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PHYSICS

Exciton control in aroom temperature bulk
semiconductor with coherent strain pulses

Edoardo Baldini'**, Adriel Dominguez?, Tania Palmieri’, Oliviero Cannelli',

Angel Rubio®>*, Pascal Ruello®, Majed Chergui'’

Controlling the excitonic optical properties of room temperature semiconductors using time-dependent perturba-
tions is key to future optoelectronic applications. The optical Stark effect in bulk and low-dimensional materials
has recently shown exciton shifts below 20 meV. Here, we demonstrate dynamical tuning of the exciton properties
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by photoinduced coherent acoustic phonons in the cheap and abundant wide-gap semiconductor anatase titanium
dioxide (TiO,) in single crystalline form. The giant coupling between the excitons and the photoinduced strain pulses
yields a room temperature exciton shift of 30 to 50 meV and a marked modulation of its oscillator strength. An
advanced ab initio treatment of the exciton-phonon interaction fully accounts for these results, and shows that the
deformation potential coupling underlies the generation and detection of the giant acoustic phonon modulations.

INTRODUCTION

New perspectives in the field of excitonics have recently developed
from the discovery of strongly bound excitons that persist at room
temperature (RT) in several semiconductors, including organics (I),
hybrid organic-inorganic metal halide perovskites (2, 3), transition
metal dichalcogenides (4), and transition metal oxides (5-7). Despite
their different origin, excitons in these classes of materials are strongly
coupled to the lattice degrees of freedom. Because excitons can be
viewed as quanta of electronic excitation energy traveling in the
periodic crystal lattice, their motion is influenced by the fluctuating
potential field due to lattice vibrations. On the fundamental aspect,
exciton-phonon coupling is an intriguing type of boson-boson inter-
action that results in phenomena such as exciton self-trapping, spectral-
weight transfers to phonon sidebands, and Stokes-shifted emissions
(8). On the practical side, identifying the specific modes (acoustic or
optical) that couple strongly to the excitons paves the way for the
control of the exciton properties (e.g., binding energy, oscillator
strength, and lifetime) through the tailored application of strain,
pressure, or photoexcitation.

Experimentally, the microscopic details of the exciton in the
phonon field can be addressed via absorption and photoluminescence
spectroscopy, because the shape and width of the optical spectra
directly reflect the coupling of the exciton to the lattice vibrations (9).
However, the information offered by these methods is mediated over
all the coupled phonon modes. This calls for more advanced tech-
niques that can yield information on the exciton-phonon coupling
for specific lattice modes of interest to allow, in return, the phonon-
selective control of the exciton properties. A powerful tool relies on
setting a particular phonon mode out of equilibrium and monitoring
the impact of the ionic motion on the exciton spectral features (10, 11).
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This is possible by time- and energy-resolved optical spectroscopy,
in which a system is first excited by an ultrashort laser pulse and the
changes in the optical properties are tracked with a delayed optical
probe covering the exciton line shape. This approach also opens the
door to the high-speed control of the exciton properties via ultrafast
light excitation. So far, the coherent manipulation of excitons through
the photoinduced ionic motion has led to exciton shifts as large as
10 meV in semiconductor nanostructures and only at very low tem-
peratures (12, 13). At RT, shifts of <1 meV have only been reached
in quantum dots (14), where the exciton-phonon coupling is enhanced
by the low dimensionality. This poses serious limitations for the design
of efficient acousto-excitonic devices.

An alternative strategy involves the use of bulk semiconductors
that are known to host strongly bound excitonic resonances at RT
and simultaneously show strong electron-phonon coupling. An ideal
material system is the anatase polymorph of TiO,, which is a superior
candidate for several applications, ranging from photocatalysis and
transparent conductive substrates to photovoltaics and sensors. Its
optical absorption spectrum is dominated by strongly bound excitons
(binding energy Eg > 100 meV) with an intermediate Wannier-Mott
and Frenkel character (7). Light polarized in the (001) crystallographic
plane can resonantly activate the lowest-energy (a-axis) exciton, which
is characterized by a two-dimensional wave function in the three-
dimensional crystal lattice. In contrast, resonant excitation with a
polarization state along the [001] axis results in the formation of the
highest-energy (c-axis) exciton, which has a fairly localized wave
function in all three directions, with an average Bohr radius of 0.7 to
2 nm (Fig. 1A). These excitons are very robust against external per-
turbations, persisting at RT and at high photodoped carrier densities,
as well as in defect-rich nanoparticles and mesoporous films (7, 15, 16).
There exists a moderately strong coupling between the electronic
degrees of freedom that build up the exciton states and the polar
optical modes of the lattice via the Frohlich interaction (17). However,
the study of the direct coupling between the excitonic states and the
acoustic modes is still in its infancy. Recently, we demonstrated that
near-to-mid ultraviolet (UV) femtosecond laser pulses can coherently
excite acoustic phonons that are confined in anatase TiO, nanoparticles
at RT, leading to a marked modulation in the oscillator strength of
the material’s g-axis exciton (18). Although such an effect points toward
a significant coupling between excitons and acoustic phonons in anatase
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Fig. 1. Characterization of the c-axis exciton in anatase TiO,. (A) Calculated wave function of the c-axis exciton. The isosurface representation shows the electronic
configuration when the hole of the considered excitonic pair is localized close to one oxygen atom. The colored region represents the excitonic squared modulus wave
function. (B) Imaginary part of the dielectric function (blue curve) and reflectivity (red curve) of anatase TiO, measured at RT, with the electric field polarized along the
c axis. The experimental data are obtained from (7), as measured by spectroscopic ellipsometry. The pump photon energy of 4.50 eV used for the pump-probe experiment
is indicated by the violet arrow, and the probed region is highlighted as a gray shaded area.

TiO,, its theoretical understanding was hindered by the averaging
effect due to the random distribution of the nanoparticles and the
fact that the confined mechanical vibrations of these nanosized objects
depend on the boundary conditions. Using a single crystal of anatase
TiO, provides a more direct and precise way of probing the acoustic
phonon/exciton coupling matrix elements. Moreover, future acousto-
optic and acousto-excitonic applications would benefit from the
coherent control of excitons through the use of propagating strain
pulses in bulk substrates, rather than confined modes in nanosized
particles. Hence, extraordinary RT acoustic effects in the case of
anatase TiO; single crystals are highly desirable.

Here, using ultrafast broadband spectroscopy in the near-to-mid UV,
we reveal the signature of propagating coherent acoustic phonons
that couple directly to the c-axis exciton of anatase TiO, single crystals.
In our experiments, we take advantage of the extraordinarily high
(N ~ 10*! cm™) carrier densities that this material can support, com-
pared to other systems, to produce a giant modulation of the reflec-
tivity amplitude by means of the coherent phonons, indicating efficient
generation/detection of the acoustic modes. Furthermore, the strong
exciton-phonon coupling leads to a 30-meV shift of the exciton
peak, which is the largest ever reported in solid materials under a time-
dependent perturbation. We rationalize our findings within the
framework of many-body perturbation theory, providing a complete
quantitative treatment of such a strong exciton-phonon interaction.

RESULTS

High-quality anatase TiO; single crystals were grown by a chemical
vapor transport method and oriented via Laue diffraction to expose
a (010) surface to the incoming radiation. Figure 1B shows the
imaginary part (gc) of the dielectric function of these single crystals
at RT with light polarized parallel to the ¢ axis (blue trace), along with the
material reflectivity (R.) as derived from the dielectric function (red
trace). These spectra are obtained from our spectroscopic ellipsometry
data in (7), which provided an extensive steady-state characterization
of the single crystals used for the experiments here. The &, trace
features a sharp peak at 4.15 eV, which is due to the excitonic tran-
sition (7). In equilibrium, the broadening of the excitonic resonance
is governed by the electronic lifetime of the electron-hole states
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involved in the exciton formation (in TiO,, this depends only on
nonradiative recombination channels) and by the scattering events
that the excitons undergo immediately after their creation by light
absorption. The latter comprise exciton-phonon and exciton-impurity
collisions. A weaker charge excitation lies around 5.00 eV and is
ascribed to a resonant interband transition within the continuum. Con-
sistently, R, presents similar features at 4.26 and 5.15 eV, respectively.

In our nonequilibrium experiment, we excite the crystal with an
ultrashort laser pulse polarized along the ¢ axis. Its photon energy of
4.50 eV (violet arrow in Fig. 1B) lies above the exciton peak, which
leads to a nonresonant excitation of uncorrelated electron-hole pairs.
We set the photoexcited carrier density to N ~ 3.5 x 10°? cm™ at the
threshold between the linear and the nonlinear regime for anatase
TiO; so as to maximize the light-induced acoustic effects (16). Sub-
sequently, we monitor the relative changes in the material c-axis
reflectivity (AR/R) using a white light continuum probe over the
spectral range of 4.00 to 4.80 eV. This unique capability allows us to
span the entire exciton profile (gray shaded area in Fig. 1B). The time
resolution of the experiments is set on purpose at 700 fs to isolate
the pure contribution of slow acoustic transients and filter out any
additional effect due to faster Raman-active optical phonons (19) that
can mask the acousto-excitonic coupling. More details are found in
Materials and Methods.

Figure 2A displays the color-coded map of AR/R as a function of
the probe photon energy during the first 10 ps of pump-probe delay.
We observe a negative AR/R response, which persists over the temporal
window of our experiment (~1 ns). This feature corresponds to the
c-axis exciton resonance, and it is primarily modified by the effect
of the photoexcited carrier density (7). On top of this electronic
incoherent background, the exciton resonance experiences a pro-
nounced sinusoidal modulation during the first 6 ps, which is particu-
larly evident around 4.10 eV. To visualize how the exciton line
shape is modified during the sinusoidal modulation, in Fig. 2 (B and
C), we present the AR/R spectra at representative time delays in the
first 6 ps. Figure 2B shows the full measured response between 4.00 and
4.80 eV, while Fig. 2C zooms into the spectral range of 4.20 to 4.35 eV,
with the spectra vertically shifted for clarity. The AR/R spectrum at
0.5 ps (red curve) displays the exciton response before the sinusoidal
modulation; thus, it identifies the response of the exciton resonance
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Fig. 2. Ultrafast broadband UV spectroscopy data. (A) Color-coded map of AR/R at RT as a function of probe photon energy and time delay between pump and probe.
Both pump and probe beams are polarized along the material ¢ axis. The pump photon energy is 4.50 eV. (B) Transient spectra of AR/R for different time delays during the
coherent acoustic phonon evolution. The exciton peak undergoes a 3£ = 30-meV variation in energy and a 8R/R ~ 5% change in intensity. The low-energy tail of the exciton
also reacts to the modulation, shifting by 50 meV. a.u., arbitrary units. (C) Zoom-in of the transient spectra of AR/R for different time delays during the first 6 ps of the
response. The time-dependent variation of the exciton peak energy is also shown. (D) Temporal traces of AR/R for different probe photon energies (dotted lines), as indicated
in the label. The solid lines are fits to the experimental data. (E) Probe photon energy dependence of the amplitude (Aph) and frequency (vpn) of the coherent oscillations

with a comparison between experiment and theory.

to the excitation of uncorrelated electron-hole pairs. The shape of
the differential signal suggests that only the oscillator strength of
the whole exciton peak changes due to phase-space filling (i.e., exciton
bleach in the corresponding transient absorption spectrum). The
peak energy in this curve matches that of the static reflectivity, and
the absence of any first derivative- or second derivative-like response
suggests that no shift or broadening of the resonance has occurred.
Hence, the spectrum at 0.5 ps can be considered as a reliable reference
to quantify the effects of the subsequent sinusoidal oscillation on
the exciton line shape. These effects are evident in the spectra be-
tween 0.75 and 6 ps, in terms of a pronounced variation of the exciton
peak energy (SE ~ 30 meV), amplitude (SR/R ~ 5% of the total signal
at the exciton peak), and asymmetry (shift of 50 meV in the exciton
low-energy tail). Because of the static linewidth of the exciton reso-
nance (~300 meV), the coherent modulation-induced signal remains
negative at all time delays. Complementary insights into the ultra-
fast response are offered by the temporal traces, which are shown in
Fig. 2D at representative photon energies. They feature a resolution-
limited rise, followed by a large-amplitude coherent response on top
of the flat background caused by phase-space filling. The modula-
tion is strongly damped, vanishing after two periods. Its frequency
is much lower than that of optical phonons in anatase TiO; (19),
and it varies with the probe photon energy. To retrieve the photon
energy dependence of the modulation frequency, we perform a
standard global fit of the temporal traces by simultaneously fitting
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nine traces in the range of 4.10 to 4.42 eV while fixing the same
time constants. An accurate fit can only be obtained using a multi-
exponential background function and a damped sinusoidal term
convoluted with our instrument response function. The fitted curves
are shown in Fig. 2D as solid lines on top of the experimental traces.
The dependence of the modulation amplitude (red trace) and fre-
quency (blue trace) on the probe photon energy is plotted in Fig. 2E
and reflects the behavior of the raw data. We observe that the amplitude
peaks around 4.11 eV, i.e., on the low-energy wing of the exciton
resonance. Furthermore, the modulation frequency varies with the
probe photon energy, which is not expected in the case of coherent
optical phonons. This observable supports the idea that the modu-
lations are due to longitudinal acoustic phonons propagating along
the [010] axis of the anatase TiO; single crystal.

Light-induced coherent acoustic phonons in bulk solids and
nanostructures have been a subject of numerous studies, especially
with all-optical (10, 20) and extreme UV/x-ray (21-23) pump-probe
methods. In all-optical experiments, a femtosecond pump pulse
excites the sample out of equilibrium and leads, through different
electron-phonon and phonon-phonon coupling mechanisms, to the
emission of coherent acoustic phonons. In bulk solids, these coherent
wave packets are generated by the pump pulse in the subsurface
region and propagate toward the bulk of the material at the speed of
sound. A delayed probe laser pulse can detect their signature only
during the time that these phonons are present in the optically
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accessible sample region (while propagating from the subsurface to
the bulk). This, in turn, determines the apparent damping of the
coherent oscillations in the temporal traces.

So far, in all-optical pump-probe experiments, coherent acoustic
phonon phenomena have been investigated with photon energy lying
in the material’s transparency region or in the proximity of its inter-
band transitions (10). However, the interplay between the propa-
gating acoustic modes and excitonic collective states in bulk solids
is still unexplored. This framework holds promise especially in the
case of materials with a strong exciton-phonon coupling, as the
coherent strain field can lead to marked effects on the exciton bound
states. Consistent with this idea, we note that the modulation depth
of the exciton oscillator strength provided by the coherent acoustic
phonons in bulk anatase TiO, is among the largest ever experimentally
observed. Comparable signals have only been reported in semi-
conductor nanostructures (24, 25), where the electron-phonon
coupling is strongly enhanced by quantum confinement. We also
underline that the detected exciton shift is the highest ever reached
in solid materials under the influence of a time-dependent perturba-
tion, as summarized in Table 1. Although this exciton peak shift is
one order of magnitude smaller than the linewidth of the resonance,
it translates into a selective change in the exciton Eg while leaving
the lifetime (which controls the linewidth of the spectral feature)
almost intact. In the past, comparable or larger RT exciton shifts
have been found only in low-dimensional semiconductors under the
application of static stimuli, such as electric fields (26, 27) and uni-
axial strains of a few percent (28, 29). This marked modulation of
the exciton line shape cannot be solely related to the high carrier
density photoexcited in the material (~10% cm™), because other
highly excited bulk insulators hosting strongly bound excitons do
not even display coherent acoustic phonon phenomena at similar
excitation densities (30). In contrast, the observed dynamical
renormalization of the RT excitonic properties in bulk anatase TiO,
is a consequence of the strong exciton-acoustic phonon coupling in
this material, which calls for a complete theoretical description.

To this aim, in the following, we reveal the details of this boson-
boson interaction by means of many-body perturbation theory.
Such an advanced ab initio treatment of the exciton-acoustic phonon
coupling in bulk solids has never been explored before, as previous
computational works analyzed this fundamental interaction only at
a standard density functional theory (DFT) level (31). The present
analysis shows that the deformation potential (DP) coupling lies at
the origin of the observed effects in anatase TiO,. First, we under-
line that the observed coherent acoustic phonons cannot be generated
via an electro-acoustic effect, as anatase TiO, is not a piezoelectric

material. Moreover, we can also rule out the involvement of a surface
polarization (due to an inhomogeneous distribution of oxygen
vacancies at the material surface) in the generation of the coherent
strain pulse. The screening of a built-in surface field upon photo-
excitation would lead to the narrowing of the exciton line shape over
time (32), which is not observed in our case.

As a second step, we evaluate the efficiency of the DP coupling
by providing a quantitative description of the coherent acoustic
phonon transient reflectivity signal (SR/R). As well known from the
literature, if the probe photon energy lies within the bandgap of an
insulator, the detection mechanism can be interpreted in terms of
the conventional Brillouin scattering process (33), in which only the
real part of the material’s refractive index is modulated and the phonon
frequency linearly depends on the probe light wave vector k inside
the material (vpn = k v/27, where v is the sound velocity). In con-
trast, when the material is opaque to the probe photon energy (like
in our experiments), a more general expression has to be considered
for the detection process, which includes the contribution of imagi-
nary parts of both the refractive index and the photoelastic coefficient.
This is accounted for by the general perturbative approach developed
by Thomsen et al. (34), in which the strain-induced change in
reflectivity reads

3R 4iKofl dii (= 2Kz
&= ZER{ﬁd—nJ‘On(z,t)e 0 dz} (1)
where R denotes the real part, z = 0 defines the crystal surface, ko
is the probe light wave vector in vacuum, and fi = n; + in; is the
complex refractive index. This expression is governed by the time-
dependent spatial overlap integral between the longitudinal coherent
strain field, n(z, t), and the electric field of the backscattered probe
light. The exciton-phonon coupling strength is embodied by the
complex photoelastic coefficient d7i/dn, which is linked to the DP
matrix element. In the linear regime of photoelasticity (i.e., for a
small strain of the order of 107°/10™%), this quantity is assumed to be
independent of the strain, thus leading to an opposite but equiva-
lent shift in magnitude of the material optical spectrum under the
application of compressive or tensile stress. To evaluate Eq. 1, the
photoelastic coefficient is needed. Because the photoelastic coefficient
in the near-to-mid UV is not known, we rely on state-of-the-art
band structure calculations. Although the description of the optical
response becomes challenging in the presence of strong excitonic
correlations, in (7, 35), we showed that many-body perturbation
theory provides a very accurate model of the electronic and optical
properties of TiO, single crystals. Here, we extend this approach to
the case of strained anatase TiO, and extract the fundamental

Table 1. Exciton shifts in different materials under distinct time-dependent perturbations.

Material Dimensionality Perturbation

Temperature Exciton shift Reference

lig

Pulsed strain field

Anatase TiO;
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(45)

30-50 meV This work
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electron-phonon matrix elements that are relevant for both the
generation [photoinduced strain 1(z, f)] and the detection (photo-
elastic coefficient d#i/dn) mechanisms. More details about the theoretical
methods are given in Materials and Methods.

We calculate the single-particle excitation spectrum of the material
at the GW level while applying a 0.2% deformation of the unit cell
along the [010] axis. This deformation is artificially introduced to
mimic the photoinduced strain propagating in the crystal under our
experimental conditions and to study its effects on the single-particle
electronic structure. In a second step, we compute the optical spectrum
in the presence of many-body electron-hole correlations by solving
the Bethe-Salpeter equation (BSE) and studying how the excitons are
renormalized by the macroscopic strain field. We remark that our
theoretical analysis is performed in the case of a pristine TiO, crystal,
taking into account only direct optical transitions and neglecting the
additional screening induced by free carriers and the presence of
indirect (phonon- or impurity-assisted) transitions. Although the
latter effects are not expected to modify our conclusions [as discussed
in (7)], they could be responsible for some of the remaining dis-
crepancies between theory and experiment. The GW approach allows
us to refine the values of the DPs obtained by standard DFT (36).
Our estimate of the DPs experienced by the lowest states in the
valence (dy) and conduction band (d.) yields di, = —0.066 eV/GPa
and d. = —0.096 eV/GPa. The negative sign of the DPs suggests that
the photoinduced stress is compressive in nature. This allows us
to evaluate the efficiency of the DP mechanism in comparison to
the other dominant generation process in nonmagnetic and non-
piezoelectric materials, which is the thermoelastic mechanism (phonon
pressure). From our analysis (see section S2), we conclude that the
DP mechanism provides a contribution ~30 times larger than that
of thermoelasticity.

Thereafter, we compute the dielectric function and the reflectivity
in the case of the unstrained unit cell and in the presence of a tensile/
compressive strain along the [010] axis (fig. S3 and Fig. 3, A and B).
We find that the exciton peak strongly reacts to the strain field, un-
dergoing a marked renormalization of its energy and a pronounced
modulation of its intensity. The peak energy shift (3E = 30 meV)
and intensity change (8R/R = 3.5%) in the reflectivity show an excellent
match with the experimental data. Moreover, the observed strain de-
pendence of the exciton peak suggests that the photoelastic co-
efficients dn;/dn and dn,/dn are not symmetric upon application of
compressive or tensile strain (see fig. $4). Specifically, in the presence
of a tensile strain, the exciton peak undergoes a larger shift to the
red; in contrast, upon the application of a compressive strain, the
exciton displays higher resistance to blue shift. This aspect indicates
that the c-axis exciton in anatase TiO, undergoes an anomalous
renormalization due to the nonlinearity of the photoelastic coeffi-
cients. So far, most of the nonlinearities in ultrafast acoustics come
from nonlinear acoustic properties illustrated by the observations
of solitons (13) or shock waves (37). In contrast, our data suggest that
under the present experimental conditions, the system is driven
into a nonperturbative regime because the photoinduced strain is
large and the damped sinusoidal acoustic signal predicted by the
Thomsen model may be distorted. The new physics that is high-
lighted here is that of nonlinear exciton-acoustic phonon coupling
phenomena in strongly interacting semiconductors, which is still a
rather unexplored territory in condensed matter research.

To simplify the modeling of our data within the perturbative regime,
we calculate the photoelastic coefficients using the central finite dif-
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ferences method (Fig. 3C). Large values are found in the vicinity of
the exciton resonance, indicating that the electron-phonon coupling
is effective only in this photon energy range. Last, we evaluate Eq. 1
using the parameters computed above. We consider that the photo-
induced DP stress is produced within the skin depth of the pump
field (€ = A/4mn, ~ 12 nm). Because the crystal is semi-infinite, the
resulting photoinduced strain pulse is assumed to be bipolar, with
n(z, t) = —np sign(z — vi)e =18 This assumption is reasonable, as
during the time range over which the phenomena are observed (0 to
10 ps), the acoustic pulse cannot develop an N-wave or form acoustic
solitons. On the basis of the computed DPs and elastic properties
(a bulk modulus B = 181 GPa), the photoinduced strain along the
[010] direction is g = (de + dr) BN/pgv* ~ 107> (py is the mass density).
The final calculation is performed with the computed photoelastic
coefficients of Fig. 3C, whereas the conventional approach of ultra-
fast acoustics (which makes use of the steady-state linear optical data)
provides a poor agreement in the presence of such a high value of
photoinduced strain (see section S3). We underline that these photo-
elastic coefficients reach values that are two orders of magnitude
larger than those of GaAs and are thus responsible for the giant
modulation depth of the exciton oscillator strength (see section S3).
Our refined model yields damped sinusoidal functions that are
shown in Fig. 3D and compared with the experimental traces. We
observe that the coherent response is well reproduced and the cal-
culated frequencies (vph; Fig. 2E) are in excellent agreement with
the experimental ones. Small deviations in the modulation amplitude
(by a factor of 0.6 + 1.2) and damping are caused by the distortion
that the signal undergoes beyond the perturbative regime. Some of
the traces were multiplied by —1 to match the experimental curves,
implying that our model does not reproduce the phase of the modu-
lation over the whole probed range. The phase depends on the ratio
between the real and imaginary part of the photoelastic coefficient,
which are calculated here with the method of the central differences
to mimic the perturbative regime of the Thomsen model. Thus, the
disagreement between the phase observed in our experimental data
and the one predicted by the Thomsen model shows the limit of our
approach at this stage. Considering the above limiting points, the
overall agreement between our data and the model is very good, and
the ab initio calculations provide relevant values of physical parameters
to successfully reproduce the amplitude of the transient reflectivity
signal. We underline that the optical spectra calculated with the
random phase approximation on top of the GW results do not provide
realistic signals (7), leading to much smaller photoelastic coefficients
than the experimental ones (see section S4). This highlights the im-
portance of solving the BSE to address the impact of the lattice motion
on the excitonic states, a hitherto unexplored treatment, which opens
new perspectives for the accurate prediction and design of tailored
exciton-phonon coupling schemes. Future extensions of the Thomsen
model to the nonperturbative regime and in the presence of exciton
nonlinearities will reveal the complex structure of the electron-phonon
coupling in strongly interacting materials such as anatase TiO,.

DISCUSSION

In this work, the combination of state-of-the-art ultrafast broadband
UV spectroscopy and many-body perturbation theory calculations
has allowed us to elucidate the details of the coupling between exci-
tons and coherent acoustic phonons in the technologically relevant
anatase TiO,. Efficient generation and detection of coherent acoustic
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Fig. 3. Many-body perturbation theory calculations and simulated acoustic response. (A) Calculated imaginary part of the dielectric function in the BSE-GW scheme
for the equilibrium unit cell (blue curve) and in the presence of a 0.2% tensile (red curve) and compressive (green curve) strain. (B) Calculated reflectivity in the BSE-GW
scheme for the equilibrium unit cell (blue curve) and in the presence of tensile (red curve) and compressive (green curve) strain. (C) Calculated real (blue curve) and imaginary
(red curve) parts of the photoelastic coefficient. (D) Simulated transient acoustic response at different probe photon energies (solid lines), as indicated in the labels. The

dotted lines are the experimental data.

phonons in the range of 100 to 200 GHz are observed at RT in the
vicinity of an exciton resonance. During the time in which the two
collective excitations interact, the coherent strain pulse affects the
relevant exciton properties. The duration of this interaction is deter-
mined by the spatial extension of the coherent acoustic phonon pulse.
In TiO,, the spatial localization of the coherent strain (which propa-
gates at a speed of 9100 m/s) is determined by the optical penetration
depth of the deep-UV pump (~15 nm). Because the coherent acoustic
phonons that are emitted in the near surface area are reflected at the
free surface (to ensure the mechanical boundary condition of zero
stress at a free surface), the total spatial extension of the acoustic field
is then twice this value, i.e., 30 nm. As a consequence, the inter-
action time between acoustic phonons and excitons can be estimated
around 4 ps in the current experiment. The main result of this inter-
action is the exceptional exciton band tuning of 30 to 50 meV with
a moderate strain value.

This finding recovers a peculiar importance when compared to
the coherent manipulation of excitons via the light field itself within
the framework of the optical Stark effect, which so far has produced
RT exciton shifts over the visible range of 10 to 20 meV in transition
metal dichalcogenides (38, 39) and 2 meV in hybrid perovskites (40).
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Thus, our observation opens intriguing perspectives for near-to-
mid UV acousto-optics and acousto-excitonics, in which the additional
electronic contribution to the exciton renormalization can be sup-
pressed by engineering a source of coherent acoustic phonons (such
as a metallic film) on top of an anatase TiO, crystal. Our study
demonstrates a method that can be easily extended to other classes
of bulk insulators with bound excitons and a relatively strong electron-
phonon coupling. In the case of bulk band semiconductors, a proto-
typical example is offered by the perovskite titanates [Eg = 220 meV
in SrTiO; (6)], which are characterized by very anharmonic lattice
potentials. Another avenue that can be explored is the lattice-mediated
coherent control of excitons living in a correlated electronic envi-
ronment, i.e., in bulk Mott-Hubbard and charge-transfer insulators
(e.g., NiO). Besides being governed by strong electronic correlations,
this class of solids is well known to have a prominent coupling between
the electronic degrees of freedom and a variety of bosonic collective
modes (e.g., phonons, magnons, and orbitons). Thus, the control of
Mott-Hubbard excitons with coherent strain pulses appears as a
promising frontier in condensed matter physics and could lead to
the periodic modulation of other fundamental interactions, such as
the on-site Coulomb and exchange coupling. Last, the use of coherent
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acoustic phonons is expected to cause marked changes in the proper-
ties of two-dimensional excitons hosted by monolayer semiconductors,
such as transition metal dichalcogenides (e.g., MoS, and WS,) (4)
or trihalides (e.g., Crl3) (41). For these reasons and in analogy to the
growing field of active plasmonics (42), we believe that active ex-
citonics, in which the excitonic transport can be selectively modulated
at high speeds by tailored opto-acoustic stimuli, offers new perspec-
tives for the development of novel devices.

MATERIALS AND METHODS

Single-crystal growth and characterization

High-quality single crystals of anatase TiO, were produced by a
chemical transport method from anatase powder and NH,CI as
transport agent, similar to the procedure described in (7). In detail,
0.5 g of high-purity anatase powder was sealed in a 3-mm-thick,
2-cm-large, and 20-cm-long quartz ampoule together with 150 mg
of NH4CI, 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 to 610°C at the deposition zone.
After 2 weeks, millimeter-sized crystals with a bipyramidal shape were
collected and cut into rectangular bars (typically 0.8 mm x 0.6 mm X
0.15 mm). The doping level was determined via angle-resolved
photoemission spectroscopy or transport measurements to be n =2 x
10" cm™.

Ultrafast broadband near-to-mid UV spectroscopy

The ultrafast optical experiments were performed using a novel setup
of tunable near-to-mid UV pump and broadband UV probe, de-
scribed in detail in (7). A 20-kHz Ti:sapphire regenerative amplifier
(KMLabs, Halcyon + Wyvern 500), providing pulses at 1.55 eV, with
0.6-m]J energy and around 50-fs duration, pumped a noncollinear
optical parametric amplifier (NOPA) (TOPAS-white, Light Con-
version) to generate sub-90 fs visible pulses (range, 1.77 to 2.30 V).
The typical output energy per pulse was 13 pJ. Around 60% of the
output of the NOPA was 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, was focused onto a
2-mm-thick B-barium borate crystal for nonlinear frequency doubling.
The pump photon energy was controlled by the rotation of the crys-
tal around the ordinary axis and could be tuned in a spectral range
up to ~0.9 eV (~60 nm) wide. For our purpose, the pump photon
energy was set at 4.50 eV to selectively perturb the spectral region
above the c-axis excitonic peak of anatase TiO,. The typical pump
bandwidth was 0.02 eV (1.5 nm), and the maximum excitation energy
was about 120 nJ. The pump power was recorded on a shot-to-shot
basis by a calibrated photodiode for each pump photon energy, allow-
ing the normalization of the data for the pump power. The remaining
NOPA output was used to generate the broadband UV probe pulses
with ~1.3-eV (~100 nm) bandwidth through an achromatic doubling
scheme.

To study the anatase TiO, single crystals, the setup was used in
the reflection geometry. The specimens were mounted on a rotating
sample holder to explore the transient reflectivity (AR/R) along the
desired crystalline axis. Pump and probe pulses, which have the
same polarization, were focused onto the sample, where they were
spatially and temporally overlapped. The typical spot size of the
pump and the probe were 100 and 40 um full width at half maximum,
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respectively, resulting in a homogeneous illumination of the probed
region. The portion of the probe beam reflected by the surface of the
crystal was detected, and the time evolution of the difference in the
UV probe reflection with and without the pump pulse was re-
constructed. After the sample, the reflected probe was focused in a
multimode optical fiber (100 um), coupled to the entrance slit of a
0.25-m imaging spectrograph (Chromex 250is). The beam was dis-
persed by a holographic grating (150 g/mm) and imaged onto a multi-
channel detector consisting of a 512-pixel CMOS (complementary
metal-oxide semiconductor) linear sensor (pixel size, 12.5 pm X
250 um; Hamamatsu S11105) with up to 50-MHz pixel readout, so
the maximum readout rate per spectrum (almost 100 kHz) allowed
us to perform shot-to-shot detection easily. All the experiments were
performed at RT.

Many-body perturbation theory calculations
Many-body perturbation theory at the level of the GW and the BSE
(43) was used to compute the band structure and the dielectric re-
sponse of bulk anatase TiO,. The GW and BSE calculations were
performed on top of eigenvalues and eigenfunctions obtained from
DFT. We used the planewave pseudopotential implementation of
DFT as provided by the package Quantum ESPRESSO. For the GW
and BSE calculations, we used the BerkeleyGW package (41). The
DFT calculations were performed using the generalized gradient
approximation as in the Perdew-Burke-Ernzerhof (PBE) scheme for the
exchange-correlation functional. The Ti norm-conserving pseudo-
potential was generated in the Rappe-Rabe-Kaxiras-Joannopoulos
scheme, including semicore 3s and 3p states. While standard struc-
tural and electronic quantities are already converged in DFT with
an energy cutoff of 90 Ry, the energy cutoff used here was raised to
160 Ry to properly include the high number of bands necessary to
reach convergence for the many-body evaluated properties. Bulk
anatase TiO, was modeled on a body-centered tetragonal lattice
containing two Ti atoms and four O atoms (primitive cell) with lattice
parameters (optimized at the PBE level) a = b=3.79 A and ¢ = 9.66 A.
The experimental lattice constants at RT are a = b =3.78 A and ¢ =
9.51 A. Scaling these parameters to zero temperature via a linear
extrapolation of the temperature dependence of the lattice constant at
high temperature, appearing in (44), yields a = b=3.78 A and c = 9.49 A.
The ground-state electronic density is properly described with a
coarse 4 x 4 x 4 k-point grid for sampling of the Brillouin zone. The
GW quasiparticle corrections to the DFT eigenvalues were performed
at the one-shot level of theory (GyWj). For the computation of the
polarizability and inverse dielectric matrices in BerkeleyGW, we
used a total of 2474 conduction bands (CBs) 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 and
160 Ry for the screened and bare Coulomb matrices, respectively.
The coarse 4 x 4 x 4 k-point grid sampling is sufficient for the
description of the quasiparticle corrections, while a high number of
bands are mandatory to get a proper description of screening effects
and many-body corrections. The electronic band structure was finally
obtained by interpolating GW corrections on top of a more refined
DFT calculation with a 16 x 16 x 16 grid. The fully converged BSE
results shown in the main text were obtained with BerkeleyGW. We
used a shifted grid with up to 16 x 16 x 16 k-points (4096 irreducible
k-points). The six lowest CBs and six topmost valence bands (VBs)
were included to solve the excitonic Hamiltonian. Spin-polarized cal-
culations were performed to highlight possible dark excitons due to

7 of 9

0202 ‘sz Areniga- uo /610 Bewasualos saoueApe//:diy Woi papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

triplet excitations, but no measurable differences with respect to the
spin-restricted results were obtained. More details are provided in (7).

To estimate the role of the electron-acoustic phonon coupling in
the electronic and optical properties of anatase TiO,, we performed
frozen phonon DFT + GW + BSE calculations by applying a strain
0f0.2% along the [010] crystallographic direction. The results of these
calculations are shown in Fig. 3 (A to C).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/11/eaax2937/DC1
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