UC Berkeley
UC Berkeley Previously Published Works

Title

Phase coexistence and electric-field control of toroidal order in oxide superlattices

Permalink

Ihttps://escholarship.org/uc/item/6p8633sd

Journal

Nature Materials, 16(10)

ISSN
1476-1122

Authors
Damodaran, AR
Clarkson, JD
Hong, Z

Et al‘

Publication Date
2017-10-01

DOI
10.1038/nmat4951

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/6p8633s8
https://escholarship.org/uc/item/6p8633s8#author
https://escholarship.org
http://www.cdlib.org/

nature .
materials

ARTICLES

PUBLISHED ONLINE: 7 AUGUST 2017 | DOI: 10.1038/NMAT4951

Phase coexistence and electric-field control of
toroidal order in oxide superlattices

A. R. Damodaran®?, J. D. Clarkson"?", Z. Hong?, H. Liu?, A. K. Yadav"?, C. T. Nelson'®, S.-L. Hsu'®,
M. R. McCarter’, K.-D. Park®, V. Kravtsov®, A. Farhan®, Y. Dong?, Z. Cai'®, H. Zhou™,

P. Aguado-Puente™?, P. Garcia-Fernandez®, J. ifiiguez', J. Junquera®, A. Scholl®, M. B. Raschke?,
L.-Q. Chen3, D. D. Fong#, R. Ramesh"?7 and L. W. Martin"?*

Systems that exhibit phase competition, order parameter coexistence, and emergent order parameter topologies constitute a
major part of modern condensed-matter physics. Here, by applying a range of characterization techniques, and simulations, we
observe that in PbTiO;/SrTiO; superlattices all of these effects can be found. By exploring superlattice period-, temperature-
and field-dependent evolution of these structures, we observe several new features. First, it is possible to engineer phase
coexistence mediated by a first-order phase transition between an emergent, low-temperature vortex phase with electric
toroidal order and a high-temperature ferroelectric a,/a, phase. At room temperature, the coexisting vortex and ferroelectric
phases form a mesoscale, fibre-textured hierarchical superstructure. The vortex phase possesses an axial polarization, set
by the net polarization of the surrounding ferroelectric domains, such that it possesses a multi-order-parameter state and
belongs to a class of gyrotropic electrotoroidal compounds. Finally, application of electric fields to this mixed-phase system
permits interconversion between the vortex and the ferroelectric phases concomitant with order-of-magnitude changes in

piezoelectric and nonlinear optical responses. Our findings suggest new cross-coupled functionalities.

tance®® and multi-ferroism*”’ (that is, materials simultane-
ously exhibiting magnetic and ferroelectric order) represent
some of the key discoveries of condensed-matter physics in the
past few decades. In all cases, emergent phenomena arise from the
interplay of spin, charge, orbital and/or lattice degrees of freedom
and related coupling that leads to a rich spectrum of competing
phases and novel effects*'’. Understanding the nature of sponta-
neous symmetry breaking and ordering in these phases, and the
phase transition pathway under applied stimuli is of fundamental
significance. At such phase boundaries, there is often the oppor-
tunity to induce colossal field-driven effects (for example, colossal
magnetoresistance'""” in mixed-valent manganites, giant electrome-
chanical responses at morphotropic phase boundaries"”™*® and so
on). At the same time, considerable interest has been given to
exploring new phases with non-trivial, real-space order parameter
topologies and emergent continuous symmetry that can occur at
the mesoscale (for example, complex spin textures such as vortices
and skyrmions'"™"?).
In the case of ferroelectrics, several theoretical studies
have proposed complex polarization topologies (reminiscent of
rotational spin topologies) in low-dimensional structures. The

| | igh-temperature superconductivity', colossal magnetoresis-

20-24

models have predicted the formation of polarization waves, vortices
and so on that can be characterized by an emergent order parameter,
a so-called electric toroidal moment (G = (1/2V) [ r X P(x)d’r;
refs 20,22,25). Such toroidal moments can also give rise to a range
of novel phenomena (for example, pyrotoroidic, piezotoroidic
and so on effects) in response to thermodynamic stimuli.
Experimental realization of such structures occurred only
recently’’, wherein superlattices of (PbTiO;),/(SrTiO;), (n*12-20
unit cells) exhibiting novel polarization-based topologies (namely
polarization vortices) were achieved by inducing a competition
between electrostatic and strain boundary conditions that inhibit
the formation of a homogeneous ferroelectric ground state. The
result was nanometre-scale vortex arrays that match the predictions
for structures exhibiting an electric toroidal moment.

By exploring superlattice period-, temperature- and field-
dependent evolution using phase-field models, second-principle
calculations, synchrotron X-ray diffraction, piezoresponse force
microscopy (PFM), X-ray photoemission electron microscopy
(PEEM)-based linear dichroism, and optical second-harmonic
generation (SHG) and SHG nano-imaging, we have discovered that
these superlattices exhibit a rich diversity of physical phenomena.
Most important is the observation of phase coexistence mediated
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Figure 1| Structural evolution of ferroelectric and vortex phases with superlattice periodicity. a, High-resolution & — 26 scans of 100-nm-thick
(PbTi03),/(SrTiO3), superlattices grown on DyScO3 (001, substrates for n=4, 6, 10, 14 and 16 (top to bottom, respectively) revealing evolution from a
single aj/a; alloy peak and corresponding superlattice peaks at short periodicities to mixed-phase films revealing an extra set of alloy and superlattice
peaks corresponding to the vortex (V) phase. b,¢, Three-dimensional, synchrotron-based symmetric reciprocal space maps about the 002, -diffraction
condition of the DyScO3 substrate containing the in-plane [010],. and out-of-plane [001], confirming (b) single a;/a; alloy peak and corresponding
superlattice peaks at n=4, and (¢) mixed-phase coexistence for n=16 showing additional set of alloy and superlattice peaks corresponding to the vortex
phase along with the appearance of characteristic satellite peaks corresponding to an in-plane periodicity of ~11nm along the in-plane [010],.

d, 2D intensity colour-map summarizing temperature-dependent synchrotron X-ray diffraction & — 26 scans about the 002, -diffraction condition of the
DyScOs substrate, and e, a plot of the ratio of diffracted beam intensity from a vortex superlattice peak (ly()) to the aj/a; superlattice peak (If1y) revealing
hysteresis indicative of a first-order phase transition from the vortex phase to the a;/a, phase at ~200 °C.

by a first-order phase transition between an emergent, low-
temperature vortex phase with electric toroidal order and a high-
temperature ferroelectric a,/a, phase. At room temperature, the
coexisting vortex and ferroelectric phases spontaneously assemble
in a mesoscale, fibre-textured, hierarchical superstructure. The
vortex phase is further found to possess an axial polarization (P,,)
that is set by the net polarization of the surrounding ferroelectric
domains such that it possesses a multi-order-parameter state and
belongs to a class of potentially chiral and naturally gyrotropic
electrotoroidal compounds®™?. Finally, application of electric fields
to this mixed-phase system results in deterministic interconversion
between the vortex and the ferroelectric phases concomitant with
order-of-magnitude changes in piezoelectric and nonlinear optical
responses and promise for new cross-coupled functionalities.
(PbTi0s),/(SrTi0;), superlattices (n=4,6, .. ., 16) were synthe-
sized on 5nm SrRuOj;-buffered DyScO; (110) ((001),., where pc
indicates pseudocubic indices) substrates using established proce-
dures (Methods)*. X-ray diffraction 6 — 26 studies about the 002,-
diffraction condition of the DyScO; substrate reveal an interesting
evolution in structure with superlattice periodicity (Fig. 1a). Super-
lattices with n=4-10 reveal a single alloy film peak (c ~3.915 A)
along with first- and higher-order superlattice reflections (labelled
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as F (£m)). Synchrotron-based three-dimensional (3D)-reciprocal
space mapping (RSM) (Supplementary Fig. 1) and high-resolution
PEM (Supplementary Fig. 2a) studies show that the single alloy film
peak corresponds to a phase with in-plane polarized ferroelectric
a,/a, stripe domains running along the [110],,. (henceforth referred
to as the a,/a, phase). Moreover, the a,/a, domain width progres-
sively reduces with increasing superlattice periodicity (Supplemen-
tary Fig. 2¢); indicative of a thickness regime where interface effects
dominate and Kittel’s law scaling is invalid**.

On transitioning from short- to intermediate-period superlat-
tices (that is, n=12-18), where interface effects are less dominant,
the a domain size decreases to its lowest value (~6 nm). In addition
to the diffraction peaks corresponding to the a,/a, phase, X-ray
0 — 20 scans also reveal an extra set of alloy (c & 3.944 A, labelled V)
and superlattice (labelled V (£m)) peaks indicative of a new phase
(Fig. la); thus suggesting the possibility of an emergent mixed-
phase structure. Additional insights into this new phase are obtained
from 3D-RSM studies (Supplementary Fig. 3) and, for brevity, we
compare a planar section of the 3D-RSM about the 002, -diffraction
condition for the n =4 (Fig. 1b) and n =16 (Fig. 1c) superlattices.
Consistent with the § — 26 scans, the n = 16 superlattices show extra
peaks corresponding to the new phase (V) and associated V (£m)
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superlattice peaks along the out-of-plane [001],.. The new phase
(V) is also found to produce satellite peaks (marked by arrows)
along the in-plane [010],. corresponding to an ordering of ~11 nm;
characteristic of the recently identified vortex phase”. The emer-
gent vortex structures in these intermediate-period superlattices are
also confirmed via ferroelectric polarization mapping of an n=14
superlattice using high-resolution scanning transmission electron
microscopy (Supplementary Fig. 4). This is consistent with phase-
field studies’™®” that predict a crossover of energies for vortex and
ferroelectric a,/a, phases at an intermediate periodicity regime
(n~10 unit cells). These studies reveal that as the superlattice pe-
riodicity is varied, the system enters a regime of phase competition
wherein phases with ferroelectric and electric toroidal order coexist.

To further understand the nature of such mixed-phase coex-
istence, temperature-dependent X-ray diffraction 6 — 20 studies
about the 002, -diffraction condition of the DyScO, substrate were
completed to probe the evolution of the various phases (data for
selected temperatures, Supplementary Fig. 5). A 2D-colour-map
showing the diffracted beam intensity as a function of 26 and
temperature reveals a continuous decrease (increase) in the intensity
of peaks corresponding to the vortex (a, /a,) phase revealing a direct
phase transformation pathway from the mixed-phase structure to a
purely ferroelectric a, /a, phase at ~200 °C (Fig. 1d). A subsequent
transition from the a,/a, phase to the paraelectric phase occurs at
a temperature of ~325°C (Supplementary Fig. 6). On returning
to room temperature, the mixed-phase structure re-emerges with a
thermal hysteresis indicating a first-order phase transition between
the ferroelectric a, /a, and vortex states (Fig. le).

The nanoscale phase separation between ferroelectric and vortex
phases in intermediate-period superlattices also manifests itself
in PFM (Fig. 2a) as a complex pattern that is dramatically
different from the a, /4, twin structure (for example, see the n=4
superlattices; Supplementary Fig. 2a). The lateral piezoresponse
image for an n =16 superlattice reveals stripe-like order in which
alternating stripes exhibit high (chequered white and black) and low
or zero (brown) piezoresponse with a periodicity of ~300 nm along
the [100],.. The high-response regions are the ferroelectric a,/a,
phase that exhibits a net polarization along the in-plane (110),,
(from vector PFM studies, Supplementary Fig. 7) and individual
domain widths of only 6-7 nm (from X-ray studies, Fig. 1c) and
the low-response regions are the vortex structures. This is further
confirmed from height modulation of the sample surface since the
difference in the unit cell lattice parameters between the vortex
(c=3.94A)and a,/a, (c=3.915A) phases gives rise to systematic
variations in the surface topography (Fig. 2b) and correlated changes
in the lateral piezoresponse amplitude (Fig. 2¢). This correlation is
highlighted by line traces along a terrace step of the film (dashed
lines, Fig. 2b,c) that shows opposite trends in height (green, Fig. 2d)
and lateral piezoresponse amplitude (red, Fig. 2d). Ultimately, these
data indicate that at room temperature, the coexisting vortex and
ferroelectric phases spontaneously assemble in a mesoscale, fibre-
textured, hierarchical superstructure.

To understand the microscopic details of how the ferroelectric
phase evolves into the vortex phase, we first focus on a single PbTiO,
layer within the superlattice near the phase boundary as extracted
from phase-field models (Fig. 3a). As expected, the a,/a, domains
(labelled FE (a,/a,) wherein the colour scale shows the polarization
component along the [100],.) exhibit uniform polarization along
the [100],. and [010],. resulting in a net polarization along the
[110],. (white arrow, Fig. 3a). As one transitions into the vortex
phase (labelled Vortex wherein the colour scale corresponds to the
magnitude of V x P), the polarization evolves into polarization
vortices with axes aligned along the [100],.. More insight into
the nature of this phase boundary can be obtained by tracking
the evolution of the polarization components ({Pig), (Pyy) and
(Poo1)) as well as the magnitude of the axial electric toroidal
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Figure 2 | Unravelling the nanoscale distribution of ferroelectric and
vortex phases. a, Lateral piezoresponse image for an n=16 superlattice
revealing stripe-like order in which alternating stripes exhibit high
(chequered white and black) and low or zero (brown) piezoresponse with a
periodicity of ~300 nm along the [010],. Correlation of b, variations in
the surface topography to ¢, changes in the lateral piezoresponse amplitude
in tandem with insights from X-ray diffraction studies confirm that the
vortex phase corresponds to protruding features in surface topography with
low piezoresponse while the aj/a, phase is recessed in topography with
large lateral piezoresponse. d, A line trace across the topography
(green-dashed line) and lateral piezoresponse images (red-dashed line)
revealing opposite and dramatic modulations in surface topography and
lateral piezoresponse between the a;/a, and the vortex phases.

moment ((|G|), averaged across the section) as one transitions
from the ferroelectric to vortex structure (Fig. 3b). Starting with
the ferroelectric phase, we observe constant in-plane polarization
components and near-zero (|Gl|). The transition to the vortex
phase occurs over ~20 unit cells and is characterized by complex
polarization rotation pathways (reminiscent of Bloch- and Neel-
like walls in ferromagnets) along with a continuously increasing
(|G]) that eventually saturates to a large value of 0.2e A™" that
arises from the continuous rotation of polarization within the vortex
structures (blue box, Fig. 3a and in colour-maps of the polarization
components Py, (Fig. 3c), Py, (Fig. 3d) and P, (Fig. 3e) for the
same section). We also note that the clockwise and anticlockwise
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Figure 3 | Exploring the phase boundary between a;/a; and vortex phases. a, A zoom-in of the phase-field calculation focusing on a single PbTiOs3 layer
near the phase boundary and revealing that the ferroelectric a1/a, superdomain (labelled FE(aj/ay), colour scale showing polarization component along
[100]pc or the X-direction) smoothly transitions to the vortex phase (labelled Vortex, colour scale corresponding to magnitude of V x P) comprising of
alternating clockwise and anticlockwise polarization vortices. b, Plot showing the spatially averaged ferroelectric polarization components ({Po), (Po1o)
and (P100)) and the averaged magnitude of the axial electrical toroidal moment ({|G|)) as one traverses across the phase boundary along [100] from the
ferroelectric to the vortex phase. c-e are colour-maps showing the spatial distribution of the (¢) Poos, (d) Pg1o and (e) Prgo components for a cross-section
(blue box, a) of the vortex phase and highlight the coexistence of toroidization and an axial component (Pjoo 2 0.1 C m~2) of polarization, the direction of
which is related to polarization in the adjacent a;/a; phase. f-h, Lateral piezoresponse force studies showing (f) topography, (g) lateral amplitude, and (h)
lateral phase revealing the nanoscale distribution of a;/a, and vortex phases, and highlighting the presence of domain-wall-like features within the vortex

phase that are indicative of axial polarization components.

vortices are arranged in an alternating fashion, such that the toroidal
moment G periodically switches direction (akin to what has been
called an antiferrotoroidal phase)®'.

Also notable is that while the spatial averages of the non-
axial polarization components ({Py), {Poi)) g0 to zero within
the vortex phase, a sizable axial component ({P,4) & 0.1Cm™?)
is observed (Fig. 3b); the direction of which is related to the
component of net polarization in the adjacent ferroelectric phase.
In turn, this produces a screw-like character to the vortex phase
and suggests that the vortex structure is characterized by a multi-
order-parameter state consisting of axial ferroelectric polarization
that coexists with G. This is also observed in second-principles
calculations (Supplementary Fig. 8) for an n = 14 superlattice
(Methods and Supplementary Fig. 9) and is consistent with previous
predictions for low-dimensional ferroelectrics”**. Such axial
polarization can be experimentally observed by focusing on a region
of phase coexistence (that is, alternating ferroelectric a,/a, and
vortex stripes, Fig. 3f). Using PFM, it is again observed that the
amplitude of the piezoresponse (Fig. 3g) is higher in the ferroelectric
a,/a, regions than in the vortex regions, which, along with the
topography, allows for clear demarcation of the regions. The phase
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of the piezoresponse (Fig. 3h) shows two contrasts across the same
area. By combining the amplitude and phase data, the fact that the
cantilever axis is aligned along the [010],., and our understanding
of the a,/a, structure, the net in-plane polarization for each area
can be extracted (arrows, Fig. 3g). Consistent with the phase-
field predictions, the axial polarization component of the vortex
phase is set by the direction of the polarization in the adjacent
a,/a, stripe (for example, region I, Fig. 3g,h). There are situations,
however, when adjacent a,/a, stripes on either side of a vortex
region possess opposite net in-plane polarization, and in this case
we observe an inversion of the lateral phase signal in the vortex
region indicative of a ‘domain-wall-like’ feature (for example, region
II, Fig. 3g,h). Either way, both the phase-field models and PFM
data suggest that the vortex structures possess an axial component
of polarization that is correlated with the polarization in the
surrounding ferroelectric phase.

The presence of this axial polarization component is interesting
because it suggests the formation of a multi-order-parameter state.
In turn, electric-field control of toroidal order is of great interest
because it offers the potential for new cross-coupled functions® .
To explore this concept, the time-dependent evolution of both the
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vortex and a,/a, regions of a mixed-phase structure was explored
under an applied out-of-plane voltage (15V) using phase-field
models. Specifically we have collected the evolution of energy and
polarization under bias (1,500 time steps) and during relaxation
after the bias is turned off (16,000 time steps; where each time
step is ~240 fs). After turning on the voltage, the various energies
(green and red data, respectively, for the vortex and a,/a, phases;
Fig. 4a) and polarization states (Fig. 4b-d) are observed to evolve.
Starting from the as-grown, mixed-phase state (bias time step
1, Fig. 4a,b), the out-of-plane voltage drives a rotation of the
polarization towards the field direction reducing the electric energy
of the system (bias time steps ~1-100, Fig. 4a). Within the a,/a,
regions, this corresponds to a rotation of the polarization in the
applied field direction (not shown) and within the vortex regions
(Fig. 4c), the polarization in the direction of the applied voltage
is found to be enhanced and that opposite to the voltage is
reduced thereby quenching the vortex structure. Both the a,/a,
and the vortex structures ultimately trend to the same final
state, a uniformly poled, monoclinic state with large out-of-plane
polarization (~70 uC cm™?, time steps >200, Fig. 4a,d). We note
that this evolution is almost entirely driven by a reduction in the
electrical energy that overcomes barriers in the Landau and elastic
energies to align the polarization in the field direction.

After turning off the applied bias and allowing the system to relax,
again a complex evolution of the energies (Fig. 4e) and polarization
states (Fig. 4f-h) is observed wherein the entire sample relaxes in
a similar fashion. Immediately after turning off the applied bias
(time step 1, Fig. 4e), there is a large jump in the electric energy
driven by depolarization effects that destabilizes the out-of-plane
polarization. In turn, there is a rapid reduction in the electric energy
and a corresponding increase in the Landau energy of the system
(time steps 1-200, Fig. 4e) due to a reduction of the magnitude
of the polarization (from ~70 to 35uCcm™?) in the out-of-plane
direction. This marks the beginning of a series of events driven
by a competition between Landau and elastic energies wherein
fast changes in the polarization (that is, the Landau energy) are
counteracted by slow changes in the elastic energy as it attempts
to reach a new equilibrium (time steps 200-8,000, Fig. 4e). In this
range, the Landau energy first begins to dominate and works to
restore the total polarization by driving the polarization to increase
in the in-plane direction resulting in a fully in-plane polarized
monodomain structure (by time step 200-300, Fig. 4e). This in-
plane polarized phase, however, forms at the expense of enhanced
elastic energy and effectively launches an elastic shockwave that
drives twinning in the in-plane polarized phase to create an a, /a,-
like structure (by time step 3,000-4,000, Fig. 4e,f). At this point,
the system must activate other means to reach equilibrium since
it cannot be accomplished with the Landau and elastic energies
alone. Thus, small increases in the electric and gradient energies
(corresponding to the introduction of a wave-like instability; time
step ~8,000, Fig. 4e,g) break the oscillatory nature of the Landau
and elastic energy variations and drive the formation of the vortex
phase across the entire sample (time step 16,000, Fig. 4e,h). Once
this phase is formed, no further evolution is observed. Thus, from
phase-field simulations, it appears that there is a pathway—albeit
a complex one—by which we can not only manipulate the vortex
structure, but deterministically control the relative fraction of vortex
and a,/a, phases with d.c. electric fields thus making possible
effective cross-control of ferroelectric and electric toroidal order
that could give rise to a rich spectrum of effects.

To realize this predicted electric-field control of the multi-order-
parameter state, we focus on an n = 16 superlattice and explore
electric-field evolution of the phases under applied d.c. electric fields
using PFM. Beginning with an as-grown superlattice in the mixed-
phase form (Fig. 5a), application of a positive electrical bias (via a
scanning probe tip within the orange box, Fig. 5a) results in the
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Figure 4 | Phase-field studies of electric-field control of ferroelectric and
vortex phases. a, Time-dependent evolution (wherein each time step is
x40 fs) of energy components of vortex (green data) and a;/a, (red data)
regions of a mixed-phase superlattice film under an applied out-of-plane
bias (15 V). b-d, Simulation cross-sections of the (b) as-grown,
mixed-phase state, (¢) the vortex phase (time step 100) under applied bias,
and (d) the uniform, monoclinic polarization state with out-of-plane
polarization component (~70 uC cm~2) (time step 1,500) for both the
vortex and aj/a, phases. After turning off the applied bias and allowing the
sample to relax, e, the energies evolve in a complex manner. Simulation
cross-sections reveal that all areas evolve in the same manner wherein the
uniformly polarized state first undergoes f, lattice twinning to form an
in-plane polarized a1/a;-like structure (time step 4,500). From there, the
system evolves to g, a wave-like instability (time step 8,000) and finally, h,
reaches a new equilibrium state wherein the entire samples is vortex in
nature (time step 16,000).

mixed-phase structure being converted to one with a uniformly low
piezoresponse corresponding to the vortex state (Fig. 5b). Similar
effects are observed following application of negative bias, which
can also give rise to conversion to pure vortex phase (Supplementary
Fig. 9). Within this pure vortex region, subsequent application of
a negative electrical bias to selected locations (blue lines, Fig. 5a)
restores the region back into a mixed-phase structure with similar
stripe-like features to the as-grown superlattice (Fig. 5¢). Closer
inspection reveals that, after applying the negative bias to the tip,
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Figure 5 | Reversible electric-field control of ferroelectric and vortex phases. Lateral piezoresponse amplitude images for an n=16 superlattice showing
the a, as-grown mixed-phase structure, b, the conversion to a uniformly low-piezoresponse state corresponding to the vortex phase, as confirmed by
nanodiffraction studies showing the intensity of the a;/a, 002,,c-diffraction peak (inset), following application of a positive 15V bias and, ¢, reversal of
portions of region back into a mixed-phase structure, again confirmed by nanodiffraction studies (inset), following application of a negative 15 V bias.

d, SHG polar plots obtained from regions with the as-grown mixed-phase structure (orange), the electrically poled pure vortex structure (blue), and that of
the volume normalized signal from the a1/a; phase (red-dashed) revealing a large SHG intensity change after transitioning to the vortex phase. The inset
shows SHG nano-imaging of the corresponding domain texture with signal contrast between the ferroelectric and vortex regions.

the regions directly under the tip have contrast consistent with the
low piezoelectric response of the vortex phase and only adjacent to
these written lines (where the in-plane fields from the tip are the
strongest) can the high response consistent with the 4, /a, phase be
observed (Supplementary Fig. 10). This change in phase structure
is confirmed via synchrotron X-ray nanodiffraction studies (spatial
resolution of ~200 nm, inset of Fig. 5b,c and Supplementary Fig. 11)
and PEEM-based X-ray linear dichroism studies (spatial resolution
of 30nm, Supplementary Fig. 12) that provide structural and
spectroscopic confirmation, respectively, of the proposed electric-
field-induced manipulation of phases. Such reversible electric-field
control of the vortex and ferroelectric phases is indicative of a strong
coupling between the ferroelectric polarization and electric toroidal
moment, the potential for interconversion using a variety of stimuli,
and highlights the possibility to control function by tuning the phase
fractions. For instance, the SHG response from the as-grown regions
(orange data, Fig. 5d) is found to be consistent with that observed
for the purely ferroelectric a, /a, phase in a single-layer PbTiO, film
(Supplementary Fig. 13). The ability to electrically switch to a purely
vortex state results in a strong reduction of the second-harmonic
intensity (blue data, Fig. 5d). In turn, realizing that the presence
of the vortex phase results in a reduction of SHG intensity and by
normalizing the as-grown signal based on the volume of the two
phases, we estimate nearly an order of magnitude reduction in the
SHG signal in the vortex phase as compared with the ferroelectric
phase. Such effects are also resolved at the nanoscale in near-
field SHG nano-imaging (inset, Fig. 5d) obtained using shear-
force atomic force microscopy-based scanning near-field optical
microscopy (Methods) where the ferroelectric and vortex regions
provide alternating strong and weak signals, respectively.

All told, these observations have broad-ranging implications
for a range of novel physical phenomena and next-generation
applications. First, the establishment of a true electric toroidal
moment is important since such structures have not been widely
observed experimentally. Second, the demonstrated coexistence and
reversible electric-field control of ferroelectric and electric toroidal
order provides for a number of novel opportunities for applications.
In the simplest form, the ability to ‘turn-off” ferroelectric response
via conversion to the vortex phase allows for large tunability
and susceptibilities. Potentially more interesting is the possibility
to both explore and, ultimately, utilize the nature of emergent
phenomena made possible by the presence of the electric toroidal
moment including electrotoroidic, piezotoroidic and pyrotoroidic
susceptibilities; something that has not been possible to date. Finally,
the vortex structures themselves also hold tremendous potential
for other properties including emergent chirality derived from
the screw-like nature of the vortex that could enable electrically
switchable optical rotation and dichroism®. In fact, it has been
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shown that the electric-field derivative of the electric toroidal
moment™? is related to the imaginary part of the magnetoelectric
susceptibility, and thus can allow for electric-field control of natural
optical activity””. Ultimately, this work represents an important
milestone towards the utilization of complex electrical polarization
topologies for next-generation applications.

In summary, this work has demonstrated the possibility to
control and engineer phase coexistence between an emergent
vortex phase with electric toroidal order and a ferroelectric a,/a,
phase. This phase coexistence also exhibits classical temperature-
dependence (that is, a first-order phase transformation and
hysteretic behaviour) and spontaneous self-assembly into a
mesoscale, fibre-textured, hierarchical superstructure at room
temperature. Closer inspection of the emergent vortex phase
reveals an axial polarization, set by the net polarization of the
surrounding ferroelectric domains, suggesting a novel multi-order-
parameter state belonging to a class of electrotoroidal phases that
are potentially chiral and naturally gyrotropic. In turn, application
of electric fields to this mixed-phase system results in deterministic
interconversion between the vortex and the ferroelectric phases
with associated order-of-magnitude changes in piezoelectric and
nonlinear optical response thus demonstrating the potential for
novel cross-coupled functionalities.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Synthesis of superlattices using RHEED-assisted pulsed-laser deposition.
Methods for superlattice synthesis have been performed according to previous
works® and are reproduced here for completeness. Superlattices of
(PbTi0;),/(SrTi0;), were grown on 5 nm SrRuO;/DyScO;(110),, [(001),.]
substrates via pulsed-laser deposition. All depositions were performed at a laser
fluence of 1.5] cm ™ in an on-axis geometry that was found to provide for
stoichiometric transfer of all materials from target to substrate. The SrRuO; was
grown at a heater temperature of 700 °C and a dynamic oxygen pressure of

50 mtorr. The superlattices were grown at a heater temperature of 630 °C and a
dynamic oxygen pressure of 100 mtorr. The growth was monitored in situ using
reflection high-energy electron diffraction (RHEED) and revealed layer-by-layer
growth throughout the growth process (Supplementary Fig. 1), thus enabling
growth of the superlattices with different periodicities while achieving the same
total thickness of 100 nm. RHEED oscillations were monitored for specular spots
along the [110],, of the DyScO; (110), substrate. Following growth, the samples
were cooled in 50 torr of oxygen to room temperature to promote oxidation.

Structural characterization using laboratory-based X-ray diffraction.
High-resolution # — 26 symmetric scans using a Panalytical X'Pert Pro X-ray
diffraction system (Cu source) were used to confirm the superlattice period
achieved via RHEED-controlled growth. The presence of superlattice peaks, as well
as Pendell6sung fringes about both the central Bragg and the superlattice peaks (for
example in superlattices with periodicity n =6, 10 (Fig. 1a)), attests to the high
crystallinity of the superlattice structure, and the precise nature and smoothness of
the interfaces in these structures.

Structural characterization using synchrotron X-ray diffraction. Synchrotron
X-ray diffraction studies were employed to study the evolution of structure and
complex phase coexistence in the superlattice structures. The high flux from a
synchrotron source delivered at the Sector 33-BM-C beamline of the Advanced
Photon Source, Argonne National Laboratory was optimal to extract lattice
modulations associated with the nanoscale ferroelectric domains and vortex
structures. A double-crystal monochromator in conjunction with two mirrors was
used to obtain a highly monochromatic beam with negligible higher-order
harmonics. The excellent accuracy of a Huber 4-circle diffractometer in
combination with a PILATUS 100K pixel detector allowed us to obtain
3D-reciprocal space maps (RSMs) with high accuracy and speed. The X-ray
wavelength used for obtaining the RSMs was 0.8 A (15.5keV).

Structural characterization using synchrotron X-ray nanodiffraction.
Diffraction microscopy experiments were conducted at Sector 2-ID-D of the
Advanced Photon Source. The 11 keV incident X-rays were focused by a zone plate
to a beam size of ~200 nm and raster scanned over the piezoresponse force
microscopy (PFM)-switched regions. The diffracted X-rays were collected by a
PILATUS 100K pixel array detector. Two regions of interest in reciprocal space
were chosen for imaging: one at the 002-diffraction condition for the a,/a, phase
and the other at the satellite peak position of the vortex phase. In this way, the
structural relationship between the a, /a, phase and the vortex phase could be
measured simultaneously. Wider scans along the out-of-plane 00L direction were
also performed by rotating the sample and detector while maintaining a fixed beam
position outside or inside the PFM-switched regions.

Topography and domain structure characterization. Study of the superlattice
structures was carried out using an atomic force microscope (MFP-3D, Asylum
Research). Dual a.c. resonance tracking PFM was conducted using a conductive
Pt/Ir-coated probe tip (NanoSensor PPP-EFM) to image the domain structures and
complete vectorial PEM studies.

Phase-field simulations. Phase-field simulations were performed to simulate the
polar structure and switching behaviour of the (PbTiO;),,/(SrTiO;),, superlattices
grown on DyScO; (110),, substrates. The spontaneous polarization vector (P) is
chosen as the order parameter, governed by the time-dependent Ginsburg-Landau
equations:

AP, (r,t S§F
( ): L

at SP,(r,1)
where t, L and F denote the evolution time step, kinetic coefficient, and total free
energy of the system, respectively. The free energy has contributions from the
Landau, elastic, electric (electrostatic) and gradient energies, that is,

(i=1,2,3) (1)

F= / (f].andau + ﬁ:‘lastic + ﬁilectric + mediem) dv (2)

The detailed expressions of these energies can be found in previous reports* .
A 3D mesh of 200 X 200 x 250 is used, with each grid representing 0.4 nm, the

thickness dimension (from bottom to top) is made up of 30 layers of substrate,

176 layers of film and 22 layers of air. In the film layer, 9 unit cells of PbTiO;, and 9
unit cells of SrTiO; as well as 1 layer of transition layer in between the PbTiO; and
SrTiO; layers are deposited periodically. Periodic boundary conditions are applied
along the in-plane directions, while a superposition method is used in the thickness
dimension®. Fixed potential electric boundary conditions are applied where the
electric potentials on the bottom and top are fixed to 0 and the applied bias,
respectively. During the poling process, 15V is applied on the top electrode. A
mixed elastic boundary condition is used where the displacement on the bottom of
the substrate is zero while the out-of-plane stress on the film top is free. All of the
material constants are adopted from previous literature”****. Random noise with
small magnitude (<0.1 uC cm™?) is added as the initial nuclei.

Second-principles simulations. Methods for second-principles simulations have
been performed according to previous work" and are reproduced here for
completeness. Interactions within the PbTiO, or SrTiO; layers are addressed with
previously introduced potentials for the bulk compounds*. These potentials give
qualitatively correct descriptions for the lattice dynamical properties and structural
phase transitions of both materials. A simple numerical average was used for
interactions of the ion pairs touching or crossing the interface. Within the
superlattice periodicities studied in this work, the main effects of the stacking are
electrostatic wherein long-range dipole-dipole interactions are governed by the
Born effective charges of the parent compounds and a bare electronic dielectric
constant &, is taken as a weighted average (with weights reflecting the composition
of the superlattice) of the first-principles results for PbTiO; (ezgm3 =8.5¢,) and
SrTiO, (8@‘5‘03 =6.2¢,). To preserve the electrostatic energy within each material
as close as possible to the bulk parent compounds, the Born effective charge tensors
of the inner atoms were rescaled by /e/ €289 (where ABO, stands for PbTiO; or
SrTiO; depending on the layer) and, as noted in equation (23) of ref. 44, the
dipole-dipole interactions were maintained to be the same as bulk. For atoms
touching the interfaces, the Born effective charge tensors were left untouched.
In-plane lattice constants of a=b=3.901 A were assumed. An external expansive
hydrostatic pressure of —11.2 GPa was imposed to counter underestimation of the
local density approximation of the cubic-lattice constant that was taken as the
reference structure for the fitting of the second-principles parameters. Such
approximations and adjustments allow for the construction of models for
superlattices of arbitrary » stacking. Simulations applied periodically repeated
supercells that containing 2 X 2n elemental perovskite units in-plane, an one full
supercell period in the out-of-plane direction.

Local polarizations were computed within a linear approximation of the
product of the Born effective charge tensor times the atomic displacements from
the reference structure positions divided by the volume of the unit cell. The effect
of external electric fields was incorporated in the effective Hamiltonian simulation
by including the leading coupling term between the field and the local dipoles. The
models were solved via Monte Carlo simulations comprising 10,000 thermalization
sweeps followed by 40,000 sweeps to compute thermal averages. If the Metropolis
Monte Carlo samplings are performed at low temperature, then only random
configurations along the Markov chains that produce a lowering in the energy are
accepted, so this procedure can be used as an equivalent to structural relaxations to
find the ground state.

Conventional and scanning transmission electron microscopy. Methods for
TEM-based studies have been performed according to previous work® and are
reproduced here for completeness. Samples for TEM studies were produced via
mechanical polishing on an Allied High Tech Multiprep. Cross-sectional samples
were polished at a 0.5° wedge, and planar samples with a flat polish. Following
polishing, the samples were Ar-ion milled using a Gatan Precision Ion Milling
System from a starting energy of 4 keV to a final cleaning energy of 200 eV.
Scanning TEM was performed on a Cs-corrected TEAMO.5 FEI Titan
microscope at 300 kV using a high-angle annular detector resulting in “Z-contrast’
images. Raster distortion was minimized using a pair of HR-STEM images of the
same region taken with orthogonal scan orientations. These orthogonal scan
orientation images were used to calculate a corrected ‘pre-distortion’ image to
minimize the slow scan axis*. Mapping and extraction of the polar atomic
displacements (Ppp) was performed on the corrected HR-STEM for high-angle
annular dark-field images using local A- and B-site sublattice offset
measurements*®. This process is based on the fact that for many displacive
perovskite ferroelectrics the electric dipole moment is manifested by relative shifts
of the cations, as is the case for PbTiO;, and this offset can be used to infer the
polarization (P). This is helpful since the anions (oxygen) have relatively weak
electron scattering resulting in low signal-to-noise ratio, especially for high-angle
annular dark-field images, limiting the impact they can have on characterizing the
electric dipole. In bulk PbTiO; at room temperature, the Ti and O ions are shifted
by 16.2 pm and 47-49 pm in the direction opposite to the polarization, respectively,
relative to the Pb lattice”. In turn, we can use the Ti ions to infer the offset of the
Ti-centred oxygen octahedra, which can be used to determine the electric dipole.
Displacement vectors (Ppp) corresponding to local offsets between the A- and
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B-site sublattices were calculated in the following three steps. First, the atomic
positions were determined by fitting each atom site in the image to four-parameter,
spherical Gaussians using a trust-region algorithm in Matlab. Such fits were
performed simultaneously for five-atom clusters of the B-site-centred perovskite
unit cell. Second, the displacement for each atom is then calculated as the
difference between its atom position and the mean position (that is, the centre of
mass) of the surrounding four opposite-type cations. Using a pseudocubic grid
indexing (wherein A-sites define the grid) and defining the cross-section image to
lie in the x-z Cartesian plane (x =[100],., z=[001],.), for an atom at grid
position i, this corresponds to mean neighbour positions (MNPs) of:

MNPX,-j = 1/4[95,‘—0.5,]'—0.5 + Xi—05,+0.5 + Xit0.5,40.5 + Xi+a.5,j—0.s]
MNPz; = 1/4[Zx—0,54—u.5 +Zi0s5405 T Zivosjros Zx+0,5.1—0.5]

Finally, the polar displacement vector is defined with reversed order for A- and
B-site-centred atoms to maintain a consistent displacement vector sign (otherwise
it would alternate directions):

Popjaiee = (5 — MNPX,‘,')Q + (z; — MNPZ,])Q
Pppjipsie = (MNPx; — x;)x + (MNPz;; — z;)z

This convention defines a displacement vector direction nominally parallel to the
full electrical polarization of the bulk crystal structure.

The curl vector (or vorticity) of the displacement vector field Py, in the TEM
plane is the y component of V X Py, or ((8Ppp,z/9x) — (3PPDYX/3Z))); (again the
TEM image is defined as the x-z plane, y is the direction of the electron beam).
The polarization gradient terms 8Py, z/9x and 9Py, /0z were calculated by a
weighted least-squares fit of a two-variable (x and z) first-order polynomial to Ppp,
and Py, at each atom site with a fit area extending to 12 surrounding atoms. Said a
different way, the local Py, , and Py, values were fitted as a plane, and the
derivatives are taken as the x and z slopes of the plane. A Gaussian function with a
o of the mean grid spacing was used as the weighting function; that is, the central
atom was given a weight of 1 and decreased to a weight of ~0.1 for the most distant
of the 12 neighbour atoms considered. The polynomial fit was used as a smoothing
function for the vector fields displayed in the figures, effectively smoothing the first
derivative, and the gradients input into the curl equation.

Photoemission electron microscopy (PEEM)-based X-ray linear dichroism.
X-ray linear dichroism in the near-edge X-ray absorption fine structure senses the
local anisotropy of the electron charge cloud, and is sensitive to the local
ferroelectric polarization axis. PEEM images and spectra were taken at the Ti L
edge using s- (along [100]) and p- (30° from [001]) polarized X-rays. Vortex and
ferroelectric regions are distinguished in X-ray linear dichroism PEEM images
mainly by their different [100] polarization components.

Second-harmonic generation (SHG) and SHG nano-imaging. A typical
reflection mode geometry was used the far-field SHG anisotropy measurement,
with combinations of input and output polarizations selected by an achromatic
half-wave plate and a polarizer to probe specific tensor components. The
backscattered SHG intensity was then measured while keeping the polarization
optics stationary and rotating the sample. For near-field SHG nano-imaging, a
shear-force atomic force microscopy-based scattering scanning near-field optical
microscopy set-up was used in a tilted tip geometry as described previously***.
The Au tip was illuminated from the top by broadband ~10 fs pulses derived from
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a Ti:sapphire oscillator (Femtolasers, 800 nm centre wavelength, 78 MHz repetition
rate), with tip-parallel polarization and average incident power of 3 mW. The
tip-enhanced SHG signals were collected by a microscope objective (100 X,

NA = 0.8) in the back-reflection geometry and detected with a spectrometer and a
CCD (charge-coupled device; Princeton Instruments).

Data availability. All relevant data are available from the authors, and/or are
included with the manuscript as source data or Supplementary Information
including that in Figs 1-5 and Supplementary Figs 1-13.
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