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The collective dynamics of topological structures'® are of interest from both
fundamental and applied perspectives. For example, studies of dynamical properties
of magnetic vortices and skyrmions** have not only deepened our understanding of
many-body physics but also offered potential applications in data processing and
storage’. Topological structures constructed from electrical polarization, rather than
electron spin, have recently been realized in ferroelectric superlattices®®, and these
are promising for ultrafast electric-field control of topological orders. However, little
is known about the dynamics underlying the functionality of such complex extended
nanostructures. Here, using terahertz-field excitation and femtosecond X-ray
diffraction measurements, we observe ultrafast collective polarization dynamics that

are unique to polar vortices, with orders-of-magnitude higher frequencies and
smaller lateral size than those of experimentally realized magnetic vortices>.

A previously unseen tunable mode, hereafter referred to as a vortexon, emergesin the
form of transient arrays of nanoscale circular patterns of atomic displacements,
whichreverse their vorticity on picosecond timescales. Its frequency is considerably
reduced (softened) at acritical strain, indicating a condensation (freezing) of
structural dynamics. We use first-principles-based atomistic calculations and
phase-field modelling to reveal the microscopic atomic arrangements and
corroborate the frequencies of the vortex modes. The discovery of subterahertz
collective dynamics in polar vortices opens opportunities for electric-field-driven
data processing in topological structures with ultrahigh speed and density.

Precisely engineered (PbTiO,),/(SrTiO;), oxide superlattices provide
a controllable material that can host new phenomena such as nega-
tive capacitance®® and light-induced supercrystals'®, aswell asunique
polarization topologies including vortex® and skyrmion® structures.
Unlike their counterparts in magnetic systems>*!, the building ele-
ments of these extended nanostructures are electric polarizations and
thus may have collective dynamics and properties that do not existin
magnetic systems: the direct interaction of polarization with electric
fields allows electric-field excitation of their dynamics on ultrafast time-
scales, and the intrinsic coupling of polarization with the lattice offers
strain tunability. These advantages have motivated researchinto fer-
roelectric (FE) materials for next-generation electronics. For example,

nanoscale FE domain walls have been envisaged for ultrahigh-speed
microelectronics and telecommunications? ™ and host collective
dynamicsatterahertz (THz) frequencies”*°, whereas magnetic vortices
and skyrmions typically have dynamics in the few gigahertz range’?.
However, such THz dynamics intopological polar structures have not
been experimentally demonstrated.

Collective dynamics also hold the key to understanding many-body
interactions in these newly discovered topological polar structures
where long-range interactions beyond the nearest neighbours are
crucial®. The dynamics of ‘soft modes’ that exhibit a reduction of the
mode frequency toward acritical point areimportant to understanding
the thermodynamics of phase transitions?, gaining access to hidden
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ferroelectricity far from equilibrium?, and condensing metastable
polar phases®. However, whether topological structures host new soft
modes and how they behave on ultrafast timescales are unanswered
questions for elucidating the fundamental physics and exploring the
properties of these emergent nanostructures.

We focus our study on polar vortices®, a prototypical topological
structure of nanoscale FE materials. The unique connectivity of electric
polarization (P) that continuously rotates around a core with non-zero
curl (VxP)ineachvortexsupercell can give rise to aseries of new col-
lective modes. Response spectra computed by dynamical phase-field
modelling show a series of modes consistent with what we experimen-
tally observe in the vortex structure (orange arrows, Fig.1a). These
modes are distinct from optical phonons in bulk ferroelectrics?, acous-
ticmodesinsuperlattices® and chiral phonons in ahexagonal lattice”.
Besides high-frequency modesintherange 0.3-0.4 THz, we identified
alow-frequency vortexon mode with a characteristic frequency w (‘'V’
mode, Fig.1a) tunable by thermally induced strainin the low-frequency
regime. The atomistic simulations show that this mode emerges as a
transient nanoscale circular pattern of collective atomic motion (pur-
plecircles, Fig. 1b). Its time-dependent vorticity (V x u) of atomic dis-
placements u oscillates on picosecond timescales, interweaving with
polar vortices (magenta circles). A zoom-in snapshot shows the
nanoscale collective circular patterns spanning many unit cellswitha
lateral size of ~6 nm, much smaller than the typical submicrometre size
of magnetic vortices.

Observations of collective modes

Measurements made with the THz pump and hard X-ray diffraction
probe technique at the Linac Coherent Light Source (Fig.1c and Meth-
ods) revealed these collective modes in 100-nm-thick (PbTiO,),/
(SrTiO,),, superlattices grown on DyScO, (DSO) substrates. This tech-
nique circumvents the challenges of detectingincoherent modesin het-
erogeneous systemsbecause the coherent THz field actsas animpulsive
excitation to synchronize the polarization dynamics®* > and the X-ray
diffraction selectively probes the vortex and conventional ferroelec-
tric (FE) a,/a,-domain structures®. These vortex and FE structures
coexist in the sample (Methods), but their diffraction signals can be
probed separatelyinreciprocal space due to distinct lattice parameters
(Fig. 2a and Extended Data Fig. 1a). The polarization direction of the
applied THz field with respect to the crystalline axes was determined
by the diffraction geometry and sample orientation (Extended Data
Fig.1b).

The structural response of the polar vortices upon THz excitation
can be categorized into two frequency regimes. The high-frequency
regime features multiple modes in the range 0.3-0.4 THz, observed
by probing selected Bragg peaks (Fig. 2a). For example, the diffraction
intensities of the 023 peak and its satellites were modulated at the same
frequency but with opposite phases (Fig. 2b). This indicated that the
weakening or enhancement of the in-plane vortex order redistributed
the diffraction intensity from the satellites to the main peak or vice
versa. The THz field directly excited the superlattice layer rather than
thesubstrate, since there was nomeasurable structural response of the
latter. The Fourier analysis of the intensity oscillations revealed that
the frequency components peaked at 0.34 THz and 0.38 THz (orange
arrows in Fig. 2c). To simultaneously capture the response of the con-
ventional FE domain structure, we monitored the 113 reflections of
both the FE superlattice peak and the vortex satellites with identical
excitation conditions (Fig. 2b). The FE domain structure® exhibited a
spectralfingerprintat 0.22 THz (blue arrow in Fig. 2c and Extended Data
Fig.2),inanalogy tothe previously predicted inhomogeneous phason
mode™. Its frequency is different from that of the vortex structure,
suggesting that the collective dynamics of FE and vortex structures
are uniquely associated with their microscopic polarization configu-
rations. The diffraction signals monitored across the 023 FE Bragg
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Fig.1|Emergence of the collective dynamics of polar vortices and its
experimental detection. a, Fourier spectra (blue) of calculated
time-dependent response of polar vortices on THz-field excitation. The
spectrumofthe THz pulseis shown as abroad pink background. The collective
modes of polar vortices (orange arrows) are shown as aseparate set of modes
withrespecttothe knownsuperlattice acoustic modes (black arrow) and the
soft mode of PbTiO; at room temperature. The vortexon mode (V) shifts to
higher frequency (red peak; note that this is not the calculated peak buta
schematic peak toshow the temperature dependence) as sample temperature
increases. b, Emergence and evolution of the vortexon (atomic displacement
vortices, purplecircles) during its oscillation period 7, overlaid with the static
polarization vortices (magentacircles). +and —, the signs of vortexon vorticity,
whichreverse dynamically. Right,zoomed-in view of the region of the dashed
box with the calculated static polarization (magenta arrows) and lead-cation
displacement (purple arrows) in each unit cell of the vortexonmode at t =1/4.
¢, Schematic of THz-pump and X-ray-diffraction-probe experiment using an
X-ray free-electron laser (FEL). The coloured stripes on the (PbTiO,),,/(SrTiO;),,
(PTO/STO) superlattice film represent in-plane vortex orders with opposite
polarization vorticity.

peak oscillated in phase (Extended Data Fig. 2¢c, d), showing that the
Bragg peak was modulated in overall peak intensity as the structure
factor of the FE domain changed, rather than the peak shifting or
broadening. The magnitude of the effects was proportional to the
peak THz field, in agreement with a field-driven mechanism rather
than a parabolic dependence due to THz-induced heating (Extended
Data Fig. 2b).

Complementary microscopic pictures of the collective modes
were obtained through atomistic and dynamical phase-field mod-
elling (Methods and Supplementary Notes 1 and 2), with the former
seeking the equilibrium eigenmodes based on first-principles-derived
ionic potentials'® and the latter addressing the driven dynamics of
the polarization order parameter®*>*, The atomistic model revealed
multiple prominent eigenmodes in the same high-frequency regime
(Extended Data Fig. 3). Microscopic dynamical properties areillustrated
using the calculated 0.30-THz mode as an example because its calcu-
lated dielectric response is relatively large and likely to be observed.
Snapshots of its polarization vectors are shown at the equilibrium
state (¢ < 0) and the maximum (¢ = 7/4) of the atomic displacement
during a sinusoidal oscillation (Fig. 2d and Supplementary Video 1).
Inthis mode, the central positions of the polar vortices do not change
along the z-axis, and the dominant lead-cation displacement is along
the x-axis (Fig. 2e). To illustrate the diversity of the dynamics in this
frequency range, complex configurations of polarizations and atomic
displacements of additional modes are shownin Extended Data Fig. 4.
Theirinfrared activity corresponds well with the observed THz absorp-
tion (Supplementary Note 7).
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Fig.2|High-frequency collective modes. a, Schematic of the probed Bragg
peaksinthe g,—q,plane of the reciprocal spacearound the 023,113 and 004
substrate peaks. FE, ferroelectric a,/a, structure; sat., satellite peak; SL,
superlattice peak; substrate, DSO peak. b, Normalized change of diffraction
intensity of the Bragg peaks (indicated by the same colour scheme asina)asa
function of delay, with the measured THz excitation pulse overlaid (THz
waveformscaleindicated ontheright). The error bars show the standard

Thelow-frequency regime features the vortexon mode at 0.08 THz at
room temperature, which was observed from the diffractionintensity
change of the 004-vortex peak (Fig. 3a). Remarkably, this unique mode
was highly sensitive to temperature. Anincrease in sample temperature
from293 K to 388 Kresulted in hardening of this mode from 0.08 THz
to 0.23 THz (Fig. 3a, b), in contrast to any known modes in bulk or
strained PbTiO, and SrTiO,. The amplitude of the oscillation decreased
as the sample temperature increased, which correlated well with the

10
Delay (ps)

errors.c, The corresponding Fourier spectrawith marked vortex modes
(orange arrows) and FE modes (blue arrow). The curvesinband c are offset
vertically for clarity. FFT, fast Fourier transform. d, Polarization (P) of a
calculated 0.30-THz vortex mode at the equilibrium state (¢<0) and the
sinusoidal maximum (¢=1/4), with associated vorticity (colour). e, Lead-cation
displacements (u) and associated vorticity (colour) at ¢ = 7/4. The structural
distortionis enhanced for better visibility.

weakening of the vortex order®. The intensities of the §04-satellite
peakswithasmallin-plane scattering component, §=+0.059 A, exhibit
strong high-frequency oscillations at 0.34 THz and 0.38 THz, consist-
ent with the measurements of the 023 and 113 peaks. However, these
frequencies did not change as afunction of temperature. At higher tem-
peratures, closer to the vortex-ordering temperature of 473 K (ref.?),
the vortex order was further reduced so that the X-ray diffraction
intensity was too weak to measure. The oscillation amplitudes of all
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Fig.3| Tunable vortexon mode. a, Normalized change of diffractionintensity
of 004-superlattice (SL) and §04-satellite peaks of vortex structuresasa
function of delay at various temperatures. The error bars show the standard
errors.b, Corresponding Fourier spectra of the intensity oscillations of the
004 SL peak (solid) and 604-satellite peaks (open circles), normalized to the
spectraat293K. Theorangearrowsindicate the tunable vortexon mode. The
curvesinaandb are offset vertically for clarity. FFT, fast Fourier transform.
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¢, Calculated polarization (P) and change of polarization (AP) of the vortexon at
thesinusoidal maximum (t=1/4). The yellow arrows indicate the shift of vortex
cores (solid dots) from the equilibrium positions (open yellow circles) by a
distance { compared with the case of t <0 shownin Fig. 2d.d, Lead-cation
displacements (u) and associated vorticity (colour) at ¢ =7/4. The vector
lengths of uand the shift fare enlarged (arbitrarily and by 2.5times,
respectively) for better visibility.



modes werereduced after 36 ps, which was the time for the completion
of lattice expansion (Extended Data Fig. 2g, h). Possible causes for this
amplitude reduction may be related to the leakage of the mechanical
energy into the substrate®.

The observation of the 0.08-THz mode in the vortex structure is
corroborated by a low-frequency mode which is well separated from
high-frequency onesin the atomistic model. Examiningits polarization
dynamics, we found that the centres of a pair of polar vortices shiftin
opposite directions along the z-axis (Fig. 3c, Supplementary Video 2),
unlike magnetic vortex cores, which have a gyratory motion>. The
polarization change AP forms a wavy structure as aresult of collective
motions of lead, titanium and oxygen atoms. The corresponding
lead-cationdisplacements are linear within the unit cell, in contrast to
the circular atomic motion of chiral phonons*?¢, They collectively
formacircular pattern, producing a transient non-zero curl of atomic
displacement V x u(¢)(Fig.3d), hence the name vortexon. This circular
patternof atomic displacement gives rise to atransient angular momen-
tumwithrespecttothe vortexoncores (Supplementary Note 1B). Tita-
nium and oxygenionic motions follow similar patterns (Extended Data
Fig. 4). The maximum displacement occurs at locations with a large
curlof polarization, suggesting that the pre-existing polarization gra-
dientwithinthe supercell facilitates the structural response to the THz
field. Asaresult, the vortexon cores (centres of purple circlesin Fig. 1b)
are spatially shifted by half a period with respect to the core of the
equilibrium polar-vortex structure (centres of magenta circles in
Fig.1b). The orientation of the THz field with respect to the crystalline
axes caninfluence the amplitude but not the frequency of this mode.
Experimentally, when the THz field is aligned perpendicular to the
Xx-axis, the vortex responseis stronger than when the THz field is paral-
lel to the x-axis (Extended Data Fig. 5a, Supplementary Note 5), which
isdifferent fromthe prediction by the simplified models (Supplemen-
tary Note 6).

Discussion

Weidentified the dominant role of thermally induced strainin produc-
ing the observed large tunability of the vortexon mode. The variation
of the strain due to a temperature rise of 95K, confirmed by X-ray dif-
fraction measurements (Extended DataFig.7a, b), amounts to alattice
expansion of 0.1% along the x-axis. We then theoretically explored
the effect of strain (¢) on the eigenmodes. The zero strain was defined
specifically in the atomistic and phase-field models (Supplementary
Notes 1and 2). These two independent theoretical approaches pro-
duced the same trends (Fig. 4a). Numerous modes lying in the range
0.3-0.4 THz were insensitive to strain variation, whereas a distinct
low-frequency mode can be effectively tuned by strain, in agreement
with observedin-plane strain variationsin the range of —0.1%to 0.04%
due to the temperature changes from 293 K to 388 K. The softening
of the frequency towards a critical strain £, (-0.3% in the atomistic
model and —0.2% in the phase-field simulation) is phenomenologi-
cally similar to phonon softening close to a structural phase transi-
tion. Indeed, the atomistic models show that the polar vortices go
through asymmetry-breaking transition from symmetric to staggered
vortex-core pairs (Fig. 4a, bottom inset) across the critical strain, dif-
ferent from a temperature-induced order-disorder vortex phase
transition®. The equilibrium state consists of the staggered vortices
in which the vortex cores are offset oppositely along the z-axis, away
from the central positions of the vortex supercell. The small-amplitude
oscillation around this equilibrium position results in the modulation
of diffraction intensity at the fundamental frequencies of the modes,
rather than their second harmonics. An analytical model (Supple-
mentary Note 3) further shows that the motion of vortex cores can be
parametrized as the vertical displacement § of vortex cores (Fig. 3¢)
away from their equilibrium positions, to which specular reflections
such as the 004 peak are particularly sensitive. The analytical model
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Fig.4 | Atomistic calculation and dynamical phase-field simulation.

a, Calculated frequencies of collective vortex modes as a function of
normalized strain, in comparison with experimental data. The vertical
dashedlinesindicate the strainat 293 Kand 388 K, below the vortex melting
temperature of 473 K. The schematics of polar vortex pairs at the bottom show
thecalculated equilibrium states at -0.4% and 0.2% strain (same key as for
Fig.2d).b, Simulated (solid) and measured (dot) normalized change of
diffractionintensity ofthe 004 Bragg peaks asafunction of time at 293 K.

The simulationresults for vortex satellites are scaled by afactor of 0.26 to
compare with the amplitude of the measured results. The minimum and
maximum intensity changes of the 004 vortex SL peak at delays of 7/4 and 37/4
correspond to two configurations shownin Fig. 1b.

also reveals the anharmonic nature of the vortexon (Supplementary
Note 3), which opens the route for controlling topological structures
via nonlinear phononics¥.

Tounderstand the structural response in the time domain, we used
dynamical phase-field simulations to calculate the time-dependent
ferroelectric polarization and construct the corresponding atomic
positions (Supplementary Note 2, Extended DataFig. 8). The simulated
polarization dynamics captured the eigenmodes obtained from the
atomistic calculations (Supplementary Videos 3 and 4). The simulated
Bragg-peakintensities as afunction of time reproduced the main exper-
imental observations of vortexon modes (Fig.4b). The subtle difference
between the simulated and experimental datafor the high-frequency
modes is due to the simplifications of the models (Supplementary
Note 6). We estimate that ~4% intensity modulation of the 004 vortex
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superlattice peak corresponds to maximum lead displacements of
~5pm (Extended Data Fig. 6e).

Todistinguish observed collective dynamics from the conventional
superlattice acoustic modes®*®, we performed a control experiment on
the same samplein whichwereplaced the THz excitation by a400-nm,
100-fs optical excitation®. The intensity modulations of the 004
peak exhibited characteristic frequencies of 0.43 THz and 0.56 THz,
corresponding to coherent acoustic waves propagating along the
out-of-plane direction at the longitudinal and transverse sound speed
inthesuperlattice, respectively (Supplementary Note 4, Extended Data
Fig.9). Therefore, comparison of the responses to 400-nm and THz
excitations unambiguously distinguishes collective modes of polar
vortices from the conventional superlattice acoustic modes.

We have experimentally identified a set of collective modes that
arise from the unique connectivity of electric polarization and its cou-
pling with the lattice in topological ferroelectric nanostructures. The
strain-tunable vortexon mode exhibited collective atomic motions
in circular patterns. Combined experimental and theoretical studies
revealed their eigenfrequencies and eigenvectors. This level of under-
standingis critical to exploring new physics and applications of topo-
logical structures. For example, the condensation of the vortexon mode
atacritical strain could provide a new avenue of phonon engineering
incomplex oxides. Dynamical phase-field simulation further predicts
the tunability of the vortexon mode by external electric field (Extended
DataFig. 6¢, d and Supplementary Note 2), offering effective control of
the polar-vortex structure at room temperature in nanodevices. These
modes have orders of magnitude higher intrinsic frequency and smaller
size than their magnetic counterparts, potentially allowing direct
electric-field control of their dynamics for high-speed, high-density
data processing and storage.
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Methods

Terahertz or optical-pump, ultrafast X-ray diffraction
measurements

The measurements were performed at the X-ray Pump Probe beamline
of the Linac Coherent Light Source (LCLS)*. The LCLS delivered hori-
zontally polarized X-ray pulses with a pulse duration of 40 fs at arepeti-
tionrate of 120 Hz. Hard X-ray pulses at 9.5 keV with 0.05% bandwidth
were selected by using adiamond (111) monochromator and focused to
~200 x 200 pm*beam size with beryllium compound refractive lenses.
The X-ray beam was attenuated to ~10° photons per pulse to avoid sam-
ple damage. The sample was mounted on amulti-circle goniometer for
both vertical and horizontal scattering geometries. The temperature
ofthe sample stageis controllable within the range of 293 Kto 388K in
ambientair withahomebuiltresistive heater. Scattered X-rays were cap-
tured shot-by-shot using a high dynamic-range area detector (Jungfrau
1M), positioned at a radial distance of 600-750 mm from the sample.

A Ti:sapphire femtosecond laser system synchronized to the
free-electron laser was used to generate 100-fs, 800-nm ultrafast
laser pulses with up to 20 mJ pulse energy, which were then converted
to single-cycle terahertz pulses by the pulse-front-tilt technique
in a LiNbO, crystal, as detailed in ref. *. The THz pulses were verti-
cally polarized with a maximum peak electric field of ~800 kV cm™,
as calibrated by electro-optic sampling with a GaP crystal. The THz
beam was focused on the sample and collinearly aligned with the pri-
mary X-ray beam using a 90° off-axis parabolic mirror. In a separate
optical pump set-up, 400-nm optical pump pulses were derived by
frequency doubling of the 800-nm laser pulses with an incident flu-
ence of 3 mJ cm™. The spatiotemporal overlap between optical and
X-ray pulses and between optical and THz pulses was achieved using
‘tO-finder’ as detailed in ref. *2,

X-ray scattering patterns around selected diffraction peaks were
acquired as a function of delay between the THz/optical pump and
X-ray probe pulses with a temporal resolution of ~-50 fs, as limited by
the pulse duration with correction by the ‘timing’ tool*°. A fast measure-
ment scheme was adopted in which the delay was continuously scanned
back-and-forth within time delays up to -40 ps using a mechanical
stage; an electronic delay mechanism was applied in combination for
longer delays*. The raw detector images were grouped into laser on/off
datasets (50% laser firing event ratio), normalized against the intensity
monitor /, (rejecting shots with /, lying outside a predefined range)
and binned to 100-200 fs temporal slots as needed. Typically, ~500-
1,000 effective shots were accumulated for each time sampling
data point.

Sample growth and characterization

The (PbTiO,),,/(SrTiO;),, superlattice samples on DSO substrate were
fabricated usingreflection high-energy electron-diffraction-assisted
pulsed laser deposition®. Structural characterization and preliminary
time-resolved measurements of the samples were carried out using
synchrotron-based X-ray diffraction at beamlines 33-ID-C and 7-ID-C
ofthe Advanced Photon Source, respectively. Three-dimensional (3D)
reciprocal space maps (RSMs) characterized the structural properties
of polar vortex and a,/a, FE structures in the superlattices, which were
analysed to determine the strain of both phases as a function of tem-
perature (Extended DataFig. 7). The FE structures exhibit conventional
a,/a, stripe domains with1.6% smaller out-of-plane lattice constant than
the vortexstructures, and thus they can be separately probed by X-ray
diffraction. These structures have average widths of 200 nm, and the
intermixed regions do not contribute substantially to the measured
Bragg diffraction intensity.

Atomistic modelling
The all-atom calculations made use of a parametrization of atomic
interactions in the form of the shell model**. Therein each atom is

represented by a core and ashell, connected by ananharmonic spring,
whichis designed to mimic atomic polarizability. The potential energy
ofthe systemis calculated asasum of long-range Coulomb interactions
between all particles except for cores and shells of the same atom,
short-range interactions between shells of oxygen-cation and oxygen-
oxygen pairs, and the anharmonic spring interaction for same-atom
core-shell pairs. PbTiO, (PTO) parameters were taken fromref. *, whose
authorsfitted their model to the results of first-principles calculations.
This type of PTO potential has been shown to correctly predict vortex
structures in a layered material*®. The SrTiO, (STO) parameters were
adjusted from ref. * to match the atomic charges of PTO, which was
necessary to avoid charged interfaces in the layered PTO/STO super-
structure. The refined STO parameters are given in Supplementary
Tablel.Forthe Tiand O atomswithinaninterface atomiclayer, averages
ofthe PTO and STO parameters were taken. The programme GULP* was
used for the structure optimization and lattice dynamics calculations,
the details of which are presented in Supplementary Note 1.

Dynamical phase-field calculation

Based onthe Landau-Ginzburg-Devonshire (LGD) theory, the PbTiO,/
SrTiO; thin-film superlattice system can be described by a free-energy
function Fintegrated over volume Vin the following form:

1 PP,
F= I [‘XyPin * PP PP Gt P PP+ 58 6_xj’ o

4))
1 1
5 kit~ GEiPiPi— EKbEiEi - EiPi]d 4

where subscriptsi,j, k,[,mand ndenote indices (1,2 and 3) in the Car-
tesian coordinate; an Einstein summation convention of summations
over 1,2 and 3 for repeating indices is used here and throughout this
Article. P;isone component of the spontaneous polarization vector P,
g;is total strain, and £;= E]" + E]" is the total electric field including
the effective THz field £/" and internal field E!"; as are Landau
coefficients (up to sixth order for PTO and fourth order for STO), i
are polarization gradient energy coefficients related to the domain
wall energy, c;, are elastic stiffness tensors, g, are electrostrictive
coupling coefficients, and k;, (isotropic) is the t/)ackground dielectric
permittivity.

We implemented the phase-field model using the finite-element
method®. The modelincluded three sets of field variables: mechanical
displacement u = (u,, u,, u,), electric potential ¢, and polarization
vector P = (P,, P, P,); other physical quantities in equation (1) can
be derived from these variables, for example, E,=—0d¢@/0x and
£, =0.5(0u,/0z+ du,/0x) . The Cartesian model coordinates corre-
spond to the pseudocubic crystallographic axes of the samples, as
shown in Fig. 1c. For computing efficiency, we studied a thin-slab 3D
superlattice model with xyz dimensions of 108 x 0.8 x 152.4 nm?, con-
sisting of eight alternating thin-film layers of 6.4-nm PTO and 6.4-nm
STO (approximately 16 unit-cell thickness for each layer) together with
a50-nm substrate layer of DSO. The film was assumed to be fully con-
strained to the substrate; the displacement of the bottom surface (xy)
of DSO was fixed while the top film surface was set mechanically
free (thatis, 0=0). In-plane continuity periodic boundary conditions
were imposed for the two opposing pairs of yz and xz surfaces.
Short-circuit electrical boundary conditions (thatis, ¢ = 0) were applied
for both top and bottom film surfaces. The mechanical strain state of
the entire system was calculated with reference to the cubic-phase
PTO, assuming the lattice constants of cubic PTO (3.955A), STO (3.905 A)
and DSO (3.951 A and 3.945 A along the xand y axes, respectively). The
model geometry was discretized into amesh of 0.8-nm cube elements
with the quadratic Lagrange shape function.

The spatiotemporal dynamics of the superlattice systemis governed
by the following set of coupled equations of motion®*:
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P+ yP,=—8F /8P, (2)
pii;+ Bpu; =~ 8F /8y (3)
0=356F/5¢ (4)

inwhich uisthe effective polarization mass density, yis the polarization
damping coefficient, p is the mass density and S is the elastic damping
coefficient. Equation (2) isasecond-order time-dependent LGD equation
thatexplicitly controls the dynamics of the polarization order parameter,
while equation (3) explicitly controls the elastodynamics (yet they are
coupled viathe electrostriction effect). In formulating equation (4),
we imply that there are no complex electrodynamics associated with
electron/hole carrier transport since the intrinsic carrier concentration
in the system can be neglected, and low-energy THz excitation (versus
400-nm optical pump) does not populate free carriers in this system.
Note that equation (3) governs both the superlattice film and substrate
layers whereas equations (2) and (4) are defined only for the film layers.

Typically, wefirstnullified the massinertial effects by setting both u
and p as zero and generated a quasi-steady state vortex configuration
from an initial random state consisting of small polarization values
(<0.001P,, P,=0.7 C m™). We then turned on the mass parameters and
equilibrated the model for -40-100 ps before executing excitation runs.
Tosimulate the THz excitation, we added atime-dependent electric-field
pulse £T12(¢) to theinternal electric field which had arealistic THz wave-
form as measured fromthe electro-optical sampling, and we combined
x/y/zcomponents accordingto a specific measurement condition. The
peak amplitude of the applied electric field was 100-200 kV cm™, tak-
ing into account the dielectric screening by the PTO/STO film due to
the background permittivity, and was finely tuned to match the meas-
ured X-ray scattering signals. The generalized-alpha time stepping
method was adopted to solve equations (2)-(4), where the maximum
step was limited to 0.1 ps to eliminate high-frequency numerical errors.
Further details of the dynamical phase-field calculation and the simula-
tion of time-dependent X-ray diffraction intensity canbe foundin Sup-
plementary Note 2. The response spectra, which display the
time-dependent changes of averaged polarization P in Fig. 1a, were
calculated upon THz excitation with a peak electric field of 1x10’Vm™
alongthe x-axis using the parameters listed in Supplementary Table 2.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request.

Code availability

The codes that support the findings of this study are available from
the corresponding author upon request.
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calibrated by the temperature-dependent X-ray diffraction measurements
shownin Extended DataFig. 7b.
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Extended DataFig.4 |Decomposition of selected modes with strain

displacements (overlaid onaV x P map of the equilibrium structure)

themode’s eigenvectors

&y



a b 0.04 — . . T
0.02
—_ ? ) g
S s 0f $
= = =
= = -0.02 2
= < B
a
=
-0.04 004 Vortex SL
Baseline
Baseline subtracted >
-0.06 sinfo(tt)+¥] ]
20 30
Delay (ps)

Delay (ps)
asafunction delay. Raw datashowningrey are from Fig.4b. The green curve
shows asinusoidal wave (see Supplementary Note 5), with its minima (green
arrows) deviating from the data (red arrows) at later times. The vertical dashed
lineindicates the time when the THz field turnson.

Extended DataFig. 5| Polarization dependentresponse and analysis of the
vortexonmode. a, Normalized change of diffraction intensity of 004 vortex
Bragg peakasafunctionoftime when the THz field is applied parallel to and
perpendicular to the crystalline x-axis. b, Baseline-subtracted normalized
change of diffractionintensity of the 004 vortex superlattice peak (red curve)




Article

0.5 T T

0.4r —— 10 MV/m; E,™?
——10 MV/m; E,"*

03 —— 5MV/m; E"

<P,2> FFT amplitude (arb. unit)
<P,2> FFT amplitude (arb. unit)

0 N
0 0.2 04 0.6 0 02 04 06
Frequency (THz) Frequency (THz)
."é‘ 5 - - T T T 6
=] c 02 ¢ =
£ 4 DC field E, N €
© B * 1 T >
s = =
3 > 145
g > 0161 a s
z 5 - E
S E 0.12 ” E
w r i
t - 4 > '3
A <) /ﬁ i 3
N = _/ i85y <}
a #7 =
\ 0.08+= *
1 1 1 1 1 0
0 05 1 15 2
Frequency (THz) DC field (MV/m)
e 20
Delay =9 ps
:\3 O uy
:: ‘/:; uZ
=
Q
o
]
o
Pb/Sr Displacement (pm)
Extended DataFig. 6| Dynamical phase-field simulation results. function of the applied electric field (E,). Such anin-plane electric field can be
a, b, Fourier transform of the simulated polarization dynamics, whichis applied using a pair of coplanar electrodes, as schematically showninthe
represented by spatially averaged (a) P2and (b) P2 in the simulation box on insettod.e, Histograms of the Pb and Srionic displacement u away fromits
application of the THz-field pulse aligned along the x-, y- or z-axis. ¢, Calculated equilibrium positions along the x-and z-axes, corresponding to the maximum
frequency spectra of P2 with various values of the direct-current (DC) electric diffractionintensity change of 4% of 004 SL peak atadelay of 9 psinthe

field along the x-axis. d, Frequency and amplitude of the vortexonmode asa simulation.



a 652

6.24
-0.14

C 334

3.04
-0.14

0.00
a, (A1)

0.00
a, (A1)

Log(l) (a.u.)

l .

=

Min

0.14

Log(l) (a.u.)

l Max

=1

0.14

Extended DataFig.7 | Equilibrium characterizations of (PbTiO,),,/(StTiO;),,
superlattice.a, Room-temperature RSM of the superlattice grown on DSO
substrate, cutting through the substrate specular 004 peak, which shows
vortex (V) and FE superlattice diffraction peaksinthe g,~q, plane. The satellites
(VSat) duetothein-plane vortex ordering appear alongthe g, directionaround
the corresponding superlattice (V) peaks.b, The measured average lattice
parameterswith linear fits for the vortex and FE structures as a function of
temperature. Theerror barsrepresent systematic errors of the measurement.

b T T T T T T T
| @ V. x-axis % FE, x-axis i
3.98 = V,y-axis @ FE, y-axis
« \, z-axis ™ FE, z-axis
<
. 3.96 E
9 § é‘%é # #
Q
1S
o
o
8 i IT' T'T T I I'1
© 392¢ 1
T 11
r i T 1 1
300 320 340 360 380 400 420
Temperature (K)
d
0.32 THz T=300K
600 1 —— PTO/STO/SAGT T 1
= 200} 4
[ =
> ol . . :
el 600 T T T T T T T T 7 PTO Emode
© - -
P I ——PTO/STO/DSO ) 4 I
200} p

04 06 08 1 12 14 16 18 2 22
Frequency (THz)

¢, Room-temperature RSM of the superlattice grown on Sr,Al, ;Ga, ,TaO,
(SAGT) substrate, cutting through the substrate specular 002 peak, which
shows the vortex SL diffraction peaks and satellites. d, Room-temperature
imaginary dielectric constant extracted from the THz time-domain absorption
spectroscopy measurements of superlattices grownon DSO and SAGT
substrates. Theerror barsrepresent the estimated experimental errorsinthe
frequency ranges of the shaded and unshaded regimes.
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intensities are calculated (Supplementary Note 2). CoM, center ofmass; Vand C
denote the vortex and cubic phases of PbTiO,, respectively. ¢, Measured and
simulated HOL-cut (along the g,—q, planeinreciprocallattice units (r.l.u)) RSMs
nearthe 004 reflection with theintensity shownonalogarithmic colour scale.
The fringesinthe simulated RSM are due to the finite lateral size of the
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Extended DataFig. 8| X-ray diffraction simulations based on dynamical
phase-field modelling. a, Model geometry of the PTO/STO superlattice film
and the DSO substrate. The colour scale denotes the vorticity of the
polarization vectors. The boundary conditions (Methods) are marked on the
right. b, Schematics for the method used to map the phase-field modelling
output to atomistic configurations, based on which kinematic X-ray scattering
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Extended DataFig. 9 |Structural dynamics excited by 400-nm optical
pulses. a, Normalized changes of 004-vortex peak intensity as a function
delay. b, Fourier spectraofa.Land Trepresent the acoustic waves that travel
alongthe out-of-plane direction withlongitudinal and transverse sound
speeds, respectively. c, Calculated phonon dispersion curves. The vertical
dashed lineindicates the boundary of the folded Brillouin zones. The shaded
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region corresponds to the scattering vectors probedin the experiment. The
solid circles show the measured modes upon 400-nm excitation, while the
stars show the measured modes upon THz excitation. The error bars show the
full-width at half-maximum of the peaks in the Fourier spectra. ds,, superlattice
periodicity.
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