Ultrafast transient increase
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Time-resolved X-ray diffraction experiments

In the time resolved X-ray measurements performed at the XPP endstation of LCLS the
sample surface was set to vertical. An X-ray photon energy of 9.5 keV with an X-ray pulse
duration of 50 fs was used to probe the X-ray reflections at a repetition rate of 120 Hz. The
incoming angle of the X-rays and the optical pump beam in respect to the sample surface
was set to 5° and 5.5°, respectively. The X-ray beam diameter perpendicular to the beam
axis was set to 50 um (FWHM) at the sample position. For all excitation conditions, the
spot size of the excitation laser beam was larger by more than a factor of two at the sample
position. We recorded the intensity of the diffracted X-ray pulses using a CSPAD-140k area
detector [I]. The intensity and position monitor (IPM) provided at XPP was used to record
the intensity of the incident X-ray shots for filtering of shots with low intensity and intensity
normalization. The spectral-encoding based timing tool [2] of the XPP endstation was used
to determine the timing jitter between pump and probe pulses. This timing information
was used to sort and bin the data into 50 fs wide time windows. We estimate the absorbed
fluence within the EuTiOs film from the dielectric functions of EuTiO3; and the SrTiOs

substrate [3], 4] via an optical transfer-matrix method [5].

Structural AFD transition of the EuTiO3 thin films in the quasi static case

For static characterization of the antiferrodistortive transition in our 40 nm thin film of
EuTiO3 we measured the intensity of a typical AFD induced superlattice reflection as a
function of temperature (Materials Science Beamline X04SA, Swiss Light Source). Figure
S1 shows the normalized peak intensity of the rocking curve (see Fig. 1b). The scattering
intensity I is proportional to ¢? [6]. We extrapolate a critical temperature for the antifer-
rodistortive transition of 7. ~ 650 K by linear extrapolation of v/I, which would represent
a mean field behaviour. The behaviour is indicative for a distribution of transition tem-
peratures which might relate directly to the significant damping observed in the soft mode

modulation (Figure lc of the main text).
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FIG. S1. Peak reflection intensity of a representative superlattice reflection (1/2 3/2 -1/2) as a
function of temperature in thermal equilibrium normalized to its peak intensity at 115K. The line

is a guide to the eyes.

Ultrafast dynamics of different AFD-induced superlattice reflections and temperature

dependence of the dynamics
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FIG. S2. Dynamics of two different-AFD induced superlattice reflections measured at 7' = 120 K.

The pump photon energy is set to 3.1eV and the absorbed fluence is 3.66 mJ/cm?. The lines are

guides to the eyes.

In order to verify that the transient superlattice scattering intensity represents the dy-
namics of the octahedral rotation angle and not the Debye-Waller-Factor, we collected time
traces of superlattice reflections that have significantly different X-ray momentum transfers
q under similar excitation conditions (Figure S2). The similarity of the curves identifies
changes of the octahedral rotation angle ¢ as the underlying structural dynamics and ex-

cludes a significant influence of the Debye-Waller factor, as discussed in the main text.
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FIG. S3. Dynamics of the AFD induced superlattice reflection intensity for several temperatures.

The photon energy of the exciting pulses is 3.1eV and the absorbed fluence is 3.66 mJ/cm?. The

lines are guides to the eyes.

As we show in Figure S3, the initial lattice temperature does not significantly influence
the photoinduced structural dynamics. We note that the sample position was re-optimized

between acquisition of the curves at T = 150 K and T = 300 K to compensate for long time

drifts.

DFT calculations

Density functional theory (DFT) calculations for EuTiO3 are performed in an all-electron
full-potential linearised augmented-plane wave approach as implemented in the Elk code [7]
(version 4.3.6).

As approximation for the exchange-correlation functional we apply a generalized gradient
approach plus U (GGA+U). Specifically, we use the PBEsol [§] GGA parameterization and
apply a U = 6.2eV and J = 1eV, such that the 4f Eu-states are energetically positioned
between the valence and conduction states of O and Ti, respectively [9]. The muffin tin radii
for Eu, Ti and O are set to 1.3 A, 0.9 A and 0.75 A. We used a basis set of Lyaz,py = 10,
8 x 8 x 6 k-point sampling of the Brillouin zone and took the product of the average muffin tin
radius and the maximum reciprocal lattice vector to be 8.5. Further numerical parameters

and convergence criteria (A for potential: 0.1-107% Ey; A for total energy 0.1-107* E},) are
adjusted according to the high-quality ("highq .true.’) settings within the elk code.
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FIG. S4. Force on a individual Oxygen 8h site along the AFD soft-mode direction as a function
of the static rotation amplitude ¢ and the eh-doping. Arrows indicate the shift of ¢ for zero force

with increasing p.

We perform all DFT calculations on the distorted EuTiOj3 unit cell with space-group
I4/mem (140). We set the lattice constants to the experimental values of @ = b = 5.52 A
and ¢ = 7.80 A. Note that all computations assume the magnetization of the Eu atoms
to be of G-type antiferromagnetic order. The local moment on the Eu sites is found to be
6.9u1,. The choice of the magnetic ground state is expected to have negligible influence on
the AFD soft mode potential [10].

To simulate the situation of photodoping we constrained a number of electrons to the
conduction band and the same number of holes to the valence band imposing two separate
chemical potentials for electrons and holes, [11,[12]. These are reevaluated in each iteration of
the self-consistency loop. We model the electronic excess energy (i.e. the energy separation
of electrons and holes in addition to the band gap energy) via the temperature of the
Fermidistribution of electrons and holes that defines the occupations of the electronic levels.
To obtain the double-well potential of the AFD soft mode, we freeze the octahedral rotation
angle ¢ at a series of values and calculate the atomic forces within the unit cell. In Figure
we show the resulting total force (which points solely along the direction of the AFD
distortion) on one oxygen 8h site involved in the rotation. We parametrize the force with a

polynomial of the form

Fo(e.p) =alp) - ¢ +b(p) - ¢° (1)
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FIG. S5. Calculated potential of the AFD soft mode for two different carrier excess energies
(represented by the temperature of the electronic system). The three solid lines correspond to an
excess temperature of electrons and holes of 100 K at three different doping levels while the dashed

line shows a select doping level for an electronic temperature of 10 - 103 K.

and by integration obtain the double well potential with respect to one individual oxygen

site:
Volp,p) = a(p)/2-¢* +b(p)/4- ¢* (2)

The coefficients a(p) and b(p) scale in good approximation linearly with p which allows us to
interpolate V' (i, p) for arbitrary doping levels. The potentials shown in Fig. 3 and Fig. S5
consider one formula unit (FU). Finally, we note that for p = 0 the corresponding soft-mode

frequency is 3.9 THz and the minima of the double-well potential are at pq = +6.3°.

Ultrafast optical response of EuTiO3 films

We investigate the transient reflectivity change AR(t) of EuTiOs in a supplementary
optical pump/probe experiment using 80 fs pulses centred at a photon energy of 1.55 eV as
pump and probe (Figure . The spot sizes of the pump and probe beams at the sample
position are 525 ym and 190 um, respectively. The sample is a 100 nm thin film of EuTiO3
grown on a Sr'Ti0O3 substrate under similar conditions as the 40 nm film used for the time-
resolved X-ray studies. We observe a fast onset of AR(¢) which is limited by the pump and
probe pulse duration. The subsequent relaxation of the transient reflectivity change slows
down with decreasing excitation fluence. This is a characteristic fingerprint of a band-to-

band recombination process that behaves like a bimolecular carrier recombination process



for which the recombination rate is proportional to the squared density of electron hole pairs

3.
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FIG. S6. Ultrafast reflectivity change —AR/R, as a function of delay time, of a EuTiO3 100 nm
thin film measured with 80 fs pulses at a central photon energy of E/, = 1.55eV and an angle of
incidence of 10°. The different curves show excitation with the same photon energy with different
excitation intensities. The base temperature is set to 120 K. Solid lines are derived from fitting
the bimolecular decay model described in the text. The data and fit curves are color coded by the

absorbed excitation fluence.

To test whether such a recombination dynamics can describe the transient reflectivity

change, we assume the eh-density p(t) to be given by
Pp

\/ 27T7'p2

where the first term describes the density dependent recombination rate and the second

p=—kap® + exp [—0.5(t/7,)] (3)

term the photogeneration of a carrier density p, by a pump pulse of duration 7,. Assuming
that AR(t) is proportional to p(t), we fit equation to the experimental data leaving the
proportionality constant as a fit parameter. Thereby we simultaneously adapt the model to
the data taken at different excitation fluences by setting p, for the individual model curves
to the value set by the experimental conditions (see Methods). After accounting for the time
resolution given by the probe pulse duration, we obtain the solid lines in Fig. [S6] The model
fit describes the slow down with decreasing fluence correctly (with kg = 5-107?s " cm?) and

is in reasonable agreement with the experimental data.
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As nonequilibrium optical properties for photon energies above the band gap also depend
on the temperature of the electronic system, we next test whether the transient optical
response of the free carrier system is compatible with a carrier recombination process. To
this end, we monitor the ultrafast optical response of the 100 nm EuTiO3 film in the multi-
THz regime. We thereby restrict the studied spectral range of the reflectivity change to
frequencies above the phonon reststrahlen band of EuTiO3 which has its highest LO phonon
frequency at 25 THz [14]. This ensures that the probed transient reflectivity change mainly
originates from the photoinduced Drude conductivity [15] [16], as resonances of quasiparticles
in this spectral range, such as intraexcitonic transitions, are not expected under the intense
excitation conditions used in our studies.

We photoexcite with 12-fs pulses centred at a photon energy 1.55 eV and subsequently
probe the reflectivity with few-cycle ultrabroadband THz pulses which are recorded with
electro-optic sampling. To obtain a peak excitation intensity of 1.3 mJ/cm? with the laser
system used for this study [16], the spot size of the pump focus was set to 30 um (FWHM),
which is smaller than the size of the THz probe spot of ~ 40 um (FWHM). Fourier trans-
formation of the acquired THz waveforms allows us to derive the transient field reflection
coefficient r as a function of the THz probe frequency and pump-probe delay time [15] [16].
Figure [S7| shows the obtained relative change of r(t) averaged in a frequency window of 28
to 35 THz. We find a decay of r(t) qualitatively similar to the dynamics observed in the
near-infrared pump-probe study for the highest fluence tested. As the photoinduced change
of r(t) depends mainly on the Drude response of photoinjected free carriers in the EuTiOj

film, its decay is consistent with a reduction of the free carrier density via recombination.

Details on the structural dynamics model

To describe the dynamics of the octahedral rotation we start with the equation of motion
for one oxygen site along the soft-mode coordinate given by

moi-+ 2yit-+ 5 Vo(u(t), pesy (1)) = 0. (4)

u denotes the atomic displacement of an oxygen at the 8h position along the octahedra
rotation (note that u o< ¢ to first order [16]), v is the damping and mg represents the

oxygen atomic mass. To model the heating-induced relaxation of the double-well potential,
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FIG. S7. Transient field amplitude reflection coefficient r(¢) of a 100 nm thin EuTiOg3 film averaged
in a multi-THz spectral window above the phonon reststrahlen band. The dynamics is induced by
12-fs excitation pulses with a central photon energy of = 1.55eV). r(t) probes the recombination

dynamics of the photoexcited eh pairs.

we extrapolate V' along its dependency on p towards the high-symmetry phase. For that we
introduce and effective doping
t c2
) =l = (1 [ ko pteyat 5)
that make V' dependent on the transient doping level p(t) as described by equation . This
creates a phenomenological measure for accumulated heat in the phonon system at the time
t, that includes the time integrated eh recombination rate.

By solving equation for u(t), we can now fit this model to the normalized transient
superlattice scattering intensity with p,, ci, ¢z and ky as free fit parameters. Thereby we
account for the experimental time-resolution set by the X-ray pulse duration and time-
binning. The value of v is phenomenologically fixed corresponding to a coherent lifetime of
the soft-mode of 0.14 ps. Independent of the excitation conditions, the fit yields ¢, = 61071
and ky = 2- 109 tem?.

As the phenomenological parameters in the model describe the decay dynamics, they
have little influence on the initial rise of the enhanced rotation which is mainly governed by
pp- This allows for quantitative comparison of p, obtained by the model fit to the values set
in the experiment:

For excitation with 1.55 eV photons and 3.86 mJ/cm? absorbed fluence, we estimate a doping

level of 0.23eh/FU in the experiment. This coincides well with p, = 0.25eh/FU obtained
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from the fit. With increased carrier excess energy by excitation with 3.1 eV photons at
3.86mJ/cm? we estimate a doping of 0.11eh/FU in the experiment while we obtain p, =
0.17¢h/FU from fitting the model. As discussed in the main text, we observe that doubling
the excess energy results in an only slightly reduced maximum enhancement of the rotation
angle at approximately half the number of injected eh pairs. While our DFT calculations
reproduce (Fig. this experimentally observed trend, we do not include the electronic
excess energy/electronic temperature into the dynamics model. This likely explains the

higher value of p, needed to reproduce the experimental results.

We fit the model to the data shown in Fig. 2 for all fluences simultaneously while keeping

the ratio of the doping parameters p, to the experimentally set conditions.
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