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Weakly coupled ferroelectric/dielectric superlattice thin-film heterostructures exhibit complex nanoscale
polarization configurations that arise from a balance of competing electrostatic, elastic, and domain-wall
contributions to the free energy. A key feature of these configurations is that the polarization can locally
have a significant component that is along the thin-film surface normal direction with an overall
configuration maintaining zero net in-plane polarization. PbTiO5/SrTiO5 thin-film superlattice hetero-
structures on a conducting SrRuO; bottom electrode on SrTiO; have a room-temperature stripe
nanodomain pattern with a nanometer-scale lateral period. Ultrafast time-resolved x-ray free electron
laser diffraction and scattering experiments reveal that above-bandgap optical pulses induce propagating
acoustic pulses and a perturbation of the domain diffuse scattering intensity arising from the nanoscale
stripe domain configuration. With 400-nm optical excitation, two separate acoustic pulses are observed: a
high-amplitude pulse resulting from strong optical absorption in the bottom electrode and a weaker pulse
arising from the depolarization-field-screening effect due to absorption directly within the superlattice. The
picosecond scale variation of the nanodomain diffuse scattering intensity is consistent with a larger
polarization change than would be expected due to the polarization-tetragonality coupling of uniformly
polarized ferroelectrics. The polarization change is consistent, instead, with polarization rotation facilitated
by the reorientation of the in-plane component of the polarization at the domain boundaries of the striped
polarization structure. The complex steady-state configuration within these ferroelectric heterostructures
leads to ultrafast polarization rotation phenomena that have previously been available only through the

selection of bulk crystal composition.

DOI: 10.1103/PhysRevX.11.031031

I. INTRODUCTION

Epitaxial ferroelectric/dielectric superlattices (SLs) are
highly engineered nanomaterials that can exhibit complex
configurations of their electric polarization, ranging from
nanoscale striped domains to chiral vortices and skyrmions
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[1-3]. The absorption of optical radiation with above-
bandgap photon energy leads to a series of effects that
ultimately shift the boundary conditions governing the
formation of these configurations, leading to a range of
phenomena that are uniquely enabled by the nanoscale
spatial variation of the polarization. In the absence of
complex nanoscale polarization patterns, the response of
ferroelectrics to above-bandgap radiation is relatively
straightforward. A key effect is that photoinduced depo-
larization-field screening produces lattice expansion on a
picosecond timescale set by acoustic phenomena [4,5]. The
complexity of the polarization configuration within the
nanodomains, however, changes the optical response at all
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length scales, ranging from the atomic scale of the
ferroelectric polarization to the mesoscopic domain struc-
ture, because the polarization can be distorted by a local
change in orientation [6]. Here, we show that the nanoscale
domain pattern has a dramatic effect on atomic-scale
polarization dynamics. We report the discovery of an
unusual relationship between polarization and lattice dis-
tortion in ferroelectric/dielectric PbTiOz/SrTiO; (PTO/
STO) SLs that is fundamentally linked to the complex
polarization configuration within these SLs. The change in
polarization arising from optically induced out-of-plane
strain is stronger than the relationship predicted by the
longstanding phenomenological thermodynamic theory
applicable to uniform ferroelectrics. Polarization rotation
within nanodomains mediates a new relationship between
polarization and strain, producing optically induced polari-
zation increases that can have a magnitude as large as 22%.
Ultimately, this optically induced polarization rotation can
provide a mechanism for ultrafast modulation of the
polarization and of effects linked to electronic properties
such as nonlinear-optical coefficients.

The spontaneous polarization of ferroelectrics has a
strong coupling to the dimensions of the crystallographic

unit cell. In the case where the lattice distortion is along the
same axis as the polarization (e.g., in the case of tetragonal
ferroelectrics such as PTO in the form of bulk crystals or
uniform-composition thin films), the polarization is accu-
rately described using phenomenological thermodynamic
models based on the Landau-Ginzburg-Devonshire (LGD)
theory [7,8]. In the LGD description, the out-of-plane
polarization (P,) of a tetragonal ferroelectric thin film is
proportional to the square root of the out-of-plane tetra-
gonality [8]. This square-root dependence has been exper-
imentally verified in uniformly polarized bulk and thin-film
ferroelectrics [9,10]. In PTO/STO SLs, however, bound
charges at the surface and interface between the PTO and
STO layers create an electric field opposite to the polari-
zation in the PTO layer, the depolarization field. This
depolarization field leads to the formation of an intricate
nanoscale polarization distribution in which, crucially,
there is a pattern of in-plane polarization components with
zero net total polarization, in addition to the usual out-of-
plane polarization [3,11-14].

The local polarization configuration of ferroelectrics is
closely linked to the distortion of their crystal structures,
making structural studies particularly valuable in
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FIG. 1.

Photoinduced picosecond dynamics in nanodomains. (a) Femtosecond optical excitation of ferroelectric nanodomains.

(b) Mechanisms of polarization distortion accompanying expansion following optical excitation. (c) Slice of reciprocal space near the
002 reflection at ¢ < 0. The diffuse scattering intensity at Q, = +0.054 A~" arises from the nanodomain pattern. (d) Timeline of
structural effects induced by optical excitation: acoustic propagation and reflection and depolarization-field-screening-driven strain.
(e) Normalized domain diffuse scattering intensity as a function of Q, following optical excitation at ¢ = 0. The intensity was
normalized with respect to the intensity at # < 0. (f) Measured (points) and simulated (line) shift AQ, of the peak out-of-plane wave

vector of the maximum domain diffuse scattering.
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understanding nanoscale ferroelectricity. Direct insight into
the nanoscale organization of the polarization in PTO/STO
SLs can be obtained by studying the reciprocal-space
distribution of the diffuse x-ray scattering intensity arising
from the nanoscale polarization configuration. Here, we
apply ultrafast x-ray scattering measurements probing
ferroelectric nanodomain diffuse scattering to determine
the perturbation of the ferroelectric polarization induced by
ultrafast optical excitation, as shown in Fig. 1(a).

Beyond the description given by the LGD expressions,
previous studies have revealed that the polarization and
structural distortion can evolve separately. The tetragon-
ality and the polarization can be individually probed and
can have different picosecond-timescale dynamics [15].
Ultrafast powder x-ray diffraction experiments separately
track the dynamics of the polarization and the time-
dependent variation of the lattice parameters of oxide
and molecular ferroelectrics [16,17]. The ultrafast optically
induced changes in polarization can include transient
reversals in the sign of the nonlinear optical coefficient
7). corresponding to a reversal of polarization [18].
Optically driven effects can lead to transformations among
energetically similar structural phases or among ferroelastic
variants of a single phase [19,20]. Structural distortion can
lead to dynamical changes in the Born effective charge and
thus the polarization [21].

Ferroelectrics in which the polarization is not collinear
with an applied electric field exhibit field- or stress-induced
polarization rotation, through which the electric field (or
elastic deformation) can reorient the polarization. In gen-
eral, this effect shifts the direction of the polarization so that
it points closer to the direction set by the electric field or the
expansion and includes a complex series of geometric
pathways along which the polarization evolves [6,22]. A
common feature of these pathways is that the polarization
depends strongly on the overall expansion of the out-of-
plane lattice. Polarization rotation has important functional
consequences, for example, leading the local susceptibility
in regions with in-plane polarization to be higher than at
the center of domains [11,23]. A schematic of how the
polarization rotation mechanism can occur within the
nanodomain polarization configuration of the SLs is shown
in Fig. 1(b). This mechanism is discussed and tested in
detail below.

II. STRUCTURAL DYNAMICS FOLLOWING
OPTICAL EXCITATION

Optical excitation leads to three separate sources of
elastic distortion within the SL. First, lattice expansion
results from depolarization-field screening. In general,
depolarization-field screening arises from the absorption
of optical radiation in ferroelectric thin films, inducing
stress that leads to lattice expansion. The depolarization-
field-screening effect has been extensively studied in
ferroelectric thin films with uniform composition,

including PTO and BiFeO; [4,5]. Here, we extend the
discussion of the depolarization-field-screening effect to a
PTO/STO ferroelectric/dielectric SL. The depolarization-
field-screening expansion can be unambiguously distin-
guished from heating of the SL because PTO-based
ferroelectrics, including the PTO/STO SL, exhibit a thermal
contraction rather than the depolarization-field-screening-
induced expansion [5,11,24]. Other systems in which there
is a competition between ferroic and elastic effects can also
exhibit a response arising from long-range order that has a
different sign than the effects of thermal expansion—for
example, in FePt thin films under some elastic conditions
[25]. Second, an acoustic pulse is produced because of
optical absorption in the conducting oxide bottom electrode
on which our particular heterostructure was grown. Optical
absorption in the electrode leads to rapid heating, thermal
expansion, and the generation of a photoacoustic pulse
[26]. The acoustic pulses generated through these two
mechanisms propagate through the thickness of the epi-
taxial heterostructure at the longitudinal acoustic sound
velocity [27,28]. An additional contribution arising from
the relatively slow heat transport via conduction from the
SRO electrode to the SLs leads to heating of the SL in the
region near the SL/SRO interface over timescales of tens of
ps and to a lattice contraction due to the negative coefficient
of thermal expansion in the SL [24,29].

Optically induced lattice and polarization phenomena in
the SL were probed in diffraction experiments at the
Pohang Accelerator Laboratory X-ray Free-electron
Laser (PAL-XFEL) [30]. The time resolution of these
experiments was 50 fs, faster than the timescales of
structural expansion and domain motion. The nanodomain
pattern produced a ring of diffuse scattering with an in-
plane reciprocal-space radius and an intensity 2-3 orders of
magnitude lower than the Bragg reflections. Intensity
maxima arising from domain diffuse scattering appeared
at Q, = +0.054 A=! in the equilibrium configuration
diffraction pattern shown in Fig. 1(c), which was acquired
at a time delay in which x rays arrive before the optical
pulse. At a fixed x-ray incident angle, each detector image
measured the intensity in a section of reciprocal space,
including two intersections with the ring of domain diffuse
scattering intensity. The out-of-plane lattice distortion of
the SL was determined by measuring the intensity variation
along Q, near the PTO/STO SL 002 Bragg reflection.
Further details of the ultrafast x-ray diffraction measure-
ment are given in Sec. VA.

The repeating unit of the PTO/STO SL consisted of 8 unit
cells (u.c.) of PTO and 3 u.c. of STO. The SL thin film had a
total thickness d = 100 nm on a 20-nm-thick SrRuO;
(SRO) bottom electrode on an STO substrate. Under these
strain and layer-thickness conditions, the equilibrium polari-
zation configuration had a striped nanodomain pattern with a
lateral period of 11.6 nm [31]. The SL heterostructure was
excited with 50-fs-duration optical pulses with wavelength
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400 nm and a repetition rate matching the 30-Hz
x-ray pulse repetition rate. The scattering experiments
were conducted at 395 K in order to eliminate artifacts
associated with slow room-temperature charge-trapping
dynamics [32].

The two optical excitation mechanisms described above
lead to out-of-plane strain resulting in a change in the
average lattice parameter of nanodomains and to a change
in the volume-averaged P, in each stripe of the nano-
domains. The photoinduced distortion can be approxi-
mately separated into time regimes defined by the
timescale of acoustic propagation in which different effects
are the dominant sources of strain. These effects are
illustrated in Fig. 1(d): (1) the propagation of transient
acoustic pulses over tens of ps for films with thicknesses on
the order of 100 nm and (2) the depolarization-field-
screening effect due to excited charge carriers that begins
immediately upon optical absorption but persists for a
longer duration and becomes the dominant effect only after
the acoustic wave propagation is complete. Note that
although the STO polarization is already low in comparison
with the PTO component, the depolarization-field screen-
ing leads to a decrease in polarization following excitation.
The approximate time separation of these phenomena
allows their effects on the polarization to be evaluated
independently.

Acoustic pulses propagate through the overall thickness
of the SL with a transit time 7= d/v, where v =
3700 ms~! is the longitudinal sound velocity in the SL.
The value of v was precisely determined from the time-
resolved diffraction measurements [33], as described in
Sec. V B. The strain distribution evolves through acoustic
phenomena including acoustic reflection at the free surface
and reflection and transmission at the substrate-film
interface.

The time dependence of the domain diffuse scattering
intensity is shown in Fig. 1(e) for an optical pump fluence
of 1.17 mJecm™2. Optical excitation is followed by a
variation of the domain diffuse scattering intensity, which
provides key insight into the polarization within the nano-
domains because the intensity is closely linked to the
magnitude and spatial distribution of the polarization P, in
the domain pattern. This variation is discussed exten-
sively below.

The response to the optical pulses also induces a shift
along Q, of the maximum intensity of the domain diffuse
scattering by AQ., as shown in Fig. 1(f). The overall time
dependence of AQ, must be described before the more
detailed discussion of the origin of the polarization
changes. Thus, we focus first on AQ_, which has a complex
time dependence arising from the rapidly varying strain
during the acoustic pulses. An initial contraction of the
average lattice parameter occurs immediately following the
optical excitation, yielding an initially positive AQ,.
Acoustic simulations (Sec. V C) indicate that this initially

compressive strain pulse arises almost entirely from the
rapid heating of the bottom electrode and propagates
initially towards the surface [26,27]. The strain pulse
reflected from the free surface at time = = 27 ps, returned
through the SL, accompanied by lattice expansion, reached
the SL/SRO electrode interface at time 27z and then
propagated into the substrate. At times greater than
27 = 54 ps, the acoustic distortion in the SL is compara-
tively small because little of the acoustic energy is reflected
at the SL/SRO interface. The optically induced lattice
expansion arising from depolarization screening observed
after time 27 is 0.06%. The time dependence of AQ, is
accurately predicted by an acoustic simulation, including
two sources of excitation: (i) the propagation of an acoustic
pulse from a SRO electrode and (ii) photoinduced expan-
sion due to optical absorption within the SL. The stress
arising from the depolarization-field screening in the PTO-
STO layer is assumed, in the simulation, to occur immedi-
ately after the optical absorption. The depolarization-field-
screening effect persists for the several-nanosecond lifetime
of the excited carriers, leading to the expansion at the
longest times in Fig. 1(e) [34].

The structural distortion is also apparent in the intensity
distribution in a region of reciprocal space including the SL
002 Bragg reflection and nearby film-thickness intensity
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FIG. 2. Photoinduced lattice distortion of the PTO/STO SL.
(a) Measured and (b) simulated time dependence of the distri-
bution of intensity as a function of Q, near the SL 002 Bragg
reflection. Intensity is normalized to the peak intensity of the 002
Bragg reflection at ¢ < 0.
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oscillations, as shown in Fig. 2(a) for an optical fluence of
1.67 mJ cm~2, which accurately matches the simulation, as
in Fig. 2(b). Diffraction simulations considering only
optical absorption in the SL are significantly different from
the observations in Fig. 2(b), notably missing the reflection
and sign reversal at time 7, as discussed in Sec. VF.

III. ULTRAFAST POLARIZATION ROTATION

The time dependence of the intensity as a function of Q,
is shown in Fig. 3(a). The maxima of the intensity of the
domain diffuse scattering occur at constant Q,, indicating
that the domain periodicity is not changed by photo-
excitation. The normalized domain diffuse scattering inten-
sity varies significantly following optical excitation, as
shown in Fig. 3(b). The normalized domain diffuse
scattering intensity is lower than the initial intensity during
the propagation of the compressive acoustic pulse, reaching
a minimum of 0.75 at t = 18 ps. After the reflection of the
acoustic pulse from the surface, which changes the sign of
the strain pulse, the normalized domain diffuse scattering
intensity again decreases to 0.9 at t = 45 ps. Finally, after
the propagation of the reflected acoustic pulse into the
substrate, the normalized domain diffuse scattering inten-
sity is approximately constant at 1.05. The domain diffuse
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FIG. 3. Picosecond dynamics of polarization distortion in nano-
domains. (a) Domain diffuse scattering intensity as a function of
time following optical excitation and wavevector Q.. (b) Time
dependence of measured (squares) and simulated (lines) normal-
ized domain diffuse scattering intensity. The solid and dashed lines
represent simulations based on the enhanced polarization response
with n = 1.1, termed the polarization rotation model, and the
response expected with a uniformly polarized tetragonal ferroelec-
tric (n = 1/2), termed the slT/ 2 model.

scattering intensity intuitively depends on the difference
between the polarizations of the up and down domains in
the striped pattern and can be expected to increase as the
average polarization difference increases [35]. The detailed
simulations below show that this intuitive picture is correct
but that the specific scaling of the intensity is complicated
because the strain (and hence polarization) is nonuniformly
distributed during the propagation of the acoustic pulse.

The independent experimental measurements of domain
diffuse scattering intensity and the structural distortion [i.e.,
Figs. 2(a) and 3(b)] allow the effects of strain and optical
absorption on the polarization to be determined precisely.
Changes in the unit cell-scale ferroelectric polarization can
be included in x-ray scattering simulations by varying the
Ti displacement along the out-of-plane direction within the
PTO and STO unit cells. When the strain and polarization
are aligned, the LGD theory predicts that P, scales with the
tetragO{l/%lity of the unit cell e = ¢/a — (¢/a) such that
P, x g/ ", where ¢ and a are the out-of-plane and in-plane
lattice parameters, respectively [36], and (c/a),, is the
tetragonality of SLs in the competing paraelectric phase
[10]. The details of the domain diffuse scattering simulation
are provided in Sec. V D.

The elT/ ® model cannot describe P, in ferroelectrics
exhibiting a complex polarization distribution, as in the
SLs, because the effect of polarization rotation is ignored.
The polarization of rhombohedral ferroelectrics, for exam-
ple, varies strongly as a function of distortion along the
pseudocubic axes [37]. Following this expectation, an x-ray
scattering simulation based on an elT/ 2 relationship does not
accurately reproduce the experimental intensit?/ variation,
as shown in Fig. 3(b). The agreement with the eT/ ? model is
particularly poor during the expansion resulting from the
reflection of the acoustic pulse at the surface and after the
reflected acoustic pulse passes into the substrate, e.g., at
time 40 ps in Fig. 3(b).

The rapid increase in P, via the polarization rotation
mechanism involves a stronger dependence than expected
from the uniform polarization model and can be simulated
using P, « &, where n is an exponent that we expect to be
larger than 1/2. An x-ray scattering simulation including
polarization rotation (Sec. VD) was developed using
atomic positions computed by changing the fractional
atomic displacement within each unit cell to produce the
change in P, required by the polarization rotation model.
The value of n is varied to match the simulated domain
diffuse scattering to the experimental time dependence. The
measured domain diffuse scattering intensity is compared
to the intensity predicted by the x-ray scattering simulation
in Fig. 3(b). The strain induced by depolarization-field
screening is treated in the simulation as an acoustic pulse
traveling through the SL, driven by the stress that results
from optical absorption [4]. The depolarization-field-
screening-driven strain is completely developed at time
7, approximately 27 ps, when this pulse reaches the bottom
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electrode. The best agreement between the experiment and
the empirical model is obtained with larger values of the
exponent, n = 1.1 for the depolarization-field-screening
effect and n = 1/2 for the strain pulse arising from the SRO
layer, respectively. The exponent n = 1/2 is also applied to
determine the polarization change due to the lattice con-
traction caused by the heat conduction from the SRO to
the SL. The only adjustable parameter in the analysis of the
domain diffuse scattering is the exponent n relating the
polarization to the tetragonal distortion. The time depend-
ence of the strain profile is separately obtained by inter-
preting the superlattice diffraction profile.

We cannot yet attach physical significance to the specific
values of n for the depolarization-field-screening effect,
except to emphasize that it is significantly larger than 1/2.
In addition, the dependence of n on the source of excitation is
consistent with direct coupling between the depolarization-
screening effect and the polarization mediated by an electronic
effect and later resulting in lattice expansion.

Further insight into the contributions of the depolariza-
tion-field-screening-induced strain and the acoustic pulse
propagating from the SRO electrode to the change in
polarization can be obtained by considering the predictions
of the strain propagation model in more detail. The time
dependence of the average strain and the corresponding
change in polarization AP, in the simulation are shown in
Figs. 4(a) and 4(b), respectively. The volume-average
strain, as in Fig. 4(a), has a different detailed time
dependence than the fitted peak wave vector derived from
the same simulation, shown in Fig. 1(e). The comparison in
Fig. 4 neglects the relatively small contribution at the
largest values of elapsed time ¢ from the heating of the SL
by thermal conduction from the SRO. A direct comparison
between the polarization changes in Fig. 4(b) and the
domain diffuse scattering intensity in Fig. 3(b) is not
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FIG. 4. Details of the polarization rotation model. (a) Simulated
average out-of-plane strain in the SL, under conditions matching
the experiment shown in Fig. 1(e). (b) Simulated total change in
out-of-plane polarization, AP, and separate contributions due
to acoustic strain and depolarization-field-screening-induced
expansion.

possible because the intensity during the period of the
acoustic pulse is also affected by the inhomogeneity of the
strain distribution. The overall trends, however, are clear:
The polarization initially decreases during the compressive
strain wave and then increases during the reflected wave
and in the period following the acoustic pulse in which only
the depolarization-field-screening effect is observed.

Further inspection of Fig. 4(b) shows that the minima and
maxima of the simulated AP, occur as the compressive and
expansive strain waves propagate, respectively. Crucially, the
predicted total AP, is larger for the later times at which the
strain contribution from the SRO-driven acoustic pulse is
expansive because of the following: (i) At later times, the
depolarization-field-screening-induced strain has increased
and leads to a larger AP, than a SRO-driven acoustic pulse
with the same magnitude, and (ii) the two contributions
have the same sign in this time range. The contribution of
the depolarization-field-screening-driven lattice expansion
causes the difference in the magnitudes of the observed
changes in the domain diffuse scattering intensity at ¢ < z
and the increase at ¢ > 7.

The predicted increase in P, is consistent with the
change that can be geometrically allowed due to polariza-
tion rotation. The initial and final states are shown
schematically in Fig. 1(b). The rotation begins from an
equilibrium polarization distribution that results from a
combination of in-plane polarization at the PTO/STO
interfaces and domain boundaries [11,13,38,39]. The
average P, of all unit cells in the equilibrium PTO layer
is 30% lower than the approximately unperturbed P, at the
center of the domain [13]. The maximum change in the
magnitude of P, that can arise because of a reduction in
the initial in-plane component of the polarization is thus on
the order of 30%, which is larger than the increase by 22%
in the simulation results matching the experiment. This
reduction of the in-plane component of the polarization
corresponds to a change in the displacement of the ions
within the crystallographic unit cell and can be visualized
as a rotation of the polarization in those regions towards the
surface normal. In the configuration reached after optical
excitation, the PTO layers lack the in-plane component
arising from the equilibrium distribution and have a
magnitude of P, equaling the expected PTO polarization.
The period of the domain pattern is not affected by the
propagation of the strain pulse.

The observed distortion of the SL can be compared with
other optically driven excitation mechanisms. The displa-
cive excitation of coherent phonons (DECP) couples
optical effects to optical modes of crystals or superlattices,
without a net lattice expansion or contraction [40,41]. The
lowest-frequency optical modes are folded phonon modes
of the SL, with oscillation frequencies on the order of
1 THz, far higher than the frequency range spanned by the
intensity oscillations in Fig. 2. We can thus conclude that
for the range spanned here, the DECP mechanism has a
minimal role in excitation.
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It is also useful to compare the observed results with the
expectations based on the deformation potential. The
steady-state expansion due to the deformation potential
in SrTiO; with electron concentration ¢, is f, c,,
with f, = 1.1 x 1072* cm?® [42]. The optical excitation
described above produces a carrier concentration on the
order of 1 x 10", consisting of both holes and electrons.
The expected expansion is thus on the order of 107>, The
value of f3, could be different than reported by Janotti et al.
[42] in the case of the excitation of equal numbers of
electrons and holes rather than the impurity doping
considered computationally. There is also some variation
in the value of the coefficients describing the deformation
potential [43]. It is clear, however, that the magnitude of the
strain induced by the deformation potential effect is far
smaller than the expansion of 3 x 10~* apparent in
Figs. 1(e) and 1(f).

Other sources for the change in the domain diffuse
scattering intensity can also be considered. It is possible, in
principle, that the volume fractions of domains with
polarization parallel to and antiparallel to the surface
normal could change as a result of the optical excitation.
Domain-wall motion would result in an increase in the
fraction of one polarization from the initial configuration of
equal up and down polarizations. An increase in the volume
fraction of either polarization direction yields a decrease in
the domain diffuse scattering intensity [35]. The exper-
imental results in Fig. 3(b), however, exhibit an increase in
the diffuse scattering intensity. In addition, typical changes
in the domain diffuse scattering intensity in applied electric
fields occur over periods of nanoseconds, even in electric
fields with very large magnitudes on the order of hundreds
of kV/cm [44]. The changes in domain diffuse scattering
intensity in Fig. 3(b) occur, instead, over a period of tens of
picoseconds. Beyond the polarization configuration issue,
it is important to note that a separate optically induced
heating of the SL would yield a compressive strain along
the surface normal, opposite to the observed expansion
following the propagation of the acoustic pulse.

IV. CONCLUSION

Ultrafast optical excitation induces a dramatic change in
the polarization within the nanodomain polarization of
ferroelectric/dielectric superlattices. The changes occur
over the picosecond timescale following ultrafast optical
excitation and can be separately linked to both direct
femtosecond-optical-pump-induced depolarization field
screening and the large amplitude of the strain pulse from
the underlying electrode layer. The two sources of strain
arising from optical excitation here have significantly
different microscopic mechanisms and thus can have very
different relationships between the lattice parameter and
the polarization. The effect of elastic stress along the
polarization direction in tetragonal ferroelectrics is readily
described via the LGD theory and has exponent n = 1/2.

The depolarization-field-screening effect is a far more
complex phenomenon than the externally imposed elastic
strain and can be thought of as a mechanical effect induced
by the electronic screening.

The polarization change is physically enabled by a
nanoscale rotation of the polarization, a phenomenon that
is uniquely possible in ferroelectrics with a complex
polarization configuration. The comparatively large
response to depolarization screening is possible because
the initial polarization configuration includes a significant
fraction of the polarization that is not along the surface-
normal direction. Depolarization-field screening removes
the driving force for in-plane polarization, allowing the
polarization to rotate towards the surface-normal direction,
resulting in the large increase observed here. Future
possible applications of this concept can potentially involve
the perturbation of other nanoscale ordering phenomena
apparent in ferroelectric/dielectric superlattices, including
the development of nanoscale octahedral rotation patterns
[45]. The results expand the concept of polarization
rotation to nanoscale configurations and point the way
towards new control over nanoscale polarization dynamics
in complex polar systems.

V. METHODS

A. Time-resolved x-ray diffraction

X-ray diffraction experiments were performed at the
x-ray scattering and spectroscopy (XSS) beamline of the
PAL-XFEL, using a photon energy of 9.7 keV with a focal
spot of 10 ym full width at half maximum (FWHM) [30].
The average number of x-ray photons per pulse was
1.6 x 108, The incident x-ray fluence in each pulse was
measured using a normalization photodiode detecting
x rays scattered from an Al attenuator. We avoided
irreversible structural damage by using lower x-ray fluence
than the threshold [46]. Diffracted x rays were detected
using a multiport charge coupled detector (MPCCD) [47].
The optical pump was focused to a spot with a 200 ym
FWHM. The incident angle of the x rays was in the range of
17.5 to 18.5° near the Bragg condition for the 002
reflection of SL. The optical beam was separated from
the incident x-ray beam by an angle of 10° out of the
scattering plane defined by the incident and diffracted x-ray
beams. The footprints of the x-ray and optical beams on the
sample surface were larger than the focal spot sizes by
approximately a factor of 3 along the incident beam
direction.

The femtosecond optical pump beam had a central
optical wavelength of 400 nm, corresponding to photon
energy of 3.1 eV. The optical pump photon energy was
close to, but slightly below, the nominal bandgaps of both
PTO (3.4 eV) and STO (3.2 eV) [48,49]. The optical
absorption length {; of the SL was {; = 1 um, estimated
using the effective medium approximation [50]. The optical
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FIG.5. Absorbed optical energy per unit volume in the SL/SRO
thin-film heterostructure.

pump was approximately z polarized with respect to the
sample surface. The SL surface had a measured optical
reflectivity Rg;, = 1.5% at the wavelength, incident angle,
and polarization of the optical pump beam. The optical
absorption length in the SRO bottom electrode was {sro =
30 nm [51]. The optical calculations neglected reflection at
the SL/SRO interface.

The absorbed energy per unit volume in the SL and SRO
layers was Wabs(zrel) = (FO/C) exp(_zrel/C)v where Zrel is
the depth relative to the SL surface or SL/SRO interface, F|,
is the incident laser fluence transmitted through the
air/SL or SL/SRO interface, and ¢ is the optical absorption
length for the relevant layer. The values of F, were
Fyst = (1 — Rg)Fy, for the air SL interface and Fy sgo =
(1 = Ry )Fipexp(—ds/Cs) for the SL/SRO interface,
where F;, is the incident optical fluence.

The computed depth dependence of the absorbed energy
per unit volume from the optical pulse is plotted in Fig. 5.
The depth-integrated absorbed optical energy is 8.7% and
48% of F;, for the SL and SRO layers, respectively. A large
fraction of the optical energy is thus absorbed in the SRO
electrode.

B. Experimental determination of longitudinal
acoustic sound velocity

The intensity of the Laue fringes in Fig. 2(a) oscillates
with a temporal period determined by the longitudinal
acoustic phonon dispersion and a phase established by the
effectively instantaneous optical excitation at = 0 [33].
The Fourier transform of the diffracted intensity near the
PTO/STO SL 002 Bragg reflection (Fig. 6) exhibits a linear
dispersion of the frequency as a function of the difference
between the wave vector Q. and the wave vector of the SL
002 Bragg reflection, Q.(002). The slope of the dispersion
in Fig. 6 is the longitudinal acoustic phonon veloc-
ity v = 3700 ms~..

C. Simulation of acoustic strain

The elastic wave propagation of the acoustic pulse
arising from optical absorption in the SRO electrode along

1

)

b
< 100 3
> "3
2 D
S B
> o
= E)
5 102 @
3 o
2 g
<

— W00
-0.02 0 0.02 0.04

Q,- Q(002) (A

FIG. 6. Time-domain Fourier transform of the diffracted x-ray
intensity near the 002 SL Bragg reflection. The intensity is
normalized to the maximum intensity. The slope of the dispersion
(dashed line) is v = 3700 m/s.

the thickness (z) direction of the SL/SRO/STO hetero-
structure can be described by [27]

0*u,(z,1) & u

B : OAT(z,1)
o2 gz

oz - W

—(c11 +2cp)p

Here, u, is the mechanical displacement along z. The
mass density p, elastic stiffness coefficients ¢y, and cy,,
and the linear thermal expansion coefficient f all have
material-dependent values that differ for the SL, SRO,
and STO substrates, as summarized in Table I [52-60].
For simplicity, the STO/PTO SL is treated as a homo-
geneous continuum within which each parameter (p, ¢;;, §,
etc.) has a single effective value.

The temperature increase at depth z at time ¢ due to the
optical pulse is AT(z, t). The evolution of the temperature
profile T(z, t) is governed by the heat conduction equation,

OT(z.1)  O°T(z.t
pC) ((9t ):K 822 ) (2)

Here, ¢/, is the specific heat capacity, and « is the thermal
conductivity. Again, both parameters are material depen-
dent and have different values for the SL, SRO, and STO
substrates, as in Table I. We calculate the initial temperature
distribution in the laser-heated SRO layer using
T(Z, t= 0) = TO =+ FO,SRO(1/€SLCp)e_Z/§SL7 Where T() iS
the initial temperature. Heat transport from the SRO
electrode to the SL results in an additional contribution
to the strain near the SL/SRO interface that arises over a
period of tens of ps. Heating results in a decrease of the SL
lattice parameter because the coefficient of thermal expan-
sion p for the SL is negative in this temperature range, as
listed in Table I[24]. Thermal conduction from the SRO
bottom electrode leads to a small thermal contraction that is
evident at the longest times probed in this experiment. The
thermal conduction from the SRO layer occurs slowly in
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TABLE I. Parameters for the simulation of acoustic pulse propagation and heat transport.

Parameter PTO STO SRO SL

p (kgm™3) 7970 5117 [28] 6526 [28] 7192°

cq; (GPa) 311.3 [52] ¢ 98.46"

¢1y (GPa) 102.4 [52] ¢ 32.82°

K (Wm™ K™ 5.23 [53] 11.16 [54] 5.97 [55] 6.116"

¢, JKg'K™) 294.75 [56] 488.568 [57] 383.08 [55] 347.61°

B (K™ 9 x 107° [58] 4.5 x 107 [59] —1.44 x 1075 [24]°

*Weighted average of values for PTO and STO.

Determined using the measured longitudinal sound velocity » = 3700 m/s and Poisson ratio 0.25.
“The values of ¢;; and c¢;, for SRO taken to be the same as STO, following the reported similarity of values of

elastic parameters for SRO and STO [60].

“The value of g for the optical excitation experiment was calculated by subtracting the additional lattice
contraction effect arising from the thermal expansion of the substrate.

comparison with the transmission of the acoustic pulse, as
has been previously observed in a Pb(Zr, Ti)O; thin
film [61].

The acoustic propagation was studied numerically using
a one-dimensional grid consisting of 1840 cells with a cell
size of 0.5 nm. The Runge-Kutta method was used to solve
the acoustic and heat transfer equations with a time step of
1 fs. A central finite difference was used to calculate spatial
derivatives.

We simulated the depolarization-strain-driven acoustic
strain wave propagation using an analytical model [27]:

Ou(z,t 1
”z(cgj ) _ a|:e_(Z/CSL) (1 _ Eg‘(”/ésﬂ)
1
-3 e~(l==vl/isson (7 — m)} . (3)

Here, a is an arbitrary parameter that matches the
amplitude of the depolarization-strain-driven strain to
the measured value. The acoustic wave propagates from
the surface into the SL, SRO, and substrate. The depth

0.24 Time=7ps
2 =
'g —Depolarization-field- \
% -0.21  screening driven strain
)
= —Strain pulse from SRO
S -0.44
[ 04 electrode
k)
£ -0.61
>
(®)
-0.84

0 20 40 60 80 100
Depth (nm)

FIG. 7. Simulated acoustic strain profiles produced by depo-
larization-field screening (red) and heating of the SRO bottom
electrode (blue) as a function of depth at 7 ps after optical
excitation.

dependence of the simulated strain for the acoustic strain
pulses produced by the two absorption mechanisms is
shown in Fig. 7 at 7 ps after the optical excitation pulse.

D. Domain diffuse scattering intensity simulation

The diffuse x-ray scattering pattern was simulated using
the kinematic x-ray diffraction approximation. The simu-
lation considered one in-plane repeating unit of an idealized
nanodomain pattern with dimensions N x M, 242 u.c.
along the growth direction and 300 u.c. in plane. A piece
of the simulation cell spanning a single SL repeating unit
and one in-plane nanodomain period is shown in Fig. 8(a).
The displacements of Ti cations from nonpolar positions in
the unit cell were assigned to be proportional to the
polarization P, in each unit cell. In-plane displacements
are not included in Fig. 8(a). The fractional atomic
displacements in STO layers were set to be 40% of those
in PTO layers because theoretical studies of the nano-
domain polarization configuration indicate that the polari-
zation in STO layers is 30%—-50% of the polarization in
PTO layers [13,62]. The simulations considered the case in
which the volume fraction of up and down polarizations
within each nanodomain repeating unit was 50%. With the
relationship between the polarization and tetragonality
given by P_ « &}, the ferroelectric polarization P_(z,1)
at time ¢ at a location z with out-of-plane strain £33(z, 1) is
the sum of two terms of the form
P (z.1) _ [erg + &33(z. 1)]" 4)

Py(z) €70 '

Terms of order erexs(z,t) have been neglected. Here,
Py(z) is the initial polarization at location z. Two different
sources of polarization were added to determine the
total polarization P,(z,f): the acoustic strain with
n=1/2, and the depolarization-field-screening-driven
strain with n = 1.1.

The x-ray intensity distribution in the domain diffuse
scattering intensity was simulated by computing the square
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FIG. 8. (a) Atomic arrangement within a cell with a lateral
size matching a single nanodomain period of one structural
repeating unit of the PTO/STO SL. The solid line indicates the
location of the boundary between up and down polarization
regions. (b) Simulated distribution of scattered x-ray intensity
in the Q,-0, plane of reciprocal space in a region including the
002 SL Bragg reflection. Domain diffuse scattering intensity
maxima appear at Q. =3.13 A”" and Q, = +0.054 A~!
Fringes arising from the finite lateral size of the simulation
cell appear with periodicity of approximately 0.007 A along
Q.. (c) Simulated normalized domain diffuse scattering inten-
sity as a function of tetragonality e7. (d) Simulated normalized
domain diffuse scattering intensity as a function of polarization
under conditions in which the change in the ferroelectric
polarization follows elr/ %. The dashed line in (d) is calculated
using the model given in Ref. [35] in which the domain diffuse
scattering intensity is proportional to the square of P,.

magnitude of the lattice sum. The lattice sum was compu-
ted for layers of unit cells with index p such that
Faispp = 2511 fiexp(—ig - 7;,), where M =300 is the
number of atoms in the unit cell, f; and 7; , are the atomic
scattering factor and position of the jth atom in layer p, and
g is the scattering wave vector. The diffracted intensity is
>0 (Faisp.p)|?s Where N =242 is the number of unit
cells along the thickness direction.

The domain diffuse scattering simulation was tested by
comparing the simulated intensity with the expected static
scattering patterns. The simulated distribution of intensity
in the Q,-Q. plane is shown in Fig. 8(b) for atomic
positions corresponding to a static polarization distribution
matching the room-temperature polarization of the
PTO-STO SL. The SL 002 Bragg reflection and the domain
diffuse scattering satellites appear at Q, =0 and
+0.054 A~!, respectively, in Fig. 8(b). The high-frequency
oscillations along the Q, direction in Fig. 8(b) are a result
of the lateral periodicity of the simulation cell. The
dependence of the intensity on the static polarization
was tested by systematically varying e and using atomic
positions calculated using the polarization selected using
n = 1/2. The simulated domain diffuse scattering intensity
under these conditions is proportional to &7, as shown in
Fig. 8(c). The proportional relationship between polariza-
tion and tetragonality is consistent with previously reported
experiments and calculations [12,24]. The simulated
domain diffuse scattering intensity is shown as a function
of P_ under the assumption that P, is proportional to elT/ 2,
The simulated intensity in Fig. 8(d) also matches an
analytical description in which the domain diffuse scatter-
ing intensity is proportional to the square of P, [35].

E. Superlattice structural characterization

The steady-state diffraction pattern of the PTO/STO SL
is shown in Fig. 9, which was acquired at a photon energy
of 11 keV at station 7-ID of the Advanced Photon Source at
Argonne National Laboratory. The wave-vector range of
Fig. 9 spans the 002 reflections of the STO substrate and

002 STO

Normalized intensity

2.8 2.9 3.0 3.1 3.2 3.3
Q, (A

FIG. 9. Diffraction pattern of the PTO/STO SL along the line
0, =0,=0.
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FIG. 10. Simulated diffraction profiles corresponding to the
hypothetical case of a single strain pulse produced by depolari-
zation-field screening in the PTO/STO SL, in the absence of the
strain pulse arising from the photoacoustic excitation of the SRO
electrode.

the PTO/STO SL and several reflections with periodicity
corresponding to the thickness of the SL repeating unit.
The SL reflections appear at Q. = (27/d,y,)[m + (1/p)].
where m and [ are integer indices, d,,, is the average lattice
of the SL, and p is the number of unit cells in one repeating
unit. Figure 9 shows the reflections at [ = -2, —1, 0, +1
with m = 2.

F. Predicted strain dynamics in the absence of optical
absorption in the bottom electrode

As a complement to the consideration of the experimental
sample, a time-dependent diffraction simulation was used to
understand the optically induced acoustic pulse propagation
in the absence of optical absorption in the SRO bottom
electrode. Figure 10 shows the simulated time dependence of
the diffracted intensity near the SL 002 reflection for the
hypothetical case in which there is optical absorption in the
SL but no absorption in other layers, e.g., for a SL grown
without a SRO bottom electrode. The intensity distribution in
Fig. 10 corresponds to diffraction from a thin-film layer with
a single strain pulse, similar to photoacoustic excitation in
metallic thin films [27]. The single strain pulse arising from
the optical absorption within the SL does not match the
experimental results shown in Fig. 2(a). Key differences are
that the single strain pulse does not produce the temporal
oscillations at r > 7, and there is no reversal of the sign of the
strain pulse, which occurs after reflection at the surface in the
experiment. Similarly, a single strain pulse resulting from
absorption in the SRO bottom electrode does not reproduce
the experimental results, particularly at times ¢ > 27 for
which the absorption in the SL produces a long-duration
lattice expansion.
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