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ABSTRACT: Optical excitation leads to ultrafast stress generation in
the prototypical multiferroic BiFeO3. The time scales of stress
generation are set by the dynamics of the population of excited
electronic states and the coupling of the electronic configuration to the
structure. X-ray free-electron laser diffraction reveals high-wavevector
subpicosecond-time scale stress generation following ultraviolet
excitation of a BiFeO3 thin film. Stress generation includes a fast
component with a 1/e rise time with an upper limit of 300 fs and
longer-rise time components extending to 1.5 ps. The contributions of
the fast and delayed components vary as a function of optical fluence,
with a reduced a fast-component contribution at high fluence. The
results provide insight into stress-generation mechanisms linked to the
population of excited electrons and point to new directions in the application of nanoscale multiferroics and related ferroic complex
oxides. The fast component of the stress indicates that structural parameters and properties of ferroelectric thin film materials can be
optically modulated with 3 dB bandwidths of at least 0.5 THz.
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Visible and ultraviolet light can produce structural
responses in semiconductors and insulators that arise

from optically induced changes in the population of electronic
states. With above-bandgap radiation, the transient population
of excited states begins with transitions to electron and hole
states that are widely separated in energy from the band-edges
and continues in a cascade of intraband transitions to the band
edge.1−3 Even when the optical excitation involves only a
single photon energy, an optical pulse with a large number of
photons can induce transitions between many possible pairs of
ground and excited states and multiple excited states.1 The
redistribution of the population from the initially populated
states occurs on time scales ranging from picoseconds,
corresponding to electron−electron or electron−phonon
scattering, to much longer time scales associated with
electronic traps.4,5 The nonequilibrium electron population
produces elastic stress with a magnitude depending on the
precise nature of populated states and the dynamics of their
population, which can vary dramatically in thin-film hetero-
structures in which the populated states are precisely selected.6

The stress contributions are often summarized by local
phenomena including the deformation potential or photo-
striction. The stress depends in detail on the electron
population and on the coupling between the electron
configuration and the structure. Longer-distance effects are
associated with charge separation and depolarization field
screening and carrier transport to domain boundaries.4,7,8 The

induced stress can lead to a structural distortion that develops
over a time scale set by elastic waves propagating with
longitudinal acoustic sound velocity.9 In ferroelectrics such as
BiFeO3, PbTiO3, BaTiO3, and ferroelectric/dielectric super-
lattices, electronic excitation then produces an overall lattice
expansion.4,10−12

The redistribution of electrons among excited electronic
states is determined by the electron−phonon coupling time,
often on the scale of 1 ps in ferroelectrics.4,13 Excited states in
oxide ferroelectrics, however, can be expected to have a range
of characteristic scattering times, similar to the spectrum of
scattering times observed in semiconductors.2,3 Furthermore,
the coupling of each excited state to the induced changes in the
polarization and stress can be different, varying in both sign
and magnitude.1,14 While the detailed relationship between the
electronic configuration and the stress is the subject of
continuing theoretical study, the discovery of fast and slower
time scale components provides insight into the mechanisms of
optically induced stress generation.
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The mismatch between the picosecond and subpicosecond
time scales of many of the electronic processes and the longer
times associated with overall structural changes poses a
challenge to experiments. The optically induced overall
expansion of thin films or nanomaterials is coherent over
relatively long distances of tens of nanometers and occurs over
a time set by the ratio of the size of the system and the
longitudinal sound velocity. Typical times for overall expansion
are on the order of 10 ps in thin films with thicknesses of tens
of nanometers.9 Optical-probe experiments often measure the
propagation and revival of acoustic pulses and in those cases
have structural sensitivity limited to this time scale.15 Acoustic
pulse generation, however, can include a range of frequencies
up to the full time-domain bandwidth of the optical pulse.16 In
comparison with optical techniques, ultrafast X-ray scattering
measures higher spatial frequencies and thus shorter-range
structural distortions. X-ray intensity scattered to wavevectors
near Bragg reflections provides insight into shorter-distance
correlations and probes faster components of the dynamics.17

Higher-wavevector contributions to the scattered intensity
arise from higher acoustic phonon wavevectors and thus
provide insight into faster stress generation mechanisms. Here,
ultrafast FEL X-ray diffraction probes the initial stages of the
strain generated by a femtosecond-duration above-bandgap
optical pulse in the multiferroic complex oxide BiFeO3.
Detailed analysis reveals that there are multiple stress
generation time scales following optical excitation. The fast
components of the stress generation have characteristic 1/e
times less than 300 fs, while longer-time scale contributions
extend to more than 1 ps.
Time-resolved diffraction experiments were conducted at

the Pohang Accelerator Laboratory X-ray free-electron laser
(PAL-XFEL) using the arrangement in Figure 1a.18,19 X-ray
pulses with 25 fs duration, 9.7 keV photon energy, and 30 Hz
repetition rate were focused to a 10 μm full width-at-half-
maximum diameter spot. The X-ray fluence was below the
damage threshold fluence, which was previously measured to
be 1.3 × 106 X-ray photons μm−2 in these BiFeO3 layers.

20 The
measurements spanned a range of wavevectors of 0.1 Å−1 along
the Qz axis of reciprocal space near the BiFeO3 002 Bragg
reflection, which appears at wavevector Qz(002) in the
pseudocubic notation. The intensity was recorded using the
average of 10 FEL X-ray pulses for each measurement setting,
normalized by the intensity of each incident pulse. Delay time
zero (t = 0) was determined with uncertainty less than 100 fs.
In comparison with previous studies, this structural method
simultaneously determines the speed of sound and accesses the
time scales at which stress generation mechanisms can be
distinguished. Crucially, diffraction along the crystal truncation
rod at k = Qz − Qz(002) probes longitudinal acoustic
oscillations at a phonon frequency corresponding to wave-
vector k.17 The experimental time resolution was much shorter
than the acoustic time scales determined by the period of
acoustic phonon modes in the range of ΔQz considered here.

21

The 35 nm-thick epitaxial (001)-oriented BiFeO3 layer was
grown by reactive molecular-beam epitaxy on SrTiO3.

22 The
BiFeO3 film was excited using a 50 fs-duration optical pump
with a wavelength of 400 nm and a fluence of one to several mJ
cm−2, similar to previous time-resolved diffraction studies.4

The pump photon energy, 3.1 eV, is larger than the 2.7 eV
optical band gap of BiFeO3.

22 The BiFeO3 002 Bragg reflection
appears at Qz(002) = 3.09 Å−1 before optical excitation, as
inset in Figure 1b, corresponding to an out-of-plane lattice

parameter of 4.067 Å. The thickness fringes have a spacing of
0.018 Å−1, matching the BiFeO3 film thickness of 35 nm.
The structural distortion resulting from the photoinduced

stress is apparent in the X-ray intensity distribution near the
BiFeO3 002 Bragg reflection in Figure 1b. The wavevector
Qz(002) gradually decreases and reaches a minimum at t = 9
ps. The magnitude and time scale of the expansion in Figure
1b are consistent with measurements using a laser-plasma X-
ray source and with synchrotron X-ray diffraction studies.4,9,23

Beyond these previous observations, however, a distinctive
intensity oscillation at wavevectors away from the diffraction
maximum is also apparent in Figure 1b. The elastic response to
the photoinduced stress produces an acoustic pulse that
propagates through the BiFeO3 layer and into the substrate at
the longitudinal acoustic (LA) sound velocity vLA,[001]pc. The
notation pc emphasizes that vLA,[001]pc considers the pseudo-
cubic [001] propagation direction, in contrast to the
rhombohedral notation considered in studies of acoustic
propagation in BiFeO3 single crystals.24,25 The acoustic strain
pulse induced by photoinduced stress results in temporal
oscillations in the scattered X-ray intensity that are apparent
across the entire range of wavevectors in Figure 1b. The
disappearance of the temporal oscillations of the scattered
intensity after 9 ps indicates that the reflection of the acoustic
wave from the interface between the BiFeO3 film and substrate
is negligible (see the Supporting Information).
The generation and propagation of the acoustic pulse were

simulated by extending methods previously developed for
photoacoustic experiments, as in the Supporting Information.16

Briefly, the stress employed in the photoacoustic model, i.e., as
due to the depth dependence of the optical absorption energy

Figure 1. (a) Free-electron-laser X-ray diffraction experiment. (b)
Time dependence of the X-ray intensity as a function of Qz near the
BiFeO3 002 Bragg reflection following optical excitation at t = 0. The
diffracted X-ray intensity is normalized to the peak intensity of the
002 reflection at t < 0. (c) Model of time dependence of the optically
induced out-of-plane stress consisting of instantaneous ( f instant) and
slower ( fslower) stress components. (d) ε33

avg(t) for an optical fluence
yielding ε33

max = 0.32% (points), measured using the shift of the
wavevector of maximum intensity in part (b), and simulated ε33

avg(t)
for no slower component ( f instant = 1) and f instant = 0.3 (lines). (e)
Simulated diffracted intensity using stress σ33,photo(z,t) with f instant =
0.3, fslower = 0.7, and τslower = 1.5 ps. The measured and simulated
diffraction patterns for t < 0 are shown in the left panels of (b) and
(e).
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density, was replaced by a time- and depth-dependent stress
profile σ33,photo(z,t).
In order to investigate the key question of the minimum

time required for stress generation, we consider a model with
only two characteristic times for the generation of the stress.
We express the photoinduced out-of-plane stress σ33,photo(z,t)
as the sum of an instantaneous stress generated at t = 0 and a
more slowly generated stress with a 1/e rise time τslower as
illustrated in Figure 1c. The stress at time t and depth z in this
model is

z t z f f( , ) ( )( (1 e ))t
33,photo 0 instant slower

/ slowerσ σ= + − τ−

(1)

Here, a fraction f instant of the stress is developed instanta-
neously, and a complementary fraction fslower occurs with a slow
rise time τslower, with f instant + fslower = 1. The depth profile of the
stress, σ0(z), follows the absorption profile of the optical pump,
which is proportional to e−z/ζ, where ζ is the optical absorption
length in rhombohedral BiFeO3. The absorption length has not
been measured precisely, and we thus adopt the normal
incidence value, ζ = 35 nm.
The average out-of-plane strain, ε33

avg(t), is defined to be the
fractional shift of the wavevector of maximum intensity of the
002 Bragg reflection. Figure 1d shows ε33

avg(t) for an optical
fluence giving ε33

max = 0.33%. A time series of diffraction
patterns was simulated using kinematic diffraction based on the
strain pulse generated by σ33,photo(z,t). A simulation of ε33

avg(t)
with f instant = 0.3, fslower = 0.7, and τslower = 1.5 ps agrees with the
experimentally observed time dependence of ε33

avg(t) in Figure
1d. Simulations with these parameters, in Figure 1e, also
reproduce the intensity oscillations across the range of X-ray
wavevectors.
The time evolution of the average strain in Figure 1d

indicates that contributions to the stress have characteristic rise
times ranging from effectively instantaneous on the time scale
of these measurements to on the order of picoseconds. The
existence of multiple characteristic times is illustrated by the
simulation with f instant = 1 and fslower = 0, also in Figure 1d,
corresponding to a completely instantaneously developed
photoinduced stress. The simulated strain with f instant = 1
develops faster evolution than the measurements and is a poor
fit for the results.
The value of vLA,[001]pc is crucial in comparing the

measurement and the simulation. The temporal oscillations

in the measured intensity in Figure 1b have a frequency that
increases as a function of the wavevector difference from
Qz(002). Each thickness fringe oscillates with a temporal
frequency set by the corresponding phonon mode and with a
phase that is set by the depth dependence of the strain profile.
Figure 2a shows the intensity distribution plotted in terms of k
= Qz − Qz(002), emphasizing this effect. The acoustic phonon
dispersion can be visualized using the time-domain Fourier
transform of the diffracted intensity, as in Figure 2b. The
temporal oscillations of the intensity at k = ± 0.028 and 0.044
Å−1, corresponding to the thickness fringes with indices ±1
and +2, have angular frequencies ω of 1.11 THz and 1.84 THz,
respectively. The dispersion exhibits a wavevector-frequency
relationship fit well by a line with slope vLA,[001]pc = 4.1 km s−1.
The value of vLA,[001]pc from Figure 2b is at the low end of the
range reported for BiFeO3 single crystals and polycrystalline
specimens.25−27 This measurement of the velocity allows the
time scales of the stress generation to be determined precisely.
Further discussion of vLA,[001]pc, the effect of the multidomain
sample configuration, and previous measurements are in the
Supporting Information.
A transverse acoustic (TA) pulse generated by optically

induced shear strain, in principle, could contribute to the slow
evolution of average strain. The TA sound velocity is slower
than vLA,[001]pc and has been previously observed to account for
up to 0.15 of the optically induced strain in single crystals.28

The average strain obtained in a simulation in which the TA
strain is used instead of the slower component evolves faster
than the measurements and is a poor fit for the results. We thus
conclude that an instantaneously generated TA strain pulse
does not account for the slowly generated strain component. It
remains possible, however, that the mechanism responsible for
the delayed generation of strain produces both longitudinal
and transverse pulses, as observed in the single-crystal
samples.28

The difference in the optical excitation due to birefringence
could lead to different amplitudes of the stress in each of the
domain variants and perhaps to the propagation of acoustic
pulses among them. The acoustic pulse propagation between
domains would occur in a time determined from the acoustic
velocity and the characteristic domain size of 100 nm.29 For
the longitudinal acoustic mode, the propagation time is on the
order of 25 ps, greater than the total time range of our study.
We thus expect that the effect of strain propagation through

Figure 2. (a) Distribution of scattered X-ray intensity as a function of k = Qz − Qz(002). The left panel shows the diffraction pattern of the BiFeO3
002 reflection before optical excitation. The thickness fringes are labeled with integer orders ±1 and ±2. (b) Time-domain Fourier transform of the
diffracted X-ray intensity shown in (a). The amplitude of the Fourier transform is normalized to 1 at ω = 0 and k = 0. The dashed line corresponds
to vLA,[001]pc = 4.1 km s−1. The normalized Fourier transform amplitudes at k = 0.028 and 0.044 Å−1 are shown in the right panel.
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four variants on the ultrafast characteristic time will not
contribute to the effects reported here.
The uncertainty in f instant, fslower, and τslower was determined

by comparing the experiment and simulation. The temporal
oscillations of the intensity at the wavevectors of the thickness
fringes with indices −1, +1, and +2 are shown in Figure 3a for

the time range up to 3 ps for an optical fluence yielding ε33
max

= 0.35%. Figure 3a also shows the intensity predicted by a
simulation with f instant = 0.3 and τslower = 1.5 ps, which
accurately reproduces the time dependence. Figure 3b shows
that the same parameters fit throughout the entire range of
times of the acoustic response, up to 15 ps. Figure 3 also
includes simulations using other values of f instant that provide a
poor fit to the intensity variation. The intensities are fit poorly
with for both f instant = 0 and f instant = 1, indicating that there is a
spectrum of time scales for the generation of the stress. The
root-mean-square difference between simulation and experi-
ment reaches a minimum for f instant = 0.3 and provides equally
good agreement for values of f instant = 0.25 to 0.4.
The intensities of the thickness fringes allow an upper limit

to be placed on the characteristic rise time τinstant of the
instantaneous component. Note that the average strain
ε33

avg(t) is comparatively insensitive to the subpicosecond
rise time of the instantaneous stress because of the long 9 ps
time scale for overall expansion. Figure 4a shows the measured
ε33

avg(t) and simulations with τinstant = 0 and 300 fs. The
difference between simulations of ε33

avg(t) for different values
of the rise time of the instantaneous stress is small, as expected
from the low-frequency dynamics probed by the average strain.
The intensities of the thickness fringes are more far sensitive to
the rise time of the instantaneous component of the stress. The
measured and simulated intensities of the −1, +1, and +2
thickness fringes are shown in Figure 4b for up to 3 ps. The
measurements show a qualitatively better fit for zero rise time
than for 300 fs, indicating that the stress generation extends to
times below 300 fs.

The fractional contributions of the slower and instantaneous
components depend on the optical fluence, providing insight
into the mechanisms of the stress generation. ε33

max was varied
from 0.11% to 0.84% by repeating the experiments for different
incident optical fluences, resulting in the measurements of
ε33

avg(t) in Figure 5a. The observations are matched by

simulations with f instant = 0.3 for values of ε33
max up to 0.6%,

also shown in Figure 5a. At ε33
max above 0.6%, the simulation

with f instant = 0.3 has a systematically more rapid increase in
ε33

avg(t) than the observation. There is thus a reduction in the
instantaneous contribution to the stress at the highest fluences.
To quantify the fluence dependence, we have measured tc,ε,

Figure 3. Measured normalized integrated intensities of −1, +1, and
+2 thickness fringes (points) and simulations with f instant = 0, 0.3, and
1 (lines) in time ranges (a) up to 3 ps with ε33

max = 0.35% and (b) up
to 15 ps with ε33

max = 0.32%.

Figure 4.Measurements (points) of (a) ε33
avg(t) and (b) intensities of

−1, +1, and +2 thickness fringes for the time range −1 to 3 ps with
ε33

max = 0.35%. Solid lines show the simulated intensities resulting
from instantaneous strain generation rise times of 0 and 300 fs.

Figure 5. (a) Measured (points) and simulated (lines) values of
ε33

avg(t) for ε33
max = 0.11%, 0.32%, 0.56%, and 0.84%. The simulations

use f instant = 0.3. (b) Time tc,ε to reach ε33
avg(t) = 0.8 ε33

max as a
function of ε33

max. The lines indicate values of tc,ε obtained in
simulations with f instant = 0, 0.3, and 1.
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defined to be the characteristic time to reach 80% of ε33
max.

Figure 5b shows measured values of tc,ε and the results of
simulations with f instant = 0, 0.3, and 1. The simulated values of
tc,ε match predictions for f instant = 0.3 for low incident optical
fluences but require smaller f instant at large amplitudes of the
maximum strain. The instantaneous component thus appa-
rently saturates at ε33

max = 0.6% or an instantaneous stress
induced strain of 0.2%.
We associate the fast component of the stress with the rapid

redistribution of the electron population after the absorption of
the optical pulse. The experiments reported here allow more
general predictions of the stress arising from the population of
specific states to be evaluated. Density functional theory
calculations have considered the case in which the photon
energy connects particular examples of occupied and
unoccupied states.1 The stress resulting from excitation at
the different photon energies varies in both sign and direction.1

The photon energy of the present experiments is higher than
considered in ref 1, which allows transitions between a wider
range of pairs of occupied and unoccupied states. A detailed
comparison between the experiments here and the photo-
striction mechanism probed in ref 1 is difficult because the
states populated in the present study differ and vary rapidly
after excitation.
Similarly, predictions of the shift current effect in BiFeO3

reveal that the polarization (and resulting in stress) arising
from the coherent state produced during the optical pulse
depend on the direction, photon energy, and polarization of
the optical field.14 Again, the range of states connected by
transitions between states with an energy difference matching
the photon energy of the excitation complicates the
predictions. The shift current effect further depends on the
direction of the optical wavevector with respect to the
crystallographic axes and thus can be different for the four
domain variants present in the BiFeO3 layer studied here.
Despite the difficulty in establishing the comparison with the
photostriction and shift current mechanisms, however, it is
clear that a rapid stress generation mechanism is apparent in
the experimental data.
The slower component of the stress involves the drift of the

carriers in the built-in electric field and multiple scattering
events including electron−electron and electron−phonon
scattering. The relative magnitudes of the slower time scale
effects have been previously studied and linked to heating and
field screening.4,5 For example, at longer time scales, the sign of
the stress developed in GaAs and PbTiO3 can depend on the
direction of the built-in polarization.7,30

The reduction in the relative magnitude of the fast
component at high fluence may arise from a change in the
distribution of electrons among the excited states at high pump
fluence due to increased electron−electron scattering or
depletion of the ground state population distribution. The
area concentration of excited charge carriers at the highest
optical fluence is wopt/Eopt where wopt is the absorbed fluence
and Eopt is the optical photon energy. For wopt = 3 mJ cm−2 and
Eopt = 3.1 eV, the excited carrier density is 6 × 1015 cm−2. The
calculated total density of states of BiFeO3 near the valence
band edge is 8.4 eV−1 per formula unit.31,32 This can be
regarded as an upper limit of the density of states available to
serve as the ground state for absorption because the optical
transition may involve a subset of the states. The energy
difference between the bandgap and the photon energy is 0.4
eV. States within this energy difference from the band edge can

serve as the ground state for absorption. The BiFeO3 layer thus
has (1.4 × 1023 eV−1 cm−3)(0.4 eV)(35 nm) = 2 × 1017 cm−2

electrons in the energy range available for absorption. The
carrier densities excited at the optical excitation fluences reach
on the order of several percent of the available electrons and
may thus lead to a perturbation of the optical properties. Even
in the case where the overall absorption is not reduced by the
excitation of a large concentration of electrons, a difference in
the spectrum of states populated after optical excitation
between the lowest and highest fluences could result in a
difference in the resulting stress and increase the apparent
component of the slower rise time contribution.
In conclusion, the stress generated at ultrafast time scales in

BiFeO3 is more precisely probed in high-dynamic-range X-ray
diffraction experiments than has been possible in previous X-
ray or ultrafast optical studies. The results provide insight into
the mechanisms responsible for generating the stress, including
an instantaneous time scale less than 300 fs and a saturation of
the instantaneous component at high optical fluences. An
exciting future possibility is that mode-selective optical
excitation populating specific excited states or combinations
of excited states can be used to test specific mechanisms.
Similarly, the use of 111-oriented or single domain BiFeO3
may allow the origins of the fast transient to be separated by
reducing the structural complexity of the sample. For
technological applications in transducers and actuators, the
upper limit of 300 fs for the stress generation established in the
present measurements indicates that 3 dB bandwidths on the
order of at least 0.5 THz will be available for stress generation
in BiFeO3 and other oxide materials. The generation of stress
at this time scale has potential implications for optical control
of materials properties via controlled structural deformation,
including the modulation of magnetic, electronic, and optical
properties linked to the structure. Building on these results, the
polarization of 2D materials may provide a mechanism to
induce high-bandwidth stress generation.33
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