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multiferroicity, electro-optical proper-
ties, and strong optical non-linearities,[1–7] 
manifesting from the balance among 
charge, lattice, orbital, and spin degrees of 
freedom.[8–10] There have also been recent 
observations of structures and properties 
at the mesoscale in nanoscale oxide heter-
ostructures. For example, mesoscale struc-
tures of an oxide can be manipulated by 
building superlattices of functional oxides 
with different periodicity on different sub-
strates. One example is the superlattice 
PbTiO3/SrTiO3 (PTO/STO), where PTO 
is a prototype ferroelectric material and 
STO is a dielectric/ferrielectric material, 
which is recently demonstrated to exhibit 
hybrid improper ferroelectricity and com-
plex polar topologies such as vortices,[11–15] 
skyrmions,[1] merons,[16] and supercrystal 
phases[17] in PTO layers. Recently, anti-
vortices are found within STO layers of 
PTO/STO superlattices, which can be 
tuned by the thermal effect and the thick-
nesses of PTO and STO.[18]

A polar supercrystal is a mesoscale 
long-range ordered structure exhibiting 

3D periodically, which was recently predicted by phase-field  
simulations and experimentally observed under laser irradia-
tion of the PTO/STO superlattice system with an initial struc-
ture consisting of stripe domains of vortices (structure with 

Understanding the phase transitions and domain evolutions of mesoscale 
topological structures in ferroic materials is critical to realizing their poten-
tial applications in next-generation high-performance storage devices. Here, 
the behaviors of a mesoscale supercrystal are studied with 3D nanoscale 
periodicity and rotational topology phases in a PbTiO3/SrTiO3 (PTO/STO) 
superlattice under thermal and electrical stimuli using a combination of 
phase-field simulations and X-ray diffraction experiments. A phase diagram 
of temperature versus polar state is constructed, showing the formation of 
the supercrystal from a mixed vortex and a-twin state and a temperature-
dependent erasing process of a supercrystal returning to a classical a-twin 
structure. Under an in-plane electric field bias at room temperature, the 
vortex topology of the supercrystal irreversibly transforms to a new type of 
stripe-like supercrystal. Under an out-of-plane electric field, the vortices inside 
the supercrystal undergo a topological phase transition to polar skyrmions. 
These results demonstrate the potential for the on-demand manipulation of 
polar topology and transformations in supercrystals using electric fields. The 
findings provide a theoretical understanding that may be utilized to guide the 
design and control of mesoscale polar structures and to explore novel polar 
structures in other systems and their topological nature.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202106401.
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1. Introduction

Functional oxides exhibit a wide range of intrinsic properties 
including superconductivity, ferroelectricity, ferromagnetism, 
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continuous rotating polarizations) and a1/a2 twins (twin struc-
ture consists of an a1 domain with polarization vector along 
the x direction and an a2 domain with polarization vector 
along the y direction).[17] Unlike the transient structures pre-
viously observed in oxides under laser excitation, this super-
crystal phase is only accessible via non-equilibrium excitation 
and remains stable at room temperature, and hence it can be 
regarded as a hidden phase.[17,19] The large reduction in the 
depolarization field arising from the extra free electronic charge 
carriers created under laser irradiation is shown to be respon-
sible for the formation of the supercrystal.

There remain two key questions regarding the thermal 
stability and the nanoscale evolutions of a supercrystal. First, 
although the thermal erasure of the supercrystal phase was 
demonstrated experimentally,[17] its underlying process and 
relative stabilities among different polar phases (i.e., a-twin, 
supercrystal, and the mixed state with supercrystal, vortex, and 
a-twin) are not understood. Second, there has been no study of 
the electrical-induced evolution of the supercrystal phase con-
sisting of both vertical and horizontal polar vortices although 
there has been a report that electrical-induced transition of 
pure horizontal polar vortex arrays could trigger an interesting 
topological transition to a polar skyrmion phase.[7]

In this work, we focus on understanding the stability of the 
light-induced supercrystal phase and its topological evolution 
pathway under thermal and electrical stimuli. It is observed 
that the supercrystal phase transforms to a mixture of vortex 
lattice, a1/a2 twin structure, and supercrystal phase as the tem-
perature is increased to above 350 K, and it further transforms 
to the a1/a2 twin structure when the temperature is raised to 
over 450 K. We predict different nanoscale patterns under  
different external electric field directions and magnitudes. 
For example, application of an intermediate (>−250  kV cm−1)  
out-of-plane electric field with a direction from the top of the 
film to the film bottom leads to its transformation to skyrmions 
while the skyrmion order disappears as one transitions to even 
lower fields (>−150  kV cm−1). A new stripe-like supercrystal 
phase is also discovered under an in-plane field of greater than 
50 kV cm−1, which agrees well with experimental observations. 
All those predictions are useful for guiding the experimental 
manipulation of such mesoscale supercrystal phases and their 
properties.

2. Results and Discussion

The stability and evolution behaviors of a supercrystal under 
thermal and electric stimuli are investigated by phase-field 
simulations. The initial equilibrium state (referred to as the 
pristine state) is simulated with a background dielectric con-
stant εb  = 5–20, which shows a mixture of a1/a2 (FE) phase 
and vortex.[20] To simulate the change after laser irradiation, 
we consider optically induced carriers that are trapped near 
the interfaces due to the band-bending effect near interfaces 
between PTO and STO layers, and lead to a decrease of depo-
larization strength, which could effectively be tuned by the 
background dielectric constant. The depolarization field and 
interface bound charge with respect to the background dielec-
tric constant in the previous report[17] shows that such dielectric 

changes occur in qualitative agreement with this possibility 
of supercrystal formation. The background dielectric constant  
εb = 100 is adopted for the initial structure, and thereby results 
in the formation of the supercrystal in the (PTO)11/(STO)11 (peri-
odicity ≈ 11 unit cells) superlattice system, in consistence with 
the previous observation.[19] The supercrystal structure shows 
3D periodicity with a dimension of ≈20 × 18 × 11 (d1 × d2 × d3)  
nm3 (Figure 1a–c) formed from the initial structure mixed 
with vortices and a1/a2 domains as provided (Figure S1,  
Supporting Information). The x–y plane view further reveals 
that the horizontal vortex arrays are separated by vertical  
vortices or a1 domains (Figure 1a), while the a/c-type ferroelastic 
domains (polar structure with both in-plane polarization along 
the x direction and out-of-plane polarization) on the x–z plane 
can be observed (Figure 1b). Meanwhile, both horizontal vortex 
arrays and a1 domains are shown on the y–z plane (Figure 1c). 
The corresponding experimental X-ray diffraction pattern for 
the supercrystal is plotted (Figure  1d), showing multiple satel-
lite peaks along three dimensions, indicating the formation of 
a 3D periodical structure, which agrees with the theoretical pre-
dictions. The dimension of the periodic structure can be esti-
mated to be around 30 × 25 × 11 [(1/qx) × (1/qy) × (1/qz)] nm3,  
where qx, qy, and qz are the characteristic wave vectors connected 
to the real space periodicities (d1, d2, and d3) of the 3D struc-
ture of supercrystal. The Fourier transforms of the supercrystal 
from phase-field along qx–qz and qy–qz planes agree well with 
the experimental diffraction pattern of supercrystal (Figure S2,  
Supporting Information).

With the equilibrium structure at room temperature under-
stood, we proceed to investigate the thermal stability of the 
supercrystal. The temperature-dependent evolution of different 
polar structures as well as their energy changes for a super-
crystal and a mixture of vortex and a-twins with respect to 
temperature are also plotted (Figure 2a). At room temperature  
(300 K), the supercrystal is the most stable phase when εb = 100. 
Three different stable polar states are shown in the temperature 
range of 300–500 K, including a supercrystal at relatively low 
temperature (300–350 K), mixture of a supercrystal, vortex, and 
a-twins at intermediate temperatures (350–450 K), and a purely 
FE phase with a-twin domain structure at high temperature  
(>450 K).

A mixture of the supercrystal, vortices, and FE twin phase 
(S+V+FE) formed under intermediate temperatures (350–450 K)  
is shown in Figure 2b, which indicates the transition of some 
regions of the supercrystal to a1/a2 and vortex phases. The 
stripe shape of the supercrystal is partially destroyed and 
replaced by vortices and a1/a2 twins. Experimentally, the super-
crystal state is heated up to 400 K, and the X-ray diffraction pat-
tern is monitored using reciprocal space mapping (Figure 2b), 
which reveals that at high temperature the supercrystal peak is 
suppressed while another characteristic a1/a2 and vortex phase 
peaks appeared, showing the gradual transition from super-
crystal to a1/a2 and vortex phases, consistent with the phase-
field simulations.

Eventually, at 500 K, the supercrystal completely transforms 
to a uniform FE (a1/a2) phase as shown in Figure 2c from phase-
field simulations, which is also confirmed experimentally. The 
X-ray diffraction pattern in Figure 2c for the high-temperature 
phase (500 K) indicates the enhancement of the a1/a2 peak 
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signals while peaks of the supercrystal and vortex disappear 
completely, indicating a transformation to the pure FE twin 
phase. A more detailed view from the cross-section plane for 
the supercrystal transition with increasing temperature is pro-
vided (Figure S3, Supporting Information). To guide the eyes 
in the comparison between the experiment and the model, the 
Fourier transform of the model structure from Figure 2c shows 
a good agreement with the X-ray diffraction pattern at 500 K 
(Figure S4, Supporting Information).

The energetics of three polar states (supercrystal, mixture  
with supercrystal, vortex and a-twins, and a-twins) with 
increasing temperature are presented (Figure S5, Supporting 
Information) to understand the thermally driven phase tran-
sition. The total energies of those three states with increasing 
temperature for εb  = 100 reveal that the supercrystal is the 
lowest energy phase below 357 K. The energies of the super-
crystal and mixture phase state (S+FE+V) are very close to each 
other around 350 K, and therefore, theoretically different polar 
states can be stabilized, starting from slightly different initial 
states. Meanwhile, the mixture phase state (S+FE+V) is the 
most stable state between 357 and 450 K. When the tempera-
ture is higher than 450 K, the FE phase is clearly the most stable 
state. For εb = 20, the ground state of the system is the pristine 
state (V+FE).[20] Upon heating this pristine state, the vortex 
phase becomes unstable and gradually transforms into FE 
phase (a1/a2) consistent with prior experiments.[18,20] Although 
the initial two states (supercrystal and V+FE) are different, they 
transform to similar FE states with similar energy densities. 

The formation of the FE state with pure in-plane polarization 
largely eliminates the surface-bound charge owning to small 
polarization discontinuity near the interfaces. Interestingly, the 
transition to the paraelectric state for the PTO/STO superlattice 
with a pristine state is around 650 K. Under the laser excita-
tion, the formation of a supercrystal could increase the transi-
tion temperature (≈700 K) theoretically, as a result of optically 
excited carriers (Figure S6, Supporting Information).

The domain evolution of the superstructure under an  
electric field is further studied to gain insights into potential 
topological transformations activated by an electric field at 
room temperature. We first conducted phase-field calculations 
under an in-plane electric field, with the applied electric poten-
tial profile shown in Figure  3a. The in-plane electric field is 
increased stepwise until 100 kV cm−1, and then turned off. In 
the relatively low field region (<50 kV cm−1), the initial in-plane 
polarization distribution (Figure  3b) shows clockwise-counter-
clockwise vertical vortex pairs that tend to move closer to each 
other under the applied field (Figure S7, Supporting Informa-
tion) whereas neighboring pairs move away from each other, 
which is similar to previous observations in computational sim-
ulations and in situ electric field experiments within PTO/STO 
superlattices.[7,21] Once the field is increased to 100  kV cm−1, 
vertical vortices disappear and switch to a uniform state (fer-
roelectric a1 domains) wherein the polarization aligns with the 
electric field direction, showing a new type of stripe-like super-
crystal (Figure 3c). It is also worth mentioning that this struc-
ture is also stable even when the field is removed (Figure S7, 
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Figure 1. a–c) Spatial polarization distribution of a supercrystal in PbTiO3/SrTiO3 superlattice from phase-field simulation in the x–y (a), x–z (b), and 
y–z (c) planes. d) Experimental 3D X-ray diffraction pattern of a supercrystal (here, real space periodicities: d1 = 1/qx, d2 = 1/qy, d3 = 1/qz).
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Supporting Information), indicating this stripe supercrystal is 
another potential hidden phase in the PTO/STO superlattice 
system that would require both light and electric field. The cor-
responding cross-section view of in-plane field-induced domain 

evolution is also provided (Figure S8, Supporting Information). 
It is shown that the vertical vortices disappear on the y–z plane, 
and that the a/c ferroelastic domains are unchanged on the x–z 
plane. In order to investigate the movement of vertical vortices 

Adv. Mater. 2022, 34, 2106401

Figure 3. Electric-field (in-plane) evolution of the supercrystal phase in PbTiO3/SrTiO3 superlattice from phase-field simulation. a) Schematics of the 
applied in-plane electric field. The maximum electric field is 100 kV cm−1. b,c) The in-plane view of a supercrystal without applying electric bias (b) and 
under an in-plane electric field of 100 kV cm−1 (c). The new type supercrystal is demonstrated without vertical vortices. d) The core-to-core distance 
with respect to the electric field for the region outlined by the black dashed line.

Figure 2. Temperature-dependent evolution of supercrystal phase in PbTiO3/SrTiO3 superlattice. a) The temperature phase diagram of the supercrystal 
and a comparison of the mixed-phase (V+FE). b) The in-plane view of a supercrystal from the phase-field simulation (left) and the X-ray pattern along 
the qx–qy plane (right) at 400 K. c) The in-plane view of a supercrystal from the phase-field simulation (left) and the X-ray pattern along the qx–qy plane 
(right) at 500 K.
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and the phase transition from vertical vortices to a1 domains, 
the core-to-core distance between two neighboring vertical 
vortices (from the highlighted region in Figure  3b) is plotted 
(Figure 3d). The core distance decreases under a field smaller 
than 100 kV cm−1 due to a closer vertical vortex pair. With the 
field further increasing to 100 kV cm−1, the vertical vortex to a1 
transition takes place reducing the core-to-core distance zero.

To confirm our simulation predictions, we studied an in-
plane device with interdigitated electrodes (IDEs, Figure S9, 
Supporting Information) to apply an in-plane electric field. To 
achieve this, we first irradiate the entire sample by raster scan-
ning using an fs laser with 400 nm wavelength (near the band 
edge of PTO) to create the starting supercrystal phase. Subse-
quently, the IDE fabrication on top of the film is performed 
close to room temperature to avoid disturbing the metastable 
phase. To interrogate the response of the supercrystals to  
in-plane electric fields, we perform in situ measurements of 
the device with X-ray diffraction and map the field effect on 
the structure with 3D reciprocal space mapping (3D-RSM). 
The comparison of experimental 3D-RSM measurements 
and simulated results in the Fourier space before and after 
the application of an in-plane field (≈100  kV cm−1) are shown 
(Figure  4a–f), where we highlighted the representative peaks 
related to the in-plane ordering shown previously (Figures  1 
and 3). The identification of the ground state of the supercrystal 
in the 3D-RSM was described before.[17] The peak labeled Sa/c 
is connected to the a/c ferroelastic domain in the x–z plane 
and remains the same before (Figure  4a) and after voltage 
application (Figure 4e), which qualitatively agrees well with the 

simulation result (Figure  4b,f) in the Fourier space. Patterns 
in the y–z (Figure  4c) plane indicate the evidence of vertical 
vortex ordering (Vvert). The simulation in the Fourier space in 
Figure 4d shows a similar pattern with the vertical vortex peak. 
Upon in-plane electric field excitation, strong Vvert peaks are 
suppressed in the y–z (Figure  4g) planes due to the erasure 
of the vertical vortices (namely, Vvert_erased). Half of the sample 
in the experiment is under electrodes and so complete experi-
mental suppression cannot occur. According to the simulation 
result in the Fourier space (Figure 4h), the vertical vortex peak 
no longer exists after the application of a voltage bias, which is 
consistent with experimental observations.

Furthermore, we examine the application of an out-of-plane 
electric field along the z direction to the supercrystal, with 
the electric field profile shown in Figure 5a. Starting from the 
initial supercrystal (Figure  1), when the electric field is in the 
range of −200 to 0  kV cm−1, two horizontal vortex lines move 
closer to each other (Figure 5b) thus decreasing the vortex core 
distance in neighboring horizontal vortices to reduce the polari-
zation with the opposite direction from the applied field. At 
larger magnitudes of the electric field (−250 to −200 kV cm−1), 
the vortex lines “twist” and gradually transform to a bubble-like 
structure with a larger magnitude of out-of-plane polarization 
(Figure  5c). Upon further increasing the magnitude of the 
electric field to −350  kV cm−1, the out-of-plane polarization is 
further enhanced, leading to a transformation from the polar 
bubble state to a c-domain (i.e., polar structure with polarization 
pointing up or downwards; Figure 5d). A disordered or quasi-
stable supercrystal with horizontal vortex arrays (Figure  5e) is 
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Figure 4. a,c) X-ray diffraction patterns in PbTiO3/SrTiO3 superlattice near the (002) peak in the x–z (qx–qz) (a) and y–z (qy–qz) (c) planes of a super-
crystal before applied voltage and c,d) the corresponding images in the x–z (qx–qz) (c) and y–z (qy–qz) (e) planes after applied voltage. b,d) The Fourier 
space images calculated from phase-field shown in the x–z (qx–qz) (b) and y–z (qy–qz) (d) planes before the application of a voltage bias and f,h) the 
corresponding images in the x–z (qx–qz) (f) and y–z (qy–qz) (h) planes after the voltage application. It is shown that the vertical vortex peaks disappear 
after applying an in-plane voltage bias.
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recovered after the applied electric field is removed, indicating  
that the vortex–skyrmion topological phase transition could be 
controlled by tuning the electric field. Detailed cross-section 
views of the out-of-plane electric field-driven transform process 
are further provided (Figure S10, Supporting Information). 
In addition, the polar structures from phase-field simula-
tions in the Fourier space before and after an electric field 
(−200 kV cm−1) are provided for further guidance (Figure S11, 
Supporting Information). The pattern in the y–z plane demon-
strates that the new skyrmion peak has appeared with the erase 
of the horizontal vortex peaks after the bias.

To determine the topological nature of the polar states 
and critical field for the topological transition, the topological  
charge for the highlighted region in Figure  5c is plotted 
in Figure  5f. The topological charge Q is calculated by 

1
4

·( )Q P P P dxdyx y

  

π= ∫∫ ∂ × ∂ , where P


 is the normalized polariza-

tion vector.[22,23] The value of Q is plotted with respect to the 
applied electric field. It is observed that a topological transi-
tion from Q  = 0 to +1 occurs when the applied electric field 
is between −200 and −250  kV cm−1. When the applied field 
is larger in magnitude than −250  kV cm−1, the skyrmions are 
converted to a uniform c domain, and the topological charge Q 
again reverts to zero. This demonstrates a tunable topological 

phase transition between vortices and skyrmions from the 
starting supercrystal configuration.

The field-driven transition also impacts the effective dielec-
tric constant due to the change in polar structure (Figure S12, 
Supporting Information). Under an out-of-plane electric field 
smaller in magnitude than −100  kV cm−1, the initial dielec-
tric constant increase is mainly due to the increased motion 
of domain walls (i.e., bending of horizontal vortex arrays in 
Figure 5b) which are locked without applied fields. With further 
increase in electric field, horizontal vortex regions transform 
to polar bubbles (Figure  5c) or c-domains (Figure  5d). Fewer 
domains and domain walls are able to be switched in polar 
structures with the majority of the domains aligned with the 
field such as polar skyrmions and c-domains, which contribute 
to the decrease in dielectric constant.

Experimental observations demonstrate that the stripe-like 
supercrystal is stabilized by an in-plane electric bias, in agree-
ment with our simulation predictions. For the out-of-plane elec-
tric field geometry, on the other hand, we have not succeeded in 
preforming experimental measurements yet since such devices 
require bottom and top electrodes that are fully transparent 
to 400  nm laser wavelength and thus are difficult to achieve. 
However, in the simulations we observe that the polar topology 
of the supercrystal is dramatically different under in-plane and 

Adv. Mater. 2022, 34, 2106401

Figure 5. Electric-field (out-of-plane) evolution of the supercrystal phase in PbTiO3/SrTiO3 superlattice from phase-field simulation. a) Schematics 
of the applied out-of-plane electric field. The minimum electric field is −350 kV cm−1. b–e) The in-plane view of a supercrystal under an out-of-plane 
electric field of −100 kV cm−1 (b), −200 kV cm−1 (c), −350 kV cm−1 (d), and after withdrawing a −350 kV cm−1 electric field (e), respectively. The figure 
represents a transition from an ordered supercrystal (Figure 1) to a mixture of skyrmions, vertical vortices, and a/c domains (c), gradually to a mixture 
of vertical vortices and c domain (d). The disordered supercrystal is demonstrated after turning off the electric field (e). f) Topological charge changes 
with respect to applied electric field for the region outlined by the black dashed line.
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out-of-plane electric fields, which might connect with the size 
effects inside the supercrystal. The diameter of a polar skyrmion 
along the in-plane direction is around 8 nm and can be formed 
from horizontal vortices under an out-of-plane field as indicated 
by simulations.[24] On the other hand, the cross-section view for 
polar bubbles transformed from vertical vortices corresponds 
to the in-plane view for bubbles from horizontal vortices. The 
minimum length along the out-of-plane direction required for 
the vertical vortex–skyrmion transformation is expected to be 
similar to the in-plane diameter of bubbles (8 nm) formed from 
horizontal vortices, which is far beyond the PTO periodicity 
(4 nm) here. Thus, the limited PTO periodicity might stop the 
vertical vortex–skyrmion transition under in-plane fields.

3. Conclusions

We have studied the thermal stability and evolution behaviors 
of a laser-induced supercrystal under an out-of-plane or in-
plane electric field using a combination of phase-field simula-
tions and X-ray diffraction experiments. It is discovered that 
the supercrystal phase can be transformed to mixed states con-
sisting of the supercrystal, ferroelectric twin state, and vortex 
(S+FE+V) upon heating to about ≈350 K. Further increase in 
temperature to above ≈450 K, the a1/a2 ferroelectric domain 
state becomes the stable state and finally reaches the FE a-twin 
structure at 500 K. The out-of-plane electrical-driven evolution 
shows a reversible transformation between horizontal vortices 
and ferroelectric polar skyrmions. On the other hand, a new 
type of supercrystal without vertical vortices is formed under an 
in-plane electric field. The results demonstrate rich transforma-
tions among different polarization states that can be manipu-
lated by temperature and applied electric fields.

4. Experimental Section
Phase-Field Simulations: The thermodynamics of a superlattice film 

constrained by a substrate was described by the free energy functional F 
of the spontaneous electric polarization, mechanical displacement, and 
electric potential.[25,26]

= ∫ + + +F f f f f V( )dLandau Elastic Electric Gradient
 (1)

where fLandau, fElastic, fElectric, and fGradient are the Landau, mechanical, 
electrical, and gradient energy densities, respectively.

The temporal and spatial evolution of spontaneous polarization P


 
was obtained by solving the time-dependent Ginzburg–Landau (TDGL) 
equation:

P r t
t

L F
P r t

ii

i





( , )
( , )

( 1,2,3)
∂

∂
δ

δ= − =
 

(2)

where t and L are the evolution time and kinetic coefficient, respectively.
The (PTO)11/(STO)11 superlattice film consisting of periodic repetition 

of 11 unit cells of PbTiO3 and 11 unit cells of SrTiO3 constrained 
on a (110)-oriented DyScO3 (DSO) substrate was employed in the  
phase-field simulations. The film was discretized using a mesh of  
200 × 200 × 250 grids, with each grid representing 0.4 nm in real space. 
In the z dimension, the system was comprised of 30 grids of substrate, 
176 grids of superlattice film, and 44 grids of vacuum. The pseudocubic 
lattice parameters of PTO and STO used in the simulations were 3.9574 
and 3.905 Å, respectively[12,27,28] while the in-plane lattice parameters 
of DSO substrate were set as 3.952 and 3.947 Å.[12] Periodic boundary 

conditions were applied along the in-plane directions whereas a 
superposition method was used to incorporate the boundary conditions 
on the surface and film/substrate interface along out-of-plane direction. 
To obtain the equilibrium domain structure, the electric potential was 
fixed at zero on the top of the thin film and at the interface between 
the thin film and substrate. In the out-of-plane electrical field study, 
an electric potential was applied on the top of the thin film, while for 
the in-plane electrical field case, a unidirectional in-plane electric field 
was directly applied. A thin film boundary mechanical condition was 
employed, which was stress-free at the top surface of the film and the 
displacements in the substrate bottom sufficiently far away from the 
substrate/film surface were fixed at zero. More details for the numerical 
solutions and simulation parameters have been reported previously.[29–31]

Sample Preparation using RHEED-Assisted Pulsed-Laser Deposition: The 
[(PbTiO3)16/(SrTiO3)16]8 superlattices with total thickness 100nm  were 
synthesized on single-crystalline DyScO3 (110) substrates and via 
reflection high-energy electron diffraction (RHEED)-assisted pulsed-laser 
deposition (KrF laser). The PbTiO3 and the top SrTiO3 were grown at  
610 °C in 100 mTorr oxygen pressure, and the laser fluence was 1.5 J cm−2 
with a repetition rate of 10 Hz. RHEED was used during the deposition 
to ensure the maintenance of a layer-by-layer growth mode for both the 
PbTiO3 and SrTiO3. The specular RHEED spot was used to monitor the 
RHEED oscillations. After deposition, the superlattices were annealed 
for 10 min in 50 Torr oxygen pressure to promote full oxidation and then 
cooled down to room temperature at that oxygen pressure.

In-Plane Device Fabrication: The in-plane structural measurements 
were performed using IDEs as they were without any bottom electrodes. 
The electrodes were at first patterned using a photolithographic lift-off 
process with a g-line photoresist, followed by Pt sputtering (30 nm) as 
the electrode. The photoresist was removed by sonicating with acetone, 
rinsed in deionized water, and blown dry with nitrogen. In the case, the 
length of the fingers was 500 µm and, the distance between two fingers 
was 6 µm.

X-ray Diffraction: Synchrotron X-ray scattering using monochromatic 
hard X-rays (10–20 keV energy) were performed at the Advanced Photon 
Source (APS), Argonne National Laboratory (ANL), to investigate the 
PbTiO3/SrTiO3 superlattice sample under application of electric field. 
Kirkpatrick–Baez (KB) mirrors were used for X-ray beam focusing on the 
sample and for high harmonic rejection. First, at the 7-IDC beamline at 
APS, the samples were irradiated with an ultrafast laser using 400  nm 
wavelength as described before[32] to create supercrystals in the  
PbTiO3/SrTiO3 superlattice deposited on the DyScO3 substrate. At 
the 33-ID-B beamline at APS, the samples were studied in detail using 
a Kappa 6-circle diffractometer and a PILATUS 100K pixel detector 
to adjust the sample geometry and perform the detection of X-ray 
diffraction patterns, respectively. Reciprocal space maps (RSMs) were 
obtained from data using rsMap3D reconstruction. For being able to 
apply the electric field to the sample, interdigitated Pt electrodes were 
further used that were deposited on the sample surface as described in 
the previous section. In the end, X-ray scattering measurements were 
performed under the application of constant voltage to the sample, 
while the device geometry was used to estimate the field magnitude 
between the Pt electrodes. The influence of electric field was accordingly 
studied by monitoring the X-ray diffraction patterns of the corresponding 
supercrystal peaks and diffuse scattering satellites connected to in-plane 
periodic modulations in the structures.
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