectric constant, which takes into account the contribution of

2
pL’

all oscillators at very high frequencies and w?;, w3;, T'; are, respectively, the plasma frequency,
the transverse frequency and the linewidth (scattering rate) of the i-th Lorentz oscillator. The
absorbance is then given by: A(w) = w Im \/e.

For the fitting of the transient data, the Lorentz oscillators in our experimental range are allowed
to change in order to reproduce the dynamical reflectivity. This procedure enables to extract the
transient dielectric function Ae(w, 7) = A€y (w, 7) +iAés(w, 7) and finally leads to the evaluation

of the AA for the single-crystals.
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S3.2 Ab initio calculations: Computational details

Many-body perturbation theory was employed to compute the band structure and the
dielectric response of bulk anatase TiOy. The GW and Bethe Salpeter Equation (BSE) calcula-
tions [47, 48, [49], used for evaluating the electronic and optical properties respectively, were
performed on-top of eigenvalues and eigenfunctions obtained from density functional theory
(DFT). We used the planewave pseudopotential implementation of DFT as provided by the
package Quantum Espresso. GW and BSE calculations were performed with two different
implementations, the one in the BerkeleyGW package [22] and the one in Yambo [50].

DFT calculations rely on the generalized gradient approximation as in the Perdew-Burke-
Ernzerhof (PBE) scheme for the exchange-correlation functional. The Ti norm-conserving
pseudopotential includes semicore states 3s and 3p. While standard structural and electronic
quantities are already converged at the DFT level of description with an energy cutoff of 90 Ry,
the energy cutoff has here been raised up to 160 Ry to properly include the high number of
bands necessary to reach convergence for the many-body evaluated properties. Bulk anatase
TiOy was modelled on a body-centred tetragonal lattice containing 2 Ti atoms and 4 O atoms
(primitive cell) with lattice parameters (optimised at the PBE-DFT level) a = b = 3.79 A and
¢ = 9.66 A. These optimized lattice constants are very close to the experimental values a = b =
3.78 A and ¢ = 9.51 A.

The ground state electronic density is properly described with a coarse 4x4x4 k-point grid
for sampling of the BZ. Finer grids are really needed to get a proper description of screening
effects and many-body corrections at the GW and BSE levels of theory. GW calculations
were performed by evaluating the quasiparticle corrections to DFT eigenvalues at the GoW,
one-shot level of theory [47]. The coarse 4x4x4 k-point grid sampling is sufficient for the
description of the quasiparticle corrected band structure. The full converged calculations shown
in the main text were obtained with BerkeleyGW. Below we also show that the results are
code-independent by comparing the BerkeleyGW results with the ones obtained with the Yambo
code from a non-converged case (as full convergence was not possible to achieve with the present
implementation in Yambo).

The GW results were then interpolated into a finer grid of 16x16x16. For the solution of
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the BSE, we performed DFT calculations on a finer and randomly shifted grid, up to 16x16x16
k-points (4096 irreducible k-points), within BerkeleyGW.

In BerkeleyGW, for the computation of the polarizability and inverse dielectric matrices, we
employed a total of 2474 conduction bands and G-vectors with kinetic energies up to 46 Ry,
whereas the self-energy operator was computed using 2472 unoccupied bands and a G-vector
cutoff energy of 46 Ry and 160 Ry for the screened and bare Coulomb matrices, respectively.
For the solution of the BSE, the six lowest conduction bands and six topmost valence bands
were included. All employed energy cutoffs, number of empty bands and number of k-points
were carefully determined after exhaustive convergence tests, and are needed to have a fully
converged absorption spectra. The excitonic Hamiltonian has been evaluated by including the
resonant part, and also by adding the antiresonant term. Moreover, calculations of spin-polarized
optical properties, done to highlight possible dark excitons due to triplet excitations, have been
performed. No measurable differences among the three kinds of calculations have been obtained,
therefore in this Article results including only the resonant part of the Hamiltonian are reported
and discussed. Details on convergence for specific quantities of interest are reported in the
following section.

In all calculations shown in the main text and in the SI, a phenomenological Lorentzian
broadening with an energy width of 0.12 eV has been applied to mimic the experimental

broadening of the absorption spectra.

S3.3 Ab initio calculations: Results

The calculated GW direct bandgap at the I' point is 4.07 eV, at Z is 4.13 eV, and the indirect
bandgap (between I' and a k-point close to X) is 3.61 eV (see Fig. below). These values
have been converged up to 0.05 eV, and the two coincide, besides the use of a different plasmon
pole models. The present fully converged mimimum GW quasiparticle correction amounts to
1.4 eV, that is slightly smaller than the value of 1.69 eV from Ref. [5] (the difference comes
from the smaller number of bands and k-points used in that calculation due to computational
limitations inherent to the Yambo code at the time). The careful convergence evaluation done

in the present work, the use of two different implementations of the theory (see Fig. [S10)),
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and the very good agreement of the value of the electronic gap at I' between theoretical and
experimental data, allow to assess the reliability of the above reported values for describing the
electronic properties of anatase TiOs.

The symmetry-line along I'-Z features nearly parallel dispersion curves for the conduction
and valence band edges. Therefore, using the direct gap at I' of 4.07 eV as reference to measure
the bound character of the excitons is a very good approximation (the smallest gap along that
direction is ~4 eV). The peculiar shape of electronic states along I'-Z is closely related to the
optical properties of the material. Due to the band structure shape along the I'-Z high-symmetry
direction, we notice that the k-point sampling is especially critical for the optical spectra quality,
since the main excitons are built up from optical transitions with contributions from a small
region of the BZ. This region displays a wormlike shape and is located exactly along the I'-Z
direction.

A number of ~ 500 k-points (obtained from the 12x12x12 grid in Yambo or from the
randomly shifted 8x8x8 grid in BerkeleyGW) provides a spectrum that is still not in perfect
agreement with the experimental data (despite the improvements with respect to the one
published in Ref. [5], which was calculated with a less refined grid of 8x8x8 unshifted points).
The absorption edge is converged to few meV already with the above cited grid, while the peak
maximum of exciton I is converged within 10 meV for a grid of 12x12x12. Most importantly,
the main effect of the stringent convergence obtained here with respect to k-points and number
of bands is given by the shape of exciton I (see Fig. . This charge excitation, split in two
small peaks at low convergence [5] (or a main peak with a shoulder), becomes a unique, uniform
peak, similar to the experimental shape (dark red curve in Fig. . The k-sampling needs
such a fine grid, since the main optical transitions contributing to exciton I comes from the
['-Z line, with bands almost parallel and flat. The two-dimensional charge transfer exciton I
for E L ¢ (at 3.76 e€V) has indeed a major contribution from the transition from the top of
VB to the bottom of CB at the middle point in the I'-Z line. To a lesser extent, significant
contributions come from the k-points lying along the I'-Z line and close to it in every direction.
The contribution increases gradually when approaching the aforementioned I'-Z middle point.

Even when the GW electronic band gap of 3.96 eV at the middle point along the I'-Z line is
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used as a reference energy to calculate the exciton binding energy (Eg), the bound nature of
exciton I is confirmed (with Eg = 200 meV). A phenomenological Lorentzian broadening of 0.12
eV was then applied to reproduce the experimental spectra (see Fig. for comparison with
BSE eigenvalues, showing that mainly one eigenvalue is contributing to the exciton peak I).
The energy, shape and reciprocal space contributions for exciton II highlights its bulk-resonance
character, most evident as its offset coincides with the RPA @ GW absorption rise. On the other
hand, we found that the excitonic peak (exciton III) for E || ¢ (at 4.28 €V) is of a more complex
nature, with a mixed contribution of bound excitons and delocalized resonant transitions. The
former have the dominant character and the contributing transitions are found throughout the
BZ, while the main contribution for the latter is concentrated in few points close to the I'-Z line
in the region around Z. The energy and shape of exciton III confirm the analysis of a mixed bulk
resonance and localized character, as the continuum onset in RPA @ GW appears to undergo
an intensity enhancement. The mixed bulk-localized nature makes it less straightforward to
estimate its Eg. Assuming the RPA @ GW onset at 4.4 eV for E || ¢ as the reference energy for
evaluating Eg, we estimate Eg ~ 150 meV.

The slight shift of exciton III peak maximum with respect to the experimental value (0.1 eV)
has also been investigated in detail. Increasing the convergence on k-points and bands did not
allow to obtain an as perfect matching as for exciton I. We could also exclude possible effects
of anisotropic screening by increasing the local field effects parameters and by separating the
screening along the in-plane and out-of-plane components, since this does not lead to significant
changes in the spectrum. The peak maximum seems instead to be related, in a nonlinear manner,
to the lattice constants. The a-axis lattice constant from ab initio optimization is in excellent
agreement with experimental data (3.79 A vs 3.78 A), while the c-axis lattice constant is slightly
(1%) overestimated. The energy of the peak maximum shifts of 0.2 eV when the experimental
or PBE optimized lattices are used; however, the PBE lattice constants give the best agreement
with the experimental data for the exciton III position.

Finally, the presence of dark excitons in anatase TiOy at energies below the bright exciton I
at 3.76 eV has been ruled out by our spin-resolved optical BSE calculations (the lowest exciton

in anatase TiOs is a singlet and it is optically active).
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Figure S1: (A - B) Surface roughness characterization of the (010)-oriented polished surface
of the reduced anatase TiOy single-crystal used for the spectroscopic ellipsometry measurement.
The images are taken using Atomic Force Microscopy and the average surface roughness is
estimated around 0.9 nm.
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Figure S2: Room temperature steady-state absorption spectrum of anatase TiO, NPs dispersed
in aqueous solution.
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Figure S3: (A) Fermi surface in the kek, plane (T = 20 K, hv = 85 V) of an (001)-oriented
single crystal of anatase TiO, with oxygen vacancies. The total carrier density is estimated to
be 2 x 10?° ecm™3. An electron pocket is found at the I' point of the BZ. Further details are
given in Ref. [10]. (B) ARPES data of the electronic structure at the top of the VB between T’
and X. The spectrum is referenced to the Fermi energy, which lies at the bottom of the CB at I'.
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Figure S4: (A-B) Static reflectivity spectra of (010)-oriented anatase TiO; single-crystals at
100 K. The electric field is polarized along (A) the a-axis and (B) the c-axis of the crystals. The
data derived from our SE measurements are depicted in violet for the transparent crystal and
in blue for the black crystal, while the reflectivity measured in Ref. [12] is reported in red lines.
(C-D) Normalized static absorption spectra of (010)-oriented anatase TiOq single-crystals at
300 K. The electric field is polarized along (C) the a-axis and (D) the c-axis. The data derived
from our SE measurements are depicted in violet for the transparent crystal and in blue for the

black crystal.
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Figure S5: Complex dielectric function of the (010)-oriented anatase TiO, single-crystal at
room temperature. The electric field is polarized along (A) the a-axis and (B) the c-axis. The
real part, € (w), is plotted in red, while the imaginary part, e2(w), in blue. The solid-line curves
depict the data directly extracted from spectroscopic ellipsometry, while the dashed lines are
calculated by KK analysis of reflectivity.
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Figure S6: UV TR measurements on different classes of (001)-oriented anatase TiO, single
crystals at RT: the signals measured from raw crystals are depicted in black, from Cu-doped
crystals in red and from reduced crystals in violet. Both pump and probe polarizations lie along
the a-axis and the pump energy is set at 4.1 eV. (A) Transient spectrum at the fixed time delay
of 6 ps. (B) Normalized temporal traces at a fixed probe energy of 3.82 eV.
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Figure S7: UV TR measurements on (010)-oriented anatase TiO, single-crystals at RT. (A-B)
Color-coded maps of AR/R measured upon photoexcitation at 4.4 eV. (C-D) Transient spectra,
obtained from a cut at 1 ps in the experimental conditions reported for (A) and (B) respectively.
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Figure S8: Color-coded map of AR/R from the (010)-oriented single-crystal measured at RT
upon photoexcitation at 4.4 eV and with pump and probe beams polarized along the c-axis.

The probe photon energy covers the spectral range 3.7 - 4.6 ¢V, which demonstrates the absence
of emerging features at low energies.

Energy (eV)

Figure S9: Complete GW electronic band structure of bulk anatase TiOy. The zero of the
energy is set at the minimum of the CB at the I' point. The direct gap at I' sets a reference for

defining the bound character of the excitons (see the discussion in the main text). The inset
shows the 3D BZ of anatase TiOs.
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Figure S10: Comparison between the experimental SE data (blue curve) and BSE calculations,
for light polarized along (A) the a-axis (B) the c-axis. Both BerkeleyGW (red curve) and Yambo
(violet curve) data are evaluated using the highest convergence parameter values described in
the text. For BerkeleyGW they correspond to the converged spectra (both for peaks shape and
position); for Yambo these are the maxima computational feasible values, allowing to obtain a
reasonable spectra convergence but showing a spurious shoulder above the main exciton peak
in (A) (as in previously published works). The fully-converged spectra (red surves) show a
single peak in agreement with the experimental data. For light polarized along the a-axis the
agreement between the two calculations is excellent.
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Figure S11: Comparison between the calculated ey, using BerkeleyGW and Yambo. The
convergence of the spectrum for increasing k-points grid dimension is reported in a red-color
scale for the BerkeleyGW data, while the best converged spectrum from Yambo is shown in
black.
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Figure S12: Black bars represent the square of the transition matrix elements of the velocity
operator along the a-axis (|E, - (0| v |S)|?), corresponding to exciton states S contributing
to the peak I. This quantity is related to the oscillator strength fs by fs = (2 | E, - (0] v
|S) |?)/Es, where Eg is the excitation energy corresponding to exciton state S [22]. Comparison
with the experimental e, (blue curve) and the full-converged BerkeleyGW calculations with a
phenomenological Lorentzian broadening of 0.12 eV (red curve).
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