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Controlling domain formation in ferroelectric materials at the nanoscale is a fertile
ground to explore emergent phenomena and their technological prospects. For
example, charged ferroelectric domain walls in BiFeO; and ErMnQO; exhibit
significantly enhanced conductivity which could serve as the foundation for next-
generation circuits'. Here, we describe a concept in which polar vortices perform
the same role as a ferroelectric domain wall in classical domain structures with the
key difference being that the polar vortices can accommodate charged (i.e., head-to-
head and tail-to-tail) domains, for example, in ferroelectric PbTiOs/dielectric SrTiO;
superlattices. Such a vortex structure can be manipulated in a reversible fashion
under an applied field, manifesting as large changes in the local dielectric

permittivity.



Interfaces offer vast permutations on material properties and coupling effects. One example
is the formation of domain walls in ferroic materials, i.e., the transition regions that separate
differently oriented regions of ferroic order —-magnetic moment (M) in ferromagnets, strain (€) in
ferroelastics, and electric polarization (P) in ferroelectrics. The chemical homogeneity of domain
walls combines their local functionality with a spatial location which is readily manipulated via
external fields. For instance, imparting “charged” configurations such as head-to-head domain
junctions in confined ferromagnetic strips can produce complex topologies such as vortex
domain walls (VDWs)' which can serve as functional elements in solid-state magnetic
memories® or spin-logic** devices. The formation of complex-spin topologies in magnetic layers
is driven by the competition between symmetric and antisymmetric exchange interactions (e.g.,
Dzyalozhinski-Moriya interactions, DMI). In proper ferroelectrics such as PbTiO;, however, the
large P is a result of the non-centrosymmetric ionic positions that produce a net dipole moment.’
In the absence of an equivalent mechanism to that of the DMI in magnets, it is typically thought
that proper ferroelectrics form narrow-width, Ising-like domain walls as a consequence of the
large crystalline anisotropy and the ability to scale polarization through a P = 0 paraelectric
structure®. It has been discovered recently, however, that ferroelectric domain walls can exhibit
rotational components’ including a pronounced Néel character in the vicinity of the domain wall
where minimization of stray-field energies leads to wall broadening® and the formation of
rotational flux-closure structures® ' including closed loops."!

The three prototypical walls (Fig. STA) are classified by either their axis of rigid rotation
(Néel vs. Bloch type) or the scaling of the order parameter through the wall (Ising type). A

primary approach to functionalize domain walls is by imposing a divergence of the ferroic-order



parameter (V-F % 0), j.e., either a “source” (tail-to-tail) or “drain” (head-to-head) of flux. The
maximum/minimum divergence corresponds to a 180° head-to-head or tail-to-tail domain wall
normal to the polarization axis and is promoted through sample geometries such as axially polar
nanowires/nanostrips poled with endpoint domains in 180° opposition (Fig. S1B). For magnetic
systems, which are inherently constrained by the well-known Maxwell equations, e.g., V-B=0,
multiwall structures including VDWs, multi-VDWs, and/or transverse-domain walls are possible
depending on the material properties and their length scale.'? For polar materials, unsurprisingly,
the formation of domain-wall types depends largely on the screening mechanisms of the
insulating ferroelectric host phase as well as the mechanical boundary conditions." '* Such
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ferroelectric domain walls can exhibit significantly modified local conductivity,
predominantly manifests in materials with smaller polarization (i.e., lower divergence of P at the
wall). Recently, it has been discovered that screening mechanisms can stabilize “charged”
domain walls (CDWSs) which themselves exhibit anomalous conductivity'>?' and novel
electronic phases.'® A polar vortex, the analog of a magnetic vortex, appears in a much smaller
size as observed recently in ferroelectric heterostructures®>!. However, to the best of our
knowledge, VDWs built from electrical polarization, have not been reported and would represent
a new class of topologically complex domain walls with potential advantages in direct electric-
field manipulation of features with intrinsically smaller length scales than their magnetic
counterparts. Moreover, creating and erasing VDWs provides a mechanism for deterministic

local control of toroidal-ferroelectric order and accompanying phenomena such as conductivity>,

toroidal order®, negative capacitance and chirality.?



Herein, we employ the ferroelectric/dielectric superlattice (i.e., (PbTiO;),/(SrTiO;), m =
6-16 unit cells) as a model system to study the formations of VDWs in ferroelectrics. The
superlattices are grown on DyScOj; (110), substrates with a 5-nm-thick SrRuOj; buffer electrode
by reflection high-energy electron diffraction (RHEED)-assisted pulsed-laser deposition
(Methods). We observe that VDWs are formed to accommodate large electrostatic gradients
created by tail-to-tail and head-to-head wall configurations of the ferroelectric domains on either
side. For instance, (PbTiO;)¢/(SrTiO;)s superlattices have a stable rigid toroidal topology®
consisting of a mixed-phase state of an ordered array of alternate clockwise-anticlockwise
vortices and classical ferroelectric a,/a, domains in the PbTiO; layers (Fig. 1A). Cross-sectional,
dark-field transmission electron microscopy (TEM) images show the coexistence of vortex
arrays (bright/dark modulation corresponding to the period of the repeating clockwise-
anticlockwise vortices) and the in-plane polarized a-domains (Fig. 1B). This is the result of the
competition between the elastic, electrostatic, and domain-wall energies that together favor a
polydomain mix of in-plane and out-of-plane polarization within the interacting vortex
arrangements. As in the macroscale, the phase separates into roughly periodic blocks of vortices
and a domains such that the VDWs form on {101},..

To explore the feasibility of CDWs as progenitors of VDWs, phase-field simulations
have been performed on a (PbTiO;)s/(SrTiO;)s superlattice by solving the time-dependent
Ginzburg-Landau equation (Methods). The pre-designed CDW relaxes into a mixed polarization
structure similar to the experimental geometry, consisting of a domains, wavy spirals, and
inclined vortex domains. Head-to-head, tail-to-tail, and, in some rare cases, neutral boundaries
between in-plane-oriented a domains are found to be stabilized with bridging vortex structures.

The a domains and the vortex arrays have a well-defined boundary along the [101]pc, which is



reminiscent of a 90° a/c-type twin domain wall. The formation of a vortex state between the
head-to-head (tail-to-tail) portions of the layers is largely due to the need to accommodate the
large electrostatic energy associated with a charged interface, while the formation of the vortex
state between the neutral (e.g., head-to-tail) portions of the layers is due to the elastic energy as
well as the polarization permutation between the neighboring layers in the ultrashort-period
structure. The evolution pathway of the VDW calculated by phase-field simulations is elaborated
upon in the supplementary materials (Fig. S2), which shows the formation of an intermediate
metastable state with only one and two vortices in between the head-to-head (tail-to-tail) portions
of the layers. This indicates the possibility to further reduce the number of transitional vortices
through control of the elastic energy (via tuning of film thickness, substrate, thermal mismatch,
etc.), as well as to control the number of vortices through external mechanical, thermal, or
electrical forces.

To get a magnified view of the VDW boundary, we focus on a single PbTiOj; layer. The
polar displacement vectors (Pp, indicated by arrows, Fig. 2A, B) overlaid on the cross-sectional
high resolution-scanning TEM (STEM) image indicates a mixed structure with alternating
clockwise and anticlockwise vortices and a domains. Notably, the presence of vortices in the
PbTiO; layers is laterally bound by antiparallel @ domains that would nominally form a charged
domain wall (head-to-head or tail-to-tail), which would give rise to a large electrostatic energy
(Fig. 2A, B). The formation of vortices is an elegant way to accommodate this electrostatic
energy. The connection between the vortices and a-domain structures is made via the vertical
offset of a boundary half-vortex. The corresponding high-resolution image from the phase-field

simulation (Fig. 2C) shows the formation of VDW’s to accommodate both head-to-head and tail-



to-tail domains. A half-vortex structure acts as the connection between the vortices and a
domains, similar to the experimental observations. Notably, due to the electrostatic interaction,
the c-like regions in the vortices of the two neighboring layers can penetrate through the
intermediate SrTiO; layer, giving rise to ordering of the vortices in the adjacent layers, which is
also indicated in experimental observations (Fig. 1B. It is interesting to note that the number of
bridging vortices does not need to be an even number, i.e., they are not required to form pairs in
this configuration, which could give rise to a net toroidal moment in one PbTiO; layer.

In order to show the feasibility of controlling the formation and deletion of the VDWs,
we explored the phase evolution in TEM under an electric bias applied through a tungsten tip to
the grounded bottom electrode, across a (PbTiO;)s/(SrTiO;)s superlattice (Fig. 3; details in
Methods). The field distribution under this tip (Fig. S3) was simulated using a Lorentz-type
distribution,” with a tip radius of ~20 nm. Experimentally, after applying +15 V, the majority of
the VDWs are eliminated, forming in-plane polarized a-like domains under the tip which are
directed antiparallel to the charge of the tip (Fig. 3A). When the field is removed, the VDWs are
recovered. Under an applied bias of -15 V, in-plane polarized CDWs are again formed with the
polarization directions now pointing towards the tip. Removal of the negative bias, again, leads
to the recovery of the vortex state. The in-plane electric field (defined by the negative of the
gradient of the surface electric potential, i.e., E=—V @) is pointing towards the tip while it is
pointing away from the tip when it is positive (Fig. S3). The same evolution is observed in the
phase-field simulations (Fig. 3B, magnified view given in Fig. 3C) and in experiments (Fig. 3A),

which confirms the reversible switching between the in-plane polarized CDW and the VDW



state with externally applied electric field, showing the possibility of the controllable switching
between these two states.

These results shed light on an interesting conceptual possibility in which an external
electric field can reversibly switch between the vortex-domain state and a uniformly polarized
state, analogous to a conventional domain wall separating regions of opposite polarization. The
dielectric response of such a rudimentary device (Fig. 4) shows a large change in the out-of-
plane permittivity, (by 50%), as a consequence of the field-driven changes from the vortex
structure to the uniformly poled domain, as evidenced by both phase-field simulations (Fig. 4A)
and experimental observations (Fig. 4B).

In summary, we have demonstrated the formation of VDWs in ferroelectric superlattices
of PbTiO,/SrTiO; with both experimental observations with (S)TEM and theoretical calculation
by phase-field simulations. This VDWs acts like a “bridge” for CDWs, with controllable local
transitions between the VDWs and the CDWs that result in large tunability in dielectric
properties. This solves a key complication in manipulating these structures, where simple static
electric-field distribution cannot promote such formation. Instead, a static electric field
distribution induces a high-energy configuration which spontaneously adopts an energetically
accessible toroidal configuration, as occurs for ferromagnets in similar stripe geometries.* The
relative vortex stability also depends on the different length scales of the layers, propagating into
large domains or forming discrete vortex strings, respectively. Realization of discrete vortex
strings structures represents an important step in these ferroelectric complex topologies,
analogues to the ferromagnetic vortex domain walls. The former provides a mechanism for the

experimentally observed writing of vortex domains under a biased PFM tip in bulk films.*



Regardless, this system now provides a platform where these dynamics and properties can be
explored. Further reduction of the vortex numbers and separating single vortex state can be
further explored by manipulating the film thickness and substrate lattice constant, etc. We hope

that this study will spur more interest in VDW memory systems.



Materials and Methods

Superlattices Growth. The (PbTiO;),/(StTiO;), (n =6, 8, 16 monolayers) superlattices of were
synthesized on 5 nm SrRuOs-buffered, single-crystalline DyScO; (011) substrates via RHEED
assisted pulsed-laser deposition. The growth temperature and oxygen pressure of the SrRuO;
layer was accomplished at 750°C and 50 mTorr, respectively. The PbTiO; and the SrTiO; layers
of the superlattices were grown at same conditions at 600°C growth temperature and 100 mTorr
oxygen pressure. The fluence of laser pulses was 1.5 J/cm? with a repetition rate of 10 Hz.
Reflection high-energy electron diffraction (RHEED) was used during the deposition to ensure
the maintenance of layer-by-layer growth mode of PbTiO; and SrTiO; throughout the growth
process. This enables the total thickness of the superlattices to be kept at100 nm, while the
periodicity of the superlattices differs. After depositions, 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.

STEM Analysis. The plane-view samples of the superlattices for the STEM experiments were
prepared by gluing a 2.5 mm X 2.5 mm film on a 3-mm molybdenum grid. The plane-view
samples were then grinded, dimpled and ion-milled. Cross-sectional samples for the dark-field
TEM and STEM experiments were prepared by slicing, gluing, grinding, dimpling and ion
milling. A Gatan PIPS II was used for the final ion milling. Before ion milling, the samples were
dimpled down to less than 20 um. The final ion-milling voltage was 0.5 kV to reduce ion-beam
damage. HAADF-STEM 1images were recorded by using a Cs-corrected TEAM1 FEI Titan
microscope working at 300 kV. A HAADF detector acquiring ‘Z-contrast’ images were used to

record the HAADF-STEM images.
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The beam convergence angle was 17 mrad. The diffraction contrast image (Fig. 1b) was
recorded using a TitanX microscope (FEI) working at 300 kV. Determination and mapping of
the polar atomic displacements was performed on the atomic-scale HAADF-STEM images by
using the column offsets of each titanium and lead atom, obtained from the position fitting of the
titanium and lead atoms. The atom positions were determined by fitting them as two-dimensional
Gaussian peaks using Matlab. The titanium displacement in each PbTiOj; unit cell was calculated
as a vector between each titanium atom and the center of mass of its four nearest lead neighbors.
The displacement of the titanium in each unit cell was opposite to the polarization direction of
the PbTiO;. The visualization of the two-dimensional polar displacement vectors was carried out
using Matlab. Random noise in the displacement vector maps was reduced using a weighted

smoothing length of 1.2 nm.

In-situ STEM study. In situ characterization was performed using dark-field (DF) diffraction
contrast TEM on a JEOL 3010 at 300kV. This method provides rapid acquisition (30ms frame
time) and sensitivity to the polarization direction from dynamic scattering arising from the non-
centro-symmetry of the crystal along the selected Bragg peak. An electrical bias was applied
using an external power supply along the cross-section of the sample via a freely positioned
tungsten probe at the superlattice surface biased to the conductive SRO bottom bottom electrode

(Fig. 3).

Phase-field Simulation. Quasi 2-Dimensional Phase-field simulations are performed to study

polarization distribution in (PbTiO;)s/(SrTiOs)s superlattice on a (110),-DyScO; substrate. The
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spontaneous polarization vector P is used as the order parameter. The temporal evolution of the

order parameter is governed by time dependent Ginsburg-Landau equation, i.e.,

IP, OF .
—()T:—La—Pi(l—lﬁ)

Where ¢ is the evolution time, L is the kinetic coefficient related to the mobility of the domain
wall. The total free energy F has the contributions from mechanical, electrostatic, Landau

chemical and polarization gradient energies,

F:f (fElastic+ fElectric+fLandau+medient)dV
Detailed expressions of the energy terms, the material parameters as well as how to

numerically solve the equations have been given in previous literatures.”” *'~* The simulation
system 1s discretized into a quasi-2D grid of 400AxX4AyX250Az, with Ax=Ay=Az=0.4 nm.
Periodic boundary condition is applied along the inplane dimensions, while a superposition
method is used in the out-of-plane direction.** In the out-of-plane dimension, the thickness of the
substrate, film and air are set as 30Az, 188Az and 32Az, respectively; while the film is comprised
of periodical stacking of 6Az of PbTiO; layers and 6Az of SrTiO; layers. Close-circuit electric
boundary condition is used where the electric potential is fixed to zero at the top and bottom of
the film surface.’’ While a thin film boundary condition is applied where the stress on the top of
the thin film is zero, and at the bottom of the substrate far away from the film/substrate interface,
the displacement is zero.” Iteration perturbation method is used to account for the
inhomogeneity in the elastic constants of PbTiO; and SrTiOs;.*> The lattice constant of the
substrate is set as 3.947 A (fully strained along X) and 3.942 A (partial relaxation in a thin TEM
sample along Y). A background dielectric constant of 40 is used.’® *7 A tail-to-tail charged

domain wall is set as the initial configuration. The time step interval is set as 0.01, the simulation
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runs for a total of 40000 timesteps. To simulate the applied electric field through the Tungsten

tip, a Lorentz-type electric potential function is applied on the top of the thin film, i.e.,

2

14
o=
0 y2+(x—x0)2+(y—y0)

5 , where @ois the magnitude of the applied electric potential, the tip

effective radius »is set as 20 nm, the tip position (Xo, Yo) is set on the middle of the film top, i.e.,

(200 Ax, 2 Ay).
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Fig. 1| Structure of mixed states vortices and a domains. A, Low magnification, STEM image of the
cross-section of a (PbTiO;)s/(SrTiOs)s superlattice along the [010],. zone axis. Each bright/dark
modulation corresponds to a period of the clockwise vortex—counter clockwise vortex strings. The
phase separates into roughly periodic blocks of vortices (vortex strings) and a-domains such a way that
domain walls form on {101},. The presence of vortex strings is being laterally bounded by antiparallel

a domains (head to head or tail to tail) which would nominally form a CDW if vortex string were



absent. B, Phase-field simulations shows the MVDs string stabilized CDW (tail-to-tail domain walls as

well as head-to-head) and neutral domain walls. The formation of domain walls on {101}, are also

captured.
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Fig. 2| High-resolution presentation of the vortex-domain wall. A, High resolution-STEM image
with an overlay of the polar displacement vectors (Pp, indicated by arrows) with alternate clockwise
and anticlockwise vortices of polarization and with a domains (middle panel). Yellow arrow indicates
positive P, and blue arrow shows negative P,. B, High resolution image of the boundary on the left side
of A. C, High resolution image of the phase-field result, showing both the head-to-head and tail-to-tail

domain wall.
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Fig. 3| Creation of MVDWSs and CDWs under in situ electric field in (PbTiO3)¢/(SrTiO;)s superlattice.

A, Applying the biased through the tungsten probe to the grounded bottom electrode in the cross-



section of the (PbTiO;)¢/(SrTiO3)s superlattice which has mixed phase state of vortices and a-domains
observed by DF-TEM image. Under applied the positive bias (+15V) the vortex strings erase and form
the tail-to-tail domain walls (middle pattern) and under the negative bias (-15V) some of vortex strings
reappear and form the head-to-head domain walls (bottom panel). B, Phase field simulation of the
electric field control of CDWs creations. As grown condition superlattice shows mixed states of vortex
and a-domains (top panel). After applying the +5V the vortex phase erase and create tail-to-tail domain
walls (middle panel) and after applied -5V vortex reappear including head-to-head domain walls
(bottom panel). C, Concept of vortex domain wall memory as simulated by phase-field. Applying
external electric field through a tip electrode could trigger the transition between multi-VDWs and

CDWs.
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Fig. 4| Dielectric properties of the (PbTiO;)¢/(SrTiO;)s superlattice. A, Frequency dependent of the
dielectric permittivity under zero voltage, showing very stable dielectric permittivity over a large range
of frequencies. B, Permittivity as a function of temperature at 10 kHz. The permittivity is also very
stable over a temperature range of >150 K. C, Permittivity vs. bias loop as calculated by phase-field

simulations. D, corresponding experimental measurements.
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Fig. S1| Domain wall structures. A, Schematic representation of Ising walls (neutral and charged),
Neel and Bloch type domain walls. The Neel and Bloch walls are classified by their axis of rigid
rotation. B, Schematic view of 180° head-to-head charged domain walls normal to the polarization axis

(top left), anisotropic transverse domain walls (bottom left), isotopic transverse domain walls (top

right) and vortex domain walls (VDWs) (bottom right).



Snde vortex state

Two vortices state

Fig. S2| The dynamic formation of the vortex domain wall for (PTO)¢/(STO). A, Initial setup B,

intermediate metastable state with only one or two vortices in between the charged a-domain wall.
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Fig. S3| Direction of the applied electric field underneath the tip with different applied electric

potential through a surface probe calculated by phase-field.
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