
Article https://doi.org/10.1038/s41467-025-63045-6

Ultrafast decoupling of polarization and
strain in ferroelectric BaTiO3
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Daniel Knez6, Martina Dienstleder7, Saptam Ganguly 4, Teguh Citra Asmara 1,
Giacomo Merzoni1,8, Sergii Parchenko 1, Justine Schlappa 1, Zhong Yin 1,13,
José Manuel Caicedo Roque4, José Santiso 4, Irena Spasojevic 9,
Cammille Carinan1, Tien-Lin Lee 10, Kai Rossnagel 3,11, Jörg Zegenhagen 10,
Gustau Catalan 4,12, Ivan A. Vartanyants 5, Andreas Scherz 1 &
Giuseppe Mercurio 1

A fundamental understanding of the interplay between lattice structure,
polarization and electrons is pivotal to theoptical control of ferroelectrics. The
interaction between light and matter enables the remote and wireless control
of the ferroelectric polarization on the picosecond timescale, while inducing
strain, i.e., lattice deformation. At equilibrium, the ferroelectric polarization is
proportional to the strain, and is typically assumed to be so also out of equi-
librium. Decoupling the polarization from the strain would remove the con-
straint of sample design and provide an effective knob to manipulate the
polarization by light. Here, upon above-bandgap laser excitation of the pro-
totypical ferroelectric BaTiO3, we induce and measure an ultrafast decoupling
between polarization and strain that begins within 350 fs, by softening Ti-O
bonds via charge transfer, and lasts for several tens of picoseconds. We show
that the ferroelectric polarization out of equilibrium is mainly determined by
photoexcited electrons, instead of the strain.

Ferroelectric materials are characterized by many properties, includ-
ing piezoelectricity and pyroelectricity, besides ferroelectricity, which
make them attractive for a wide range of applications, such as non-
volatile memories, transistors, sensors, and actuators1,2. The key
property of a ferroelectric material is the ability to switch its sponta-
neous polarization in response to an external electric field. This is
typically achieved by a static or pulsed electric field with the con-
sequent limitations given by the need for complex circuitry and
switching times of hundreds of picoseconds to nanoseconds3. These

challenges can be overcome by optical control of the ferroelectric
polarization. Light-matter interaction enables remote and wireless
control of the ferroelectric polarization on the picosecond timescale3.
Moreover, since all ferroelectrics are also piezoelectrics, the ferro-
electric polarization is strongly coupled to the strain, i.e., the lattice
deformation4. Optical control of polarization and strain has been
achieved in several cases. For example, in multilayers of ferroelectric
and electrode thin films, an optical laser was used to excite the metal
(or semiconductor) layer and indirectly the ferroelectric material,
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leading to a transient modification of the strain5–8, or the polarization
by charge redistribution at the interface9. In other studies, light was
absorbeddirectlyby the ferroelectricmaterial, inducing changes in the
spontaneous polarization10,11 or lattice strain in clamped12–18 or
freestanding19 ferroelectric thin films. THz light was employed to
rotate20 or even transiently reverse the orientation of the spontaneous
polarization21. In all these studies so far, either the polarization or the
strain was measured, and a direct proportionality between sponta-
neous polarization and strain was typically assumed22. This pro-
portionality is based on the piezoelectric effect, which is well captured
by the Landau-Ginzburg-Devonshire theory when the lattice distortion
is along the polarization axis23. While this assumption is valid under
equilibrium conditions, as demonstrated experimentally, e.g., in refs.
24,25, it may not hold under out-of-equilibrium conditions following
light-matter interaction. Decoupling the polarization from the strain
would remove the constraint of sample design24,26 or strain tuning27,28

to achieve specific properties, and, at the same time, would provide a
more effective and ultrafast knob to manipulate the polarization
by light.

To explore this scenario, we probe the out-of-plane strain and the
spontaneous polarization of the prototypical ferroelectric BaTiO3

upon above-bandgap absorption of ultrashort UV light pulses with a
peak power intensity of a few tens of GWcm−2 (Fig. 1a). A fundamental
understanding of the relationship between strain and ferroelectric
polarization out of equilibrium requires their investigation on their
natural timescale encompassing ≈ 100 fs to several tens of ps. We
employ a combination of time-resolved X-ray diffraction (tr-XRD),
time-resolved optical second harmonic generation (tr-SHG), and time-
resolved optical reflectivity (tr-refl) to obtain the magnitudes and the
separate dynamics of the out-of-plane lattice parameter, the

spontaneous polarization, and the photoexcited carrier density,
respectively29, with a time resolution of ≈ 90 fs. In this paper, we show
themechanisms that govern the structure and polarization changes in
a ferroelectric material and their complex relationship out of equili-
brium in the presence of photoexcited electrons and lattice defor-
mation. In particular, since the strain wave propagates at the speed of
sound, whereas electronic interactions aremuch faster, we induce and
measure an ultrafast decoupling between polarization and strain,
which we assign to the photoexcited electrons. First, we present the
lattice response to the absorption of UV laser pulses and the corre-
sponding data modeling. Next, we present tr-SHG and tr-refl data.
Finally, we bring together all the results and discuss the underlying
physical mechanisms in the context of hitherto known phenomena
taking place in ferroelectric materials.

Results
Photoinduced structural dynamics
Our sample consists of a coherently strained, monodomain BaTiO3

(BTO) thin film, grown on a GdScO3 (GSO) substrate, with a SrRuO3

(SRO) bottom electrode sandwiched in between (see “Methods”).
Under a compressive strain of −0.55% imposed by the substrate, the
BTO film shows an out-of-plane ferroelectric polarization Ps = Psz
pointing toward the sample surface (Fig. 1a), where Ps is themagnitude
of the polarization and z is the unit vector along the out-of-plane
direction. The sample is excited above the BTO band gap Eg = 3.4 eV30

using 266 nm laser pulses, with photon energy E = 4.66 eV, at an inci-
dent pump laser fluenceof 2.7mJ cm−2. Time-resolvedX-ray diffraction
of the (001) Bragg reflection is employed to probe the lattice response
of our ferroelectric thin film along the out-of-plane direction. The
lattice deformations along the in-plane directions on the picosecond
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Fig. 1 | Photoinduced structural dynamics and time evolution of strain.
a Sketch of the BaTiO3 unit cell, the out-of-plane lattice parameter in the ground
state c0, the relative displacement ΔTi−O of the Ti atom from the center of the O
octahedron, the spontaneous ferroelectric polarization Ps, the pump laser at
266 nm, the incident and diffracted XFEL beams. b Selected experimental IXRD(Eν)
curves at different time delays t, and the difference ΔIXRD = I2:6ps

XRD � I�14 ps
XRD (gray

line). The vertical dashed cyan line marks Eν = 1525 eV. The shaded red area indi-
cates the standard deviation value SD � 0:1 × I19:1 psXRD , with similar values also for the
diffraction curves at different delays t. For clarity, only the error bar of I19:1 psXRD is
shown. cDelay dependence ofΔIXRD/IXRD,0 = [IXRD(t) − IXRD,0]/IXRD,0, i.e., the relative

change of IXRD(t) at the photon energy Eν = 1525 eV with respect to the equilibrium
value at negative delays IXRD,0. The solid cyan line is a guide to the eye. The error
bars indicate the standard deviation of the experimental data in a bin size of 300 fs.
Inset: sketch of Ti andOoctahedron atnegative delays (ΔTi−O = 14pm), and at 3.5 ps
(ΔTi−O = 6 pm).d Average BTO out-of-plane strain ηðtÞ as a function of pump-probe
delay t. The error bars follow from the determination of c from IXRD(Eν) ± SD. The
solid gray line is a fit to the data (Supplementary Note 2). Inset: Modeled con-
tributions to the average strain ηðtÞ due to deformation potential (DP) and ther-
moelastic (TE) stress (Supplementary Fig. 6).
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timescale are negligible, given the large ratio between photoexcited
area (330 × 240μm2) and BTO film thickness dBTO = 34.5 nm.

We observe an initial reduction of the tetragonal distortion, which
goes hand in hand with lattice compression, then followed by lattice
expansion. In particular, Fig. 1b shows the (001) diffraction intensity
IXRD of BTO as a function of the photon energy Eν and at different
pump-probe delays t from −14 ps to 32.5 ps. At t = 2.6 ps we observe
the following changes to the Bragg peak as compared to the ground
state (at t = −14 ps): a decrease in the diffraction intensity IXRD near the
peak center, and a shift to higher photon energy, which implies a
decrease in the out-of-plane lattice parameter c, i.e., lattice compres-
sion (see gray curve in Fig. 1b). To further explore this initial structural
dynamics, we measure the delay dependence of ΔIXRD/
IXRD,0 = [IXRD(t) − IXRD,0]/IXRD,0, which quantifies the relative change of
IXRD(t) at the photon energy Eν = 1525 eV of the BTO peak with respect
to the equilibrium value IXRD,0 at negative delays. We observe a max-
imum diffraction intensity drop of ≈ 4% at t = 3.5 ps, with up to 99%
recovery to the equilibrium value at t ≈ 7 ps (Fig. 1c and Supplementary
Fig. 1). We assign the initial 4% drop and recovery in diffraction
intensity to the displacements of atoms within the BTO unit cell (inset
of Fig. 1c). Specifically, simulations based on the dynamical theory of
diffraction31 (Supplementary Fig. 2) exclude the Debye-Waller effect
and show that a decrease in the displacement ΔTi−O between the Ti
atom and the center of the O octahedron by 8 pm can model the
measured maximum change in peak diffraction intensity.

We focus next on the BTO (001) Bragg peak measured at longer
time delays (Fig. 1b). We observe that IXRD(Eν) at t > 3 ps are shifted
toward lower photon energies, i.e., larger out-of-plane lattice para-
meters c, with respect to IXRD(Eν) at smaller delays t. This can be clearly
seen from the plot of the BTO out-of-plane strain ηðtÞ, averaged over
dBTO (Fig. 1d). Here, ηðtÞ= ½cðtÞ � c0�=c0, with c(t) and c0 representing
the average c at a given t >0ps and t ≤0ps, respectively (see “Meth-
ods”). In Fig. 1d, wefind that: (i) themaximumcompressionof −0.024%
occurs at t = 2.6 ps, (ii) ηðtÞ increases linearly at a rate of 0.04 %/ps in
the range 4 ps < t < 10 ps, and (iii) settles at 0.34% at ≈ 20ps.

Themodel fitting ηðtÞ data in Fig. 1d is presented in the following.
When a photon with energy E > Eg is absorbed in BTO, electrons are
photoexcited from the O 2p-derived valence band to the Ti 3d-derived
conduction band32–34. The thermalization of photoexcited electrons
leads to an increase in the electron temperature (Te), and to changes in
the electronic system that can be modeled by the variation of the
bandgap as a function of the electronic pressure (∂Eg/∂p)4. In turn, a
modified electron system affects the interatomic potential, resulting in
atomic motions and contributing to the deformation potential stress
σDP(Te, ∂Eg/∂p). Subsequently, photoexcited electrons transfer part of
their excess energy (E − Eg) to the phonon system via electron-phonon
scattering, increasing the phonon temperature (Tp) on the picosecond
timescale. This, in turn, induces a lattice expansion dependent on the
BTO thermal expansion coefficient (β), and contributes to the ther-
moelastic stress σTE(Tp, β). The total stress4,35σ = ρv2η + σDP + σTE gen-
erates a strain wave η(z, t) that propagates through the material of
mass density ρ at the longitudinal speed of sound ν. Given the incident
peak power intensity of 39GWcm−2 and other known sample para-
meters (Supplementary Table 1), we solve analytically the two-
temperature model (2TM, Supplementary Note 1) and the lattice
strain wave equation (Supplementary Note 2) to obtain the strain
η(z, t). The 2TM describes electron and phonon temperatures, Te(z, t)
and Tp(z, t), upon absorption of a laser pulse in our sample, thereby
accounting for thermal effects (Supplementary Fig. 3). Finally, we
calculate the strain ηðtÞ, averaged over dBTO, and obtain an accurate fit
of the experimental data in Fig. 1d. A similarly good fit of ηðtÞ data is
obtained for incident pump fluence of 1.4mJ cm−2 (Supplementary
Fig. 4). The main outcome of our fit model is a negative ∂Eg/∂p of the
order of ≈ 10−3 eVGPa−1 (Supplementary Table 2), in agreement with
first-principles calculations36, with a resulting bandgap decrease of

about 3.2meV (Supplementary Note 3). The negative ∂Eg/∂p causes
lattice compression along the out-of-plane direction within the
first ≈ 3 ps, when the negative σDP dominates over σTE (inset of Fig. 1d).
Conversely, at larger time delays (t > 3 ps), Tp increases (Supplemen-
tary Fig. 5) and the thermoelastic term becomes the dominant one,
leading to an increase of the average out-of-plane strain ηðtÞ (Fig. 1d
and Supplementary Fig. 6). The calculations of lattice temperature,
out-of-plane strain and diffraction curves as a function of delay t and
distance z from theBTO surfaceare reported inSupplementaryNote 4.
The validity of the model employed to fit the strain ηðz, tÞ data is
further corroborated by the good agreement between the experi-
mental BTO (001) diffraction peaksmeasured at different pump-probe
delays t and the corresponding calculated diffraction curves, based on
the strain profiles as a function of delay t and distance z from the BTO
surface (Supplementary Fig. 7 and Supplementary Fig. 8).

Photoinduced ferroelectric polarization and electron dynamics
We turn now to investigating the dynamics of the ferroelectric polar-
ization magnitude Ps and of the photoexcited carriers37–41, upon exci-
tation of the BTO film by the same 266 nm pump laser with fluence
2.7mJ cm−2. Therefore, we perform tr-SHG experiments29,42 and
simultaneously tr-refl in reflection geometry (Fig. 2a). From SHG
polarimetry, i.e., the dependence of SHG intensity ISHGðφÞ /
jχð2Þijk EðωÞ2j2 on the polarization angle of the probe beam φ, we learn
about the optical tensor elements χð2Þijk of a material, and thus its
symmetry42. By selecting either horizontal (p) or vertical (s) polariza-
tion of the SHG beam, we measure IpSHGðφÞ and IsSHGðφÞ, shown in
Fig. 2b, c (blue points) together with the respective fit curves (see
“Methods”), which are based on the 4mm point group symmetry with
the following nonzero tensor elements: χð2Þzxx , χ

ð2Þ
xxz , and χð2Þzzz .

Upon laser excitation, the 4mm symmetry is preserved (orange
points in Fig. 2b, c) and the three tensor elements show similar
dynamics (Fig. 2d), characterized by a fast fall time with the maximum
drop after ≈ 500 fs and two exponential recovery time constants
of ≈ 5.5 ps and ≈ 45 ps (Supplementary Fig. 9 for −1 ps < t < 30 ps).
Interestingly, the tensor elements representative of the induced elec-
tric dipole along the out-of-plane direction z (χð2Þzxx and χð2Þzzz) show a
nearly identical time dependence and a larger relative change than
χð2Þxxz , which refers to the in-plane induced electric dipole along the
direction x. The differencebetween χð2Þzxx (or χ

ð2Þ
zzz) and χð2Þxxz reaches 0.5%

after ≈ 500 fs and decreases in a few tens of picoseconds (Supple-
mentary Fig. 9). A purely thermal effect43 would cause a uniform
change of all tensor elements χð2Þijk , whereas the measured different
dynamics of χð2Þijk indicates a time-dependent lattice distortion and/or
change in the electronic distribution of non-thermal origin. In fact, TD-
DFT calculations32,33 show that upon charge transfer, the Ti-O∥ bonds
between Ti and apical O∥ atoms (parallel to Ps) are weakened more
thanTi-O⊥bondsbetweenTi andbasal O⊥ atoms (perpendicular toPs),
as sketched in the inset of Fig. 2d. Consequently, it is intuitive to expect
a larger amplitude of the induced electric dipole along the Ti-O∥

direction (z) with respect to the Ti-O⊥ direction (in the xy plane), as
experimentally demonstrated by our data.

The proportionality ISHG / jχð2Þijk j2 / jPsj2 gives direct access to the
magnitude of the spontaneous polarization44. To this end, wemeasure
the relative change ΔIpSHG=I

p
SHG, 0 as a function of pump-probe delay t

(Fig. 2e), with the polarization of the 800 nm probe beam fixed to the
maximum of IpSHGðφÞ at φ =0° (Fig. 2b). Simultaneously, we measure
the relative change in reflectivity ΔR/R0 as a function of pump-probe
delay t (Fig. 2f). The data in Fig. 2e [f] are well reproduced by a fit
function consisting of the sum of three exponential decay terms, with
fall [rise] time τ0, and recovery times τ1 and τ2, convoluted with a
Gaussian function representing the experimental temporal resolution
(SupplementaryNote 5). The initial drop inSHG intensity by 10%within
350 fs is followed by τSHG1 = 7:2 ±0:5ps and τSHG2 = 200± 140ps
recovery times, resulting in a 2.3% drop at 40ps (Fig. 2e). At the same
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time, we observe a fast increase in reflectivity by 7% within 350 fs,
followed by two recovery times, τR1 = 5:2 ±0:1 ps and
τR2 = 29:8±0:5ps (Fig. 2f).

In both tr-SHG and tr-refl data, the time needed to reach the
maximumrelative change (≈350 fs)might bedue to the thermalization
of photoexcited electrons via electron-electron scattering. Subse-
quently, thermalized electrons, which are higher in the conduction
band,move to the bottomof the conduction band, transferring energy
to the phonon system, and recombiningwith holes in the valence band
via electron-phonon scattering4,40,45 or radiatively46. These processes
are characterized by the recovery times τ1 and τ2. Both τ1 and τ2
recovery constants of ΔIpSHG=I

p
SHG, 0 are larger than those of ΔR/R0

because the dynamics of the spontaneous polarization (seen by tr-
SHG) results from the convolution of the faster dynamics of photo-
excited carriers (seen by tr-refl) and the slower dynamics of atoms.

To interpret the SHG intensity drop and the reflectivity increase, it
is useful to express the magnitude of the spontaneous polarization
as22,47: Ps(t) = (1/V)∑iqi(t)Δzi(t), where V is the volume of the unit cell, qi(t)
is the local charge and Δzi(t) is the out-of-plane displacement of atom i
from the high symmetry position. The above-bandgap photoexcitation
transfers electrons from the O 2p-derived valence band to the Ti 3d-
derived conduction band of BTO. This charge transfer from O to Ti
atoms reduces both the local negative charge at the O site (qO) and the
local positive charge at the Ti site (qTi). We attribute the increase in R to
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Fig. 2 | Photoinduced ferroelectric polarization and electron dynamics.
a Sketch of the tr-SHG and tr-refl setup (see “Methods”). b, c Polar plots of IpSHGðφÞ
and IsSHGðφÞ measured without pump laser (blue points) and with pump laser at
the delay t =0.35 ps (orange points). The orange and blue solid lines are fit curves
to the data resulting from equations (1) and (2). The shaded orange and blue
areas refer to the standard deviation of the data and amount to ≈ 13%. d Relative
changeΔχ/χ0 of the tensor elements χð2Þxxz , χ

ð2Þ
zxx , and χð2Þzzz as a function of delay t, and

respective fit curves (Supplementary Note 5). Δχ=χ0 = ðχð2Þijk � χð2Þijk, 0Þ=χ
ð2Þ
ijk, 0, where

χð2Þijk, 0 refers to the tensor element χð2Þijk at t ≤0ps. The error bars refer to the
standard deviation resulting from the fit of the tensor elements. Inset: sketch of Ti
atom and O octahedron with the indication of O∥ (yellow spheres) and O⊥ (red

spheres), and the softening of Ti-O∥ bonds (dashed olive and cyan lines) with
respect to the Ti-O⊥ bonds (solid purple lines). e, f Relative change of SHG
ΔIpSHG=I

p
SHG,0 and reflectivity ΔR/R0 as a function of the delay t. ΔIpSHG=I

p
SHG, 0 =

½IpSHGðtÞ � IpSHG,0�=IpSHG,0, where IpSHG, 0 refers to the SHG intensity at t ≤0ps.
ΔR/R0 = [R(t) −R0]/R0, where R0 refers to the reflectivity at t ≤0ps. The solid lines
are fit curves to the data with fit parameters τ0, τ1, and τ2 reported in the text. The
error bar ofΔIpSHG=I

p
SHG, 0 andΔR/R0 data points are≈ 8%and 2%, respectively. Since

SHG is a nonlinear process, it is more significantly affected by fluctuations of the
800 nm probe laser intensity of ≈ 2%. However, the standard deviation of
ΔIpSHG=I

p
SHG,0 and ΔR/R0 at t <0ps are 0.6% and 0.06%, respectively.
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the increase in photoexcited carrier density ne38–40, which decreases qi,
while Ps results from changes in both qi and Δzi. This offers the
opportunity to manipulate Ps by modifying qi, independently from the
atomic displacements Δzi. In fact, in our experiments, after 350 fs,
before any significant atomic movement can occur, the increase in
carrier density ne is responsible for the measured decrease in Ps and
increase in R, shown in Fig. 2e, f. This interpretation is corroborated by
the increase of the maximum relative change of both ΔIpSHG=I

p
SHG, 0

(negative, indicating decrease in polarization) and ΔR/R0 (positive,
indicating increase in photoexcited carrier density) with pump fluence
(Supplementary Fig. 10 and Supplementary Fig. 11). After a few tens of
picoseconds, the longer recovery time of the polarization, as compared
to the photoexcited carriers, is due to the contribution of the much
slower structural dynamics, affecting Δzi, characterized by a recovery
time beyond the 40 ps timescale, as seen in Fig. 1d.

An interpretation of SHG intensity and reflectivity in terms of
nonlinear SHG coefficient and electric susceptibility, equivalent to the
one discussed above, is reported in Methods. Furthermore, we note
that measuring current-voltage (I-V) curves is an alternative tool to
measure photocurrents under illumination48,49. These measurements
are typically performed under steady-state conditions and require a
top electrode. Given the absence of top electrode in our sample,
adding it would certainly change the interfacial properties of our
sample and influence the measured photogenerated electrons. As an
example, it has been shown that the photocurrent may vary by more
than 2 orders of magnitude, depending on the top electrode
employed50. Furthermore, modifying the top interface would also
modify the BTO ferroelectric polarization, at least locally near the
surface, and possibly also deeper in the BTO layer, as investigated
experimentally11,31,51 and theoretically47. Finally, adding a top electrode
would also affect the strain propagation because of the different
acoustic reflection coefficient at the BTO surface (Supplementary
Table 1). Therefore, we probe the photoexcited carrier dynamics in our
sample by tr-refl, as previously done in other works38–40, and as typi-
cally done in ultrafast measurements29.

Discussion
We present here a unified picture in five stages of the electron,
polarization, and lattice dynamics data presented above. Our obser-
vations are summarized in Fig. 3a–e, and the physical mechanisms
involved are sketched in Fig. 3f–h. Before the arrival of the pump laser,
the BTO is characterized by an out-of-plane polarization with given
local charges at each atomic site (stage 1, Fig. 3a). Upon absorption of
the pump laser at t = 0ps, electrons move from the occupied
O-derived valence band to the unoccupied Ti-derived conduction
band (Fig. 3f).Within ≈ 350 fs we observe themaximum increase in the
photoexcited carrier density ne, as indicated by the increase in ΔR/R0.
This charge transfer reduces the local charges qi at Ti and O atoms,
thereby decreasing the magnitude of the spontaneous polarization Ps,
as indicated by the decrease inΔIpSHG=I

p
SHG,0 (stage 2, Fig. 3b). A smaller

Ps is also consistent with a larger screening of long-range Coulomb
interactions,which favor off-center atomic displacements and thus are
responsible for the polar order. This effect is modeled by DFT
calculations52,53, showing that an increase in photoexcited carriers in
the conduction band of BTO indeed tends to induce a phase transition
from the ferroelectric to the paraelectric phase. These theoretical
studies52,53 investigated electron doping concentration per formula
unit ne/f.u. ⪅ 0.2, which corresponds precisely to the ne/f.u. range
reached in our experiments (Supplementary Fig. 12). Moreover, TD-
DFT calculations32,33 predict that such photoinduced change of BTO
electronic structure weakens more significantly Ti-O∥ bonds, parallel
to Ps, as compared to Ti-O⊥ bonds, perpendicular to Ps. We demon-
strate this effect experimentally by measuring a larger change of the
out-of-plane tensor elements (χzxx, χzzz) as compared to the in-plane
tensor element (χxxz). In stage 2, in contrast to themaximum change in
carrier density ne and polarization magnitude Ps, the lattice remains
unperturbed: this marks the onset of the decoupling between polar-
ization and strain. At these early time delays, the bulk photovoltaic
effect (BPVE)12 and the Schottky interface effect11 could potentially play
a role, butweexplain in the followingwhy they are not dominant in our
experiments.
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Fig. 3 | Schematic model of photoinduced electron, polarization and lattice
dynamics. BTO unit cell, projected along the [100] direction, at the following time
delays t: t <0ps, i.e., ground state (a), 0 ps < t <0.35 ps (b), 0.35 ps < t < 3.5 ps (c),
3.5 ps < t < 20ps (d), ≳ 20 ps (e). The distance between the horizontal dashed gray
lines indicates theout-of-plane latticeparameter at equilibrium c0 in (a–e). The size
of the green and red shaded areas around Ti and O atoms, is proportional to the
corresponding positive and negative local charges, respectively. For clarity, the
local charge of Ba atoms is omitted. The length of the light blue arrow and the
height of the blue shaded area are proportional to the magnitude of the sponta-
neous polarization Ps. Sketch of BTO valence and conduction band in stage 2 (f), in

stages 3 and 4 (g), and in stage 5 (h). The purple vertical arrow indicates the
photoexcitation of electrons from the valence to the conduction band upon
absorptionof a 266 nm laser photon. Eg = 3.4 eV is the bandgapof the ground state,
E 0
g is the bandgap of the excited state, modified by the deformation potential, with

E 0
g � Eg � �3:2meV (Supplementary Note 3). The relaxation of the hot electrons

to the bottom of the conduction band (green arrows) and the recombination with
holes of the valence band (red dashed vertical arrow) induce an increase of Tp.
h indicates the minor contribution of the deformation potential, resulting in a
bandgapclose to Eg, and the residualpresenceof electrons in the conductionband.
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First, in photoexcited ferroelectric materials it is common to
observe the BPVE, i.e., the generation of photovoltage under light
illumination54–56. The BPVE occurs under two conditions: the presence
of a noncentrosymmetrical crystal and the excitation of non-
thermalized electrons54. In our system both conditions are satisfied
shortly after t =0 ps, i.e., before hot electron thermalization takes
place (Fig. 3f). In BTO, if the light polarization is perpendicular to the
spontaneous polarization Ps, the induced photovoltage is parallel to
Ps

57,58. This enhances themagnitude of the spontaneous polarization Ps
and induces, via the inverse piezoelectric effect, lattice expansion,
similarly to what was observed in BiFeO3

59. However, in our study,
although the polarization of the pump laser is perpendicular to Ps

(Fig. 2a), within ≈ 350 fs, when electrons are nonthermalized, we see a
decrease inPs (Fig. 2e). Hence,we conclude that, at this early timescale,
BPVE is not a dominant effect in our experiments. In fact, this obser-
vation can be explained by the wavelength dependence of the BPVE,
which shows a maximum when the photon energy is close to Eg, as
observed, e.g., in refs. 12,60. In contrast, in BTO at λ = 266 nm the
contribution of BPVE is negligible, as observed in experiments57,58 and
calculations55.

Second, ferroelectric thin films grownon ametal substrate form a
Schottky interface, where the electron-hole pairs generated by light
absorption are separated by the built-in voltage of the Schottky bar-
rier. The photoexcited carriers are most efficiently separated in the
depletion region of widthw, where the built-in field exists. At the BTO/
SRO interface61 the width of the Schottky interface isw ≈ 5 nm, similar
to the one of other ferroelectrics, e.g., Pb(Zr0.2Ti0.8)O3/SRO
interface11,62. Outside the depletion region, carrier recombination
dominates because of the small diffusion length Ld ≈ 2 nm (Supple-
mentary Note 6). Given the transmittance profile of the pump laser
beam in our 34.5 nm thick BTO film (Supplementary Note 7 and Sup-
plementary Fig. 13), only ≈ 5% of the pulse energy deposited in BTO is
absorbed in the depletion region of the Schottky barrier and may
contribute to the variation of the polarization11. Therefore, in our case
the Schottky interface effect is expected to play a minor role.

In the 350 fs – 3.5 ps delay range (stage 3, Fig. 3c), we observe
polarization and strain following opposite trends. In fact, while the
displacement between Ti and the center of the O octahedron as well as
the strain starts to decrease, Ps starts to increase from its initial light-
induced minimum. This is attributed to the start of recombination of
photoexcited carriers, suggested by the incipient recovery in ΔR/R. At
this stage, we also observe lattice compression caused by the negative
parameter ∂Eg/∂p via the deformation potential. Our observation is in
line with theory33,53,63,64 predicting a reduced bandgap Eg due to the
presence of photoinduced carrier density, leading to a reduced mag-
nitude of the polarization Ps (Fig. 3g). Moreover, the polarization trend
is also consistent with the theoretical prediction65 that photoexcited
carriers screen dipole-dipole interaction, thereby reducing the overall
polarization Ps and, conversely, the progressive recombination of
carriers in the conduction band result in a recovery of the polarization.

In the 3.5 − 7 ps delay range (stage 4, Fig. 3d), the relative dis-
placement between Ti and O atoms tends to grow again as it starts to
follow the increasing polarization, resulting in an increase of the out-
of-plane strain. At the same time, the relaxation of photocarriers to the
bottom of the conduction band and their recombination result in a
further increase of the local charges, and an energy transfer to the
phonon temperature (Fig. 3g), which, in turn, leads to lattice expan-
sion. The latter effects persist up to t ≈ 20ps.

At t ≈ 20 ps (stage 5, Fig. 3e), together with a further relaxation of
the electronic system toward equilibrium, we observe a saturation of
the BTO average strain. This results in ametastable state with a slightly
reduced Ps and a significantly increased out-of-plane strain with
respect to the ground state. The reduced Ps is attributed to the pre-
sence of residual photoexcited carriers in the conduction band
(Fig. 3h), while the increased out-of-plane strain is due to the

thermoelastic contribution. We exclude the depolarization field
screening as themaindriving effect for the transient tensile strain seen
in our experiments, because it would lead to the typical saturation of
the strain with increasing pump fluence66. For example, in PbTiO3

12 the
metastable lattice strain reaches saturation with 266 nm laser fluences
of 0.01mJ cm−2. Conversely, in our study, we employ two orders of
magnitude larger pump fluence, with similar laser pulse duration, and
still the metastable strain scales approximately linearly with the pump
fluence (Fig. 1d and Supplementary Fig. 4). In addition, on the ≈ 20ps
timescale, the deformation potential plays a minor role (Supplemen-
tary Fig. 6), thus its influence on the bandgap is expected to be mar-
ginal. Interestingly, although the out-of-plane lattice parameter is
larger than in the ground state (c0), the polarization Ps is still smaller
compared to equilibrium. This underscores the persistence of the
decoupling between polarization and strain. Quantitatively, we esti-
mate that in stage 5 the contribution of photoexcited electrons to Ps
has ≈ 10% larger magnitude than the structural contribution from the
strain η (Supplementary Note 8).

In summary, we demonstrate that, with an above-bandgap laser
excitation, an ultrafast decoupling of spontaneous polarization and
strain can be achieved and measured. The key difference to previous
studies is that we measure both the polarization and the strain, and
thus we are able to observe the ultrafast decoupling of polarization
and strain taking place already within 350 fs and lasting at least for
several tens of picoseconds. Another important difference to previous
reports is that we employ a larger peak power intensity of the pump
laser (39GWcm−2, see Supplementary Note 4) with excitation energy
above the bandgap. This is important to excite a sufficient number of
electrons from the O 2p-derived valence band to the Ti 3d-derived
conduction band, reaching ≈ 0.2 e/f.u. (Supplementary Fig. 12), and to
induce the change inpolarization, aspredictedby theory52,53.Weassign
the ultrafast decoupling of polarization and strain to the dominant
contribution of photoexcited electrons in determining the magnitude
of the spontaneous polarizationwhen the system is out of equilibrium,
and show that for an accurate description and fundamental under-
standing of a ferroelectric material in a photoexcited state, it is
essential to combine multiple techniques that address the dynamical
evolution of the various degrees of freedom, i.e., electrons, ferro-
electric polarization, and lattice. The decoupling of the polarization
from the strain offers the opportunity to change paradigm from strain
engineering27,28,67 to light-induced polarization engineering, thereby
lifting the constraint of selecting among a limited number of
substrates24 or designing freestanding membranes26 to tune the
spontaneous polarization. Moreover, by softening the Ti-O∥ bonds, we
bring BTO to an excited state, where it could be further modified by
THz light to achieve stable and reversible polarization switching at
lower fluences than otherwise needed when starting from the ground
state21. Finally, the transient and reversible control of the spontaneous
polarization, shown in this study, offers a pathway to control by light
both electric and magnetic degrees of freedom in multiferroic
materials.

Methods
Sample preparation and characterization
The epitaxial bilayer BTO/SRO was grown using pulsed laser deposi-
tion on a GSO substrate, with (110) orientation according to the
orthorhombic notation. The ceramic targets of SRO and BTO were 8
cm away from the substrate and ablated using a KrF excimer laser
(λ = 248 nm, fluence 5.4 J cm−2, 2 Hz repetition rate). The deposition of
SRO and BTO layers was conducted in O2 atmosphere with pressure
pO2 = 100 mTorr and deposition temperatures of 908 K and 973 K,
respectively. Sample cooling with the rate of 3Kmin�1 was conducted
in the environment of saturated O2 (pO2 = 104mTorr) to prevent the
formation of oxygen vacancies. The thicknesses of BTO and SRO lay-
ers, dBTO = 34.5 nm and dSRO = 47 nm are extracted from a θ–2θ scan of
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the as-grown sample around the (002) reflections (Supplementary
Fig. 14), while the GSO substrate is 0.5 mm thick. We performed θ-2θ
scans as a function of sample temperature (Supplementary Fig. 15) to
determine the thermal expansion coefficients of BTO above
Tc = 400 °C, of SRO and GSO in the temperature range 35 °C< T <
700 °C. We determine the out-of-plane lattice parameters
cBTO = 4.074Å, cSRO = 3.934Å, and cGSO = 3.964Å by means of the
reciprocal space map (RSM) shown in Supplementary Fig. 16. The in-
plane lattice parameter a = 3.970Å, common to BTO, SRO and GSO,
indicates that both BTO and SRO thin films are coherently strained to
the substrate. The in-plane compressive strain of −0.55% imposed to
BTO by the substrate is calculated by comparing in-plane lattice
parameter a with the respective bulk value ab,BTO = 3.992Å68, accord-
ing to (a − ab,BTO)/ab,BTO. The absence of satellite peaks in RSM data
(Supplementary Fig. 16) suggests the existence of a BTOmonodomain.
The single-crystalline nature of the BTO film, with no visible stress or
dislocations, is demonstrated by scanning transmission electron
microscopy (STEM) data (Supplementary Fig. 17a and Supplementary
Note 9). Both SRO/GSO and BTO/SRO interfaces are of high-quality.
The former is atomically sharp (Supplementary Fig. 17b), and the latter
has steps not exceeding one unit cell with interdiffusion below the
detection limit (Supplementary Fig. 17c–g). The single-domain nature
of the BTO film is further demonstrated by means of piezoresponse
force microscopy (PFM, Supplementary Fig. 18), which provides the
spontaneous polarization of the as-grown sample Ps pointing upward
(toward the surface). Furthermore, the independence of both SHG
polar plots of IpSHGðφÞ and IsSHGðφÞ from the azimuthal angle γ (Fig. 2a)
confirms the out-of-plane nature of the spontaneous polarization of
our BTO sample, and the absence of a net in-plane component of the
polarization (Supplementary Fig. 19).

Time-resolved X-ray diffraction
Time-resolved X-ray diffraction experiments were performed in the
X-ray resonant diffraction chamber at the Spectroscopy and Coherent
Scattering instrument (SCS) of the European X-Ray Free-Electron Laser
Facility (EuXFEL), using an optical laser (OL) as pump and the XFEL as
probe. The XFEL pulse pattern consisted of pulse trains at a repetition
rate of 10Hz, with 35 pulses per train at the intratrain repetition rate of
113 kHz. The full width at halfmaximum (FWHM)of the XFEL spectrum
was 11.7 eV. To reduce the energy bandwidth, the XFEL beam was
monochromatized using a variable line spacing grating with 50 lines/
mm in the first diffraction order and exit slits with a gap of 100μm,
providing an energy resolution of ≈ 650meV. The nominal pulse
duration of the XFEL pulses was ≈ 25 fs, with pulse stretching at the
monochromator grating of ≈ 10 fs (FWHM). The XFEL pulses, with
initial energy of 1.5mJ per pulse, were then attenuated by transmission
through a gas attenuator (GATT), consisting of a volume containing N2

gas at a variable pressure. In order to prevent detector saturation, the
transmission of the GATT was set to have ≈ 15 nJ per pulse at the
sample. The XFEL pulse energy was measured by an X-ray gasmonitor
detector (XGM), located ≈ 7m upstream of the sample, just before the
Kirkpatrick-Baez (KB) mirrors. The latter were used to focus the XFEL
beam at the sample to a spot size of wXFEL

x ×wXFEL
y = 140 × 100μm2

(determined by knife edge scans), where w is defined as the distance
from the beamaxis where the intensity drops to 1/e2 of the value on the
beam axis. The angle of incidence (defined from the sample surface) of
XFEL and OL beams at the sample was 86° and 85°, respectively. The
intensity of each XFEL pulse diffracted by the samplewasmeasured by
a Si avalanche photodiode (APD, model SAR3000G1X, Laser Compo-
nents), converted to a voltage pulse and digitized. To prevent the
pump laser intensity from reaching the APD, the latter was equipped
with a filter made of 400 nm Ti, deposited on 200 nm polyimide.

The pump laser had a central wavelength of 266 nm, the same
pulse pattern as the XFEL with pulse duration of 70 fs, and beam size
wOL

x ×wOL
y =330 ×240μm2 determined by knife edge scans. The

266 nm pump laser incident on our sample is partially reflected at the
BTO surface (18%), it ismostly absorbed in the BTO thin film (70%), and
to a smaller extent it is absorbed in the SRO layer (12%), as shown in
Supplementary Fig. 13 and explained in Supplementary Note 7. As a
result, GSO has no contribution to the optical response of the ferro-
electric thin film. The incident pump laser fluence at the sample was
2.7mJ cm−2, andwe verified thatdiffractioncurves IXRD(Eν)measured at
negative delays t coincidewith thosemeasuredwithout the pump laser
(Supplementary Fig. 20). This confirms the reversibility of the pump
effect induced by UV laser light. The temporal overlap between XFEL
and OL was determined as detailed in Supplementary Fig. 21. The dif-
fracted intensity of the XFEL pulses in a train was averaged and the
corresponding time delay of the OL was corrected by the respective
bunch arrival monitor (BAM) value (Supplementary Fig. 22), obtaining
a time resolution Δt ≈ 90 fs (Supplementary Note 10). Data measured
with incident pump laser fluence of 1.4mJ cm−2 are reported in Sup-
plementary Note 2 and Supplementary Note 4.

In general, two kinds of tr-XRD experiments were performed:
photon energy scans at a fixed pump-probe delay t (Fig. 1b and Sup-
plementary Fig. 1), and time delay scans at a fixed photon energy
Eν = 1525 eV (Fig. 1c and Supplementary Fig. 21). The energy scans were
carried out by a simultaneous movement of the monochromator
grating and the undulators gap, such to have always the peak of the
XFEL spectrumat the desired photon energy. From the energy scans at
different delay t, the out-of-plane lattice parameters c(t) and c0 are
calculated as the center-of-mass of the BTOdiffraction intensity IXRD(t)
and refer to the average c over dBTO (c). Specifically, the BTO average
out-of-plane parameters c is calculated from the corresponding (001)
Bragg peaks using the Bragg condition c = (12400 eV Å)/(2Eν sin θ),
where Eν is the average of energy values, around the (001) BTO peak,
weighted by IXRD(Eν). Energy scans at different pump-probe delays t
over the photon energy range covering also GSO (001) and SRO (001)
Bragg peaks are reported in Supplementary Fig. 23. The comparison of
simulated and experimental diffraction curves before the arrival of the
pump laser is reported in Supplementary Fig. 24.

Time-resolved SHG and reflectivity
Time-resolved Second Harmonic Generation and time-resolved
reflectivity experiments were performed at the SCS instrument of
the EuXFEL using the same optical laser employed for tr-XRD
experiments and the same pulse pattern. A sketch of the setup is
shown in Fig. 2a. The 800 nmprobe beam at frequencyω (red arrow),
with electric field E(ω), impinges on the sample at angle θ = 50°
(defined from the normal to the surface) with polarization defined by
the angle φ and varied by rotating a half waveplate. The angle φ = 0°
[φ = 90°] refers to p [s] polarized light. The 266 nm pump beam at
frequency 3ω (purple arrow) impinges on the sample at normal
incidence with p polarization. The 800nm probe beam is then
reflected by the sample and a dichroic mirror before reaching a Si
photodiode. The latter is used to measure tr-refl of our sample. The
400 nm beam at frequency 2ω (blue arrow) is the SHG signal gen-
erated in the BTO sample (Supplementary Fig. 25). This SHG beam is
transmitted through the dichroic mirror and Glan polarizer, which is
set to select either the p or s component of the electric field (Ep(2ω)
or Es(2ω)), corresponding to the p-out or s-out configuration,
respectively. Finally, the SHG beam is filtered by a 400nm bandpass
filter before reaching a photomultiplier (model H10721-210-Y004,
Hamamatsu). The azimuthal rotation of the sample around the z axis
is defined by the angle γ. Both Si photodiode and photomultiplier
measure respectively the reflectivity and SHG signal of each OL pulse
in the train. The pulse duration of the 800nm probe and 266 nm
pump beams were ≈ 50 fs and 70 fs, providing a time resolution
of ≈ 90 fs. The beam sizes of 800 nm and 266 nm beams, determined
by knife edge scans, were w800nm

x ×w800nm
y = 55 ×46μm2 and

w266nm
x ×w266nm

y = 165 × 311μm2 , respectively. The penetration
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depths of 800nm, 400 nm and 266nm laser beams in BTO are
reported in Supplementary Note 7B. While the fluence of the 800 nm
probe beam was kept at 1.3mJ cm−2, the fluence of the 266 nm pump
beam was set to 2.7mJ cm−2 for the data displayed in Fig. 2. tr-SHG
and tr-refl data with fluences between 1.4mJ cm−2 and 12.3mJ cm−2 are
reported in Supplementary Fig. 10 and Supplementary Fig. 11.

Fit curves of SHG data
In general, given the incoming electricfieldwith components Ej(ω) and
Ek(ω) at frequency ω along j and k directions, the electric dipole
polarization induced in the material at frequency 2ω along the direc-
tion i is Pið2ωÞ= χð2Þijk EjðωÞEkðωÞ, where χð2Þijk is the second-order sus-
ceptibility, i.e., a third rank tensor reflecting the symmetry of the
material. Each direction i, j, k can be x, or y, or z directions (Fig. 2a). By
selecting p or s polarization of the SHG beam, we measure IpSHGðφÞ or
IsSHGðφÞ, which, for a BTO single crystal with 4mm point group sym-
metry, can be expressed as11,42:

IpSHGðφÞ / χzxx sinθ cosφ2 + 2χxxz cotθ
2 + χzxx cotθ

2 + χzzz
� �

sin θ3 sinφ2
� �2

,

ð1Þ

IsSHGðφÞ / ð2χxxz sinθ sinφ cosφÞ2: ð2Þ

The resulting ratios of the tensor elements in Fig. 2b, c, χð2Þzzz=χ
ð2Þ
zxx =3:7

and χð2Þzzz=χ
ð2Þ
xxz =6:5, reflect a thin film under tensile out-of-plane

stress69. The good quality of the fit curves in Fig. 2b, c confirms that
our BTO thin film has 4mm point group symmetry. The minor
discrepancies between data and fitmodelmight be due to the fact that
our BTO thin film is coherently strained to the substrate, and this leads
to the appearance of additional minor nonzero tensor elements70.

Interpretation of SHG intensity and reflectivity
In the section “Results” we discuss SHG intensity and reflectivity as
proportional to the magnitude of the spontaneous polarization Ps and
the photoexcited carrier density ne, respectively. In the following, we
show an equivalent interpretation of SHG intensity and reflectivity in
terms of nonlinear SHG coefficient and electric susceptibility.

In general, the material permittivity ε relates the applied electric
fieldE to the electric displacementfieldD according toD = εE = ε0E +P,
where ε0 is the vacuum permittivity and P is the induced electrical
polarization. Following the notation in ref. 42, P can be expressed as:

PðtÞ =P0 + ε0χeEðtÞ+ χð2ÞEðtÞ2, ð3Þ

where P0 is a time-independent constant polarization. The second
term in eq. (3) depends linearly on E(t) and induces electric dipole
oscillations at ω, i.e., the same oscillation frequency as the incident
electric field of light, thus it is responsible for the optical reflectivity. In
eq. (3), χe =n

2
ω � 1 is the electric susceptibility of the material and nω is

the refractive index at ω. The third term in eq. (3) has a quadratic
dependence on E(t) and induces electric dipole oscillation at 2ω, twice
the frequency of the incident light, thus it is responsible for the second
harmonic generation process. In particular, if we ignore the tensor
form, the nonlinear SHG coefficient can be expressed as42:

χð2Þ / Aχ2e ðωÞχeð2ωÞ, ð4Þ

where χeð2ωÞ=n2
2ω � 1, with n2ω being the refractive index at 2ω, and A

is a structural parameter related to the atomic displacements Δzi from
the high symmetry positions. In materials with a center of inversion
symmetry, A = 0, χ(2) = 0, and the second order term of the induced
polarization vanishes. Therefore, tr-SHG measurements are sensitive
to both electronic (via χe(ω) and χe(2ω)) and structural (via A) changes

in the material. At the same time, tr-refl measures changes in the
electric susceptibility χe(ω), which, in our work, result from the
photoexcitation of electrons from the O 2p-derived valence band to
the Ti 3d-derived conduction band, while structural changes are
monitored by tr-XRD. The SHG intensity is proportional to ∣χ(2)∣2, and
thus to a combination of both electronic and structural contributions.
The time-evolution of ΔIpSHG=I

p
SHG, 0 and ΔR/R0 (Fig. 2e, f) indicates that

χ(2) is mostly determined by the changes in electric susceptibility χe(ω),
and to a smaller extent to the structural changes inA. This is equivalent
to say that changes in the magnitude of the spontaneous polarization
Ps are mainly determined by the photoexcited electrons and in minor
part to the structural dynamics of the lattice, as discussed in the
section “Photoinduced ferroelectric polarization and electron
dynamics (Results)”.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
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Code availability
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