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Supplementary Text 1: Analytical approximation of dynamical diffraction intensity changes in
polar skyrmions

In this session, we employ an analytical approximation, using phase-field results as inputs,
to explain the out-of-phase dynamical signal observed between the m = +1 and m = -1 satellite
peaks. Additionally, we will use the same approach to clarify why, in a polar vortex, the
dynamical signal between these satellite peaks remains in phase.

The phase-field simulation first found the ground state in which the polar skyrmion and
polar vortex structures are stabilized. Then, the polarization modulation at a time delay
corresponding to the local maximum/minimum of the intensity change at the satellite peaks were
calculated following the established method! (Fig. S2). In this study, we adopt a simplified
approach to gain physical insights into the simulation result. Specifically, we compute the
structure factor of polar skyrmion bubble as follows:

F(Q) = Z fpbe(—iQ Rron) 4 fr..e(ZIQRTiR) (S1)
n

The satellite peaks are close to the Bragg lattice peak 004 and our calculation is based on
this Bragg peak choice. Q = (+£6Q,, 0, Q,) for m=+1 Skyrmion satellite peak, where §Q, < Q,.
Here we assume that the titanium and lead atoms dominate x-ray diffraction signal, since the
oxygen ions only contribute to a minor scattering intensity (<20% for bulk PbTi0O3) due to their
small atomic scattering factor. Rpy ;5 is the absolute position of the n-th unit cell Pb/Ti atom,
which can be rewritten as Rpy, /7;n = Ro,, + Ypp/rin- The first term Rg,, corresponds to the cell
origin coordinates to the crystal origin. The last term designates the positions of the atoms
relative to the cell origin. For convenience, we assume that the polarization change is attributed
to the atomic position shifts in the Pb and Ti atoms. Here, the displacement of Pb and Ti from the
center of the cell is identified as the source of the polarization, with the sign change in front of
bpp,7; iIndicating that Pb and Ti move in opposite directions in their contribution to the
polarization?:

Tpbn = —bppPn (52)
1 1 1
Yrin = Eal + Eaz + 583 + bTiPn (83)

. 1 1 1
After plugging equations S2, S3 into S1, we can drop the term elQ(Eal +392+3%) as it is close

to 1 at the Bragg condition. bpy, r; is estimated from the atomic displacement of Ti (0.3A) and Pb

(0.7 A) and the spontaneous polarization in bulk PbTiO3 (0.8 C/m?) at 300 K. Then, we can
rewrite the structure factor equation:

F(Q) = z fope I Ro=bpyPr) | £ o (~iQ(Ro, +b7iPn)) (S4)
n

The atomic form factor of Ti and Pb at 10 keV is estimated to be: fr; = 22.4 + 1.2i and fp), =
77.8 + 5.7i (e/atom) at the Bragg condition’. Here we consider Q = (6Q,, 0, Q,) to be at the
Bragg condition with designated 6 Q, and Q, . By utilizing e'%Rozn = 1 and bQ - P, <1, Eq.
S4 becomes:



F((6Qx; O' Qz)) — Zn [fpbe(_i(SQxROx_n_beSQxPx,n_beQsz,n)) + (SS)

fTie(_i(6QxROx_n+bTi6QxPx,n+bTinPz,n)))] ~ Zn [e (—i6QxRo x,n) (fpb (1 +

ibe (6prx,n + Qsz,n)) + fTi(1 - ibTi (5prx,n + Qsz,n))]

We can then substitute the polarization obtained from the phase field calculation to P,, in
S5. The diffraction intensity before pump excitation is:

I((SQxi O' Qz), t < to) 0.8 FF* = Zn,m fI,Zbe_ist(Rox,n_Rox,m) + (86)

B fie 00 e Fom) £ 5, fo fri 005 (80s (Rog = Rogm)) +
S Con + fr0)Brifirt = benfon) 5in (80 (o, = Roy ) ) (QcPem +

Q:Bm) + Zn,m (brifri — bppfpp)?cos <5Qx (Rox,n - Rox,m)) (6QxPen +

Q2P,n) (8QxPem + Q,Psm)

The diffraction intensity at the time delay of maximum phonon displacement (t,,4,) is:

I((SQx' 0, QZ)' t= tmax) XFF" =+ Zn,m(fpb + fTi)(bTifTi - (S7)

bebe) sin (SQx (Rox,n - Rox,m)> (8Qx (Px,m + APx,m) + Qz (Pz,m + APz,m)) +

Ynm(brifri — bppfep)? cOS <5Qx (Rox,n - Rox,m)> (6Qx(Pen + AP ) +

QP + AP, (8Qy (P + AP ) + Q, (P + AP, 1))

The terms unrelated to polarizations represented by “...” are omitted, which are the same as
those in equation S6. Here the AP corresponds to the change of polarization induced by the THz
pulse. Furthermore, the dynamical response Al is absent at skyrmion SL peaks (0,0, Q,), which

leads to Yy m (brifri — bop for)?(2Q2AP, P, + QZAP, AP, ) = 0 . We can then simplify the
differential intensity difference between t = t,,,,, and t < ¢, as:

A ¢ T + Fr) rifre = ben fon) 5in (80 (Royy = Rog)) (BQuBPm + (s8)

QAP ) + ZnmBrife = bonfen)? 05 (8x (Roy, =



Rox’m)) (6Q£Apx,nAPx,m + 26Q£Px,nAPx,m + 25QxQsz,nAPz,m +
26QxQzAPx,an,m + 2(SQxQzAPx,nAPz,m)

Then we can calculate the contribution of the remaining terms numerically in the polar
skyrmion and polar vortex. The terms 26Q, QP nAP, 1, 26 Q5 QAP P, 1, 26Q, QAP , AP, 1,
would flip sign between the +Q, and —Q,. satellites, therefore, they are antisymmetric terms for
Q. In a polar skyrmion, the 26 Q,,Q,AP, , P, ,,, term dominates the dynamical response. On the
other hand, in the polar vortex structures, the symmetric term QZAP, ,, P, ,, dominates the
dynamical response, which is consistent with the experimental observation that the dynamical
signals in +Q, and —Q, are in phase*. Noted the Q2 term in vortex does not vanish as the
dynamical response at SL peak is presented.

The above analysis can also explain the out-of-phase oscillation between m=1 and -1 peaks,
as well as between m=2 and -2 peaks. To explain the opposite phases between m=1 and 2 peaks,
and between m=-1 and -2 peaks, we examined the contribution to first and second order satellite
intensity. Phase-field calculation analyzed the contribution to diffraction intensity from domain
inside the bubbles (c+), matrix between the bubbles (c-) and the skyrmion domain wall (DW).
We found that the first order satellite intensity is mainly contributed by ¢+ and c-, while the
second order intensity is mainly contributed by DW (Fig. 3f-h, Fig. S3). We then calculated the
contribution to diffraction intensity changes from c+, c- and DW based on Eq. S8. The analytical
results confirm that the first and second order satellite intensity oscillate out of phase (Fig. 3h),
which is quantitatively agree with the phase field diffraction simulation results. The same sign
changes in dynamical diffraction intensity from ¢+, c- and DW contributions (Fig. S3).

Supplementary Text 2: Calibration between computational and experimental results

In this session, we quantitatively assess the atomic motion by comparing the computational
and experimental results. We use the atomic positions and displacements of Pb, Sr, Ti and O
from the atomistic model to calculate the diffraction intensity (Fig. S10a). To match the
experimentally observed intensity changes, the eigen displacement as obtained from the
atomistic modeling needs to be multiplied by a factor of 60. As a result, the calibrated Pb
displacement and polarization change in mode A and mode B can be obtained (Fig. S10c-f). We
estimate the mean value of Pb displacement is ~2 pm. The corresponding shear strain was
calculated based on this scaling.




PbTiO; SrTiOs
Landau coefficients
a;(m*NC? 3.8x10° (T-752) 4.05x107 [1/tanh(54/T)-1.056]
a; (m°NCH -7.3x107 1.7x10°
a;(m®N CH 7.5x10% 3.9x10°
aii (mlON C'é) 2.6x10% 0
a112(m10N C'é) 6.1x108 0
as(m''N C*) -3.7x10° 0
Electrostrictive coefficients
011 (m* C?) 0.089 0.0457
0> (m* C?) -0.026 -0.0135
044 (m* C?) 0.03375 0.0096
Elastic stiffness tensor
Ci;i(Nm?) 1.76x10"! 1.76x10!"!
Ci:(Nm?) 7.937x10'" 7.937x10"
Csy(Nm?) 1.111x10"! 1.111x10"!
Mass coefficient of polarization
p(JmA?) 7.5x10°"7 7.5x10°"7
Damping coefficient of
polarization
y (JmA?) 2x107 2x107
Mass density
p (kgm?) 7.5x103 7.5x103
Elastic stiffness damping
coefficient
B (s) 631012 6x10"2
Polarization-atom position constant
bpp/bg, (C' m?) 1.01x107!! 1.01x10"!
br; (C'm?) -0.56x107"! -0.56x10"!
by, (C' m?) -3.66x1071! -3.66x10!!
by, (C' m?) -3.15x10! -3.15x10M
Lattice mismatch
£11 0.11% 0
€50 0.26% 0

Table S1: Parameters for dynamic phase field simulations and diffraction pattern calculation.
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Fig. S1. Dynamics of polar skyrmion and vortices near 004 Bragg peak. a Detector image

near 004 Bragg peak of polar skyrmion at 220 K. b Normalized intensity evolution (AZ/]) as a

function of time, along with the m=+1, £2 orders of the skyrmion satellite peaks, and SL peak

intensity with the region of interest (ROI) choice highlighted by the colored box in a. ¢ Detector
image near 004 Bragg peak of polar vortices at 300 K. d Normalized intensity evolution (AZ/]) of
the m=21 order polar vortex satellite peaks as a function of time. The colored box also highlights
the ROI choice in ¢. The error bar represents the standard deviation of the data points before time

Z€ro.
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Fig. S2. Dynamical phase-field simulation of THz-driven polar skyrmions and polar vortices.
Simulated diffraction intensity modulation (A/) from THz field at the delay of maximum phonon
displacement for (a) polar skyrmions and (b) polar vortices, based on the snap shot of the
dynamical polarization configuration shown in (e, d), respectively. The distorted polarization
structure of (¢) polar skyrmion shows uneven tilt angles of domain wall core in c+ and c- domains
while that of (d) polar vortex shows even tilt angles.
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Fig. S3. Simulations of the static and dynamic diffraction intensity from skyrmion domains
and domain walls. a Phase-field simulation of diffraction intensity of polar skyrmion. The
structure factor of the Domain inside the skyrmion bubbles (c+), the matrix between the bubbles
(c-), and the skyrmion domain wall (DW) are selectively extracted (selected areas as highlighted
in red) by setting the atomic factor outside the selected phase to zero (the areas with zero atomic
factor are highlighted in blue). Phase-field simulation of contribution to static diffraction intensity
from (b) DW, (¢) ¢+ and (d) c- component of polar skyrmions. The diffraction intensity modulation
at 1/4 of the 0.3THz phonon periodicity has been itemized into contribution from (e) DW, (f) ¢+
and (g) c- component of polar skyrmions. Note the analytical approximation results qualitatively
agrees with the phase field results.
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Fig. S4. Phonon dispersion calculated by the atomistic model and compared with
experimental results. Phonon dispersion calculated for (a) (Ox,1,3) and (b) (0Ox,0,4). The results
are from the molecular dynamics calculation of 16 skyrmions Despite different Bragg peaks are
probed, the time-domain responses and dispersions are similar, representing the generality of the
modified phonon dispersion. Each skyrmion is composed of 20 by 20 by 24 unit cells with 16
layers of PbTiO3 and 8 layers of SrTiOs3 unit cells. The THz pump XRD probe of satellite peaks
around (0,0,4) Bragg peak has been measured experimentally and plotted in ¢. d Fourier spectra
of the time evolution of the relative intensity change shown in ¢, compared with atomistic
simulation results. The color map of the simulation represents the amplitude of the dynamic
structure factor S(QOx,w). The red and black dots with error bars showing the FWHM of the
Lorentzian peak fitting of the experimental Fourier spectra at each QOx.
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Fig. S5. Polarization changes at the peak of their motions calculated by the atomistic model.
The x-y and x-z cuts of the polarization changes induced by mode A (a) and B (b). ¢ x-y cuts of
static polarization in polar skyrmion. The 20 by 20 by 24 supercell index is used as guidance for

plane cuts. Z is the out-of-plane unit cell index. Z=0-3, and 20-23 are SrTiOs3 unit cells and Z=4-
19 are PbTiO3 unit cells.
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Fig. S8. Temperature and field dependence of the dynamical and static responses in polar
skyrmions. a Experimental results of the static first-order satellite peak intensity and peak-width
evolution as a function of temperature. The in-plane DC electrical bias induced peak intensity
change at 300 K is highlighted by a black arrow between the unbiased green data point and the
biased red data point. b Experimental results of the static second-order satellite peak intensity
evolution as a function of temperature. The normalized integrated intensity evolution (AZ/]) at the
first order of polar skyrmion near 004 peak induced by an intense THz pulse at (b) 300 K and 380
K, and (¢) at 0 kV/cm and 20 kV/cm in-plane electric field. The intensity change is integrated in a
similar way as shown in Fig. S1. to enhance the signal to noise ratio, we sum the signal in the
m=+1 and m=-1 satellite peaks as (Al,,—1 — Alp=—_1)/(Ljn=1 + I;m=—1). The error bar represents
the standard deviation of the data points before time zero data.
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Fig. S9. Dynamical response of the polar skyrmions to 400 nm optical pump at 300 K. a
Dynamical response of the relative X-ray diffraction intensity changes near 004 peak normalized
to the static diffraction intensity before time zero is plotted as a function of delay and QO:. b
Exponential decay background is fitted and subtracted from the data. The remaining oscillatory
signal is plotted. ¢ Fourier spectra of the background subtracted dynamical responses are plotted
as a function of frequency and Q.. The linear dispersion originating from TA and LA branches are
highlighted by dashed lines and their speeds of sound are annotated. The THz pump result is shown
by dashed blue lines. d Extracted dispersion data from 400 nm pump (black) and THz pump (red)
are plotted side-by-side overlaid with the TAl and TA2 branch dispersions, which slopes are
consistent with the transverse speeds of sound of PbTiO; along the [100] directions®. The error
bars represent the widths of the Lorentzian peak fittings. The vertical dashed line indicates the Qx
position of first satellite peak (m = 1). The error bars show the FWHM of the Lorentzian peak
fitting of the experimental Fourier spectra at each Q.
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Fig. S10. Calibrate atomistic results to experimental observations. a Diffraction simulation
with atomistic simulation inputs. From left to right: static diffraction intensity, A/ from mode A,
and A/ from mode B. b Induced AZ/I signal from mode A and B. After normalizing the
dynamical response by calibrating with experimental results, we plot the distribution of Pb
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