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Abstract: Topologically  protected  polar  textures  have provided a rich playground for the
exploration  of  novel,  emergent  phenomena.  Recent  discoveries  indicate  that  ferroelectric
vortices  and  skyrmions  not  only  host  properties  markedly  different  from  traditional
ferroelectrics,  but also that these properties can be harnessed for unique memory devices.
Using  a  combination  of  capacitor-based  capacitance  measurements  and  computational
models,  we  demonstrate  that  polar  vortices  in  dielectric-ferroelectric-dielectric  trilayers
exhibit classical ferroelectric bi-stability together with the existence of low-field metastable
polarization states. This behavior is directly tied to the in-plane vortex ordering, and we show
that it can be used as a new method of non-destructive readout-out of the poled state.  
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1. Introduction

The recent discovery of ferroelectric (FE) polar textures in (PbTiO3)n/(SrTiO3)n (PTO/
STO) superlattices has opened the door to realization of emergent phenomena not accessible
in traditional ferroelectric materials. Through careful control of the elastic, electrostatic, and
gradient boundary conditions, polar textures such as vortices[1], skyrmions[2], and merons[3,4]

can all be formed within the PTO/STO superlattices. The vortices, in particular, have been
shown to host numerous novel properties including negative capacitance[5,6], chirality[7–9], and
most  recently  phonon-like  collective  dynamics.[10] One  of  the  most  important  remaining
pursuits is how to harness the exotic behavior of the polar vortices for device applications. 

Multiple  studies have been performed,  focusing on the transformation of the polar
vortices under an applied electric field using in situ transmission electron microscopy (TEM),
[11,12] piezoresponse  force  microscopy (PFM),[13] nonlinear  optics,[9,13] and  in  computational
models and simulations.[8,9,13] The majority of these studies have focused on the out-of-plane
switching behavior (in response to out-of-plane electric fields) using local imaging techniques
to measure the transformation from a vortex state to a polarization wave state and finally to a
single c-domain state.[12] When measuring the net change in polarization as an electric field is
applied (i.e., as in a polarization-electric field hysteresis loop), however, the system displays
minimal hysteresis with little saturation (Figure S1). More recent studies focused on the in-
plane  switching  behavior,  on  the  other  hand,  reveal  that  the  vortex  system  displays  bi-
stability,  reminiscent  of  classical  ferroelectrics.[9,11] The  appearance  of  bi-stable  behavior
allows for the storage of memory, for example, as either a 1 or 0 based on the state on whether
the system is in a positively poled,  +P,  or  negatively poled,  -P,  state,  particularly at  low
electric fields, as we show in this work. 

Traditional ferroelectric random access memories (FeRAM) have long been touted for
their  promise  as  a  non-volatile  (NVRAM) form of  memory  storage  with  high  operation
speeds, low energy costs, and high endurance compared to other forms of  NVRAM.[14–16] In
capacitive based FeRAM, one can address memory by poling the system to a state +¿P or –P
state. Unfortunately, one can only measure changes in polarization, so to read out the state of
the material one must switch the polarization state of the material by applying a field larger
than the coercive field. The change in state from –P to +¿P, however, means that the bit has
now been altered and must be readdressed to the –P state if one wants to re-read the data.[14–16]

This  so-called  destructive  readout  can  be  overcome by using  a  more  complicated  device
geometry  such  as  in  ferroelectric  field-effect  transistors  (FeFET),  where  a  ferroelectric
material  is  included in the  gate  stack,   or  by measurement  of  tunneling  currents  through
ultrathin ferroelectrics in a ferroelectric tunnel junction (FTJ). But, to date, non-destructive
readout has not been achieved in the simplest FeRAM architectures and these other devices
often come with their own challenges due poor endurance properties, depolarization effects,
and interface  quality.[16] Here,  we delve  deeper  into  the  origins  of  the  bi-stable,  in-plane
polarization  of  the  vortex  structure  and  show how its  unique  switching  behavior  can  be
harnessed for non-destructive, capacitor-based memory.
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Figure  1 (A)  High  resolution  scanning  transmission  electron  microscopy  (HRSTEM)
showing polarization textures in PbTiO3/SrTiO3 tri-layers. The yellow arrow represents the
local  displacement  of  the  A or  Pb sites.  The curl  of  the  displacement  is  shown as  the
red/blue contrast. The zig-zag configuration/buckling can be observed by the off-centering
of the vortex cores, marked by white circles, with the center line of the PTO layer, marked
by the white dashed line. Direction of the net polarization is represented by the white arrow.
(B) Schematics of the two possible polarization states of the vortices, with blue, clockwise
vortices and pink, counter-clockwise vortices (C) In-plane interdigitated electrode used for
capacitive measurements. Scale bar is 60 m.

The origins of the in-plane bi-stability are directly tied to the ordering of the vortex
lattice. Within the plane of the film and withing each PTO layer, neighboring vortices rotate in
opposite directions, forming a lattice of alternating clockwise and counterclockwise vortices.
Under the tensile strain imposed by the substrate (DyScO3), the development of a mixture of
out-of-plane and in-plane polarization components are favored. To accommodate the in-plane
polarization the vortices off-center, where the vortex cores of neighboring vortices displace
(slightly) in the out-of-plane direction within the PTO layer towards the interface with STO in
an alternating up-down fashion (Figure 1A). The alternating rotation in conjunction with the
off-centering  leads  to  the  formation  of  a  spontaneous,  net  in-plane  polarization  along the
[100]pc (Figure 1B). Moreover, this net in-plane polarization can be tuned by application of
external in-plane electric fields along the [100]pc (i.e., perpendicular to the long-axis of the
vortex tube). When such fields are applied, the net in-plane polarization, which is coupled to
the  vortex  offset  ordering,  can  be  switched.[9] In  comparison  to  classical  models  of
ferroelectricity where a spontaneous, switchable polarization emerges due to the softening of
an optical phonon mode; this net in-plane polarization is driven by a strain-induced softening
of  the  recently  discovered  “vortexon”  modes.[10,17] While  previous  work  has  already
demonstrated this behavior,[9] the current work realizes the existence of low-field, metastable
switching events. These previously unnoticed switching events can be used to overcome one
of the fundamental challenges with ferroelectric memory: the requirement of a destructive
readout mechanism.
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For  this  study,  symmetric  (SrTiO3)20/(PbTiO3)20/(SrTiO3)20 trilayers  were  grown on
DyScO3 (110)  [i.e.,  (001)pc]  substrates  using  reflection  high-energy  electron  diffraction
(RHEED)-assisted pulsed-laser deposition (Methods). The polar-vortex structure was 

confirmed  using  high-angle
annular  dark  field  scanning  transmission
electron  microscopy  (HAADF-STEM),
where  atomic-scale  ionic  displacements
can be measured, as compared to the cubic
structure,  revealing  the  vortex  structure
(Figure 1A). For further investigation into
the  switching  behavior  of  the  polar
vortices  a  combination  of  experimental
techniques  and  computational  modelling
are  used  to  focus  on  origins  of  the
switching  mechanism  and  finally  we
reveal  how  this  behavior  can  be
functionalized  for  a  novel  form  of
FeRAM.

2. Results and Discussion

2.1. In-Plane Polarization Response
Using  interdigitated  electrode

structures (Figure 1C), we apply in-plane
electric  fields  along  the  [100]pc.  As  has
been  previously  demonstrated,[9] we
observe a hysteretic behavior between the
in-plane polarization and the applied field
(Figure 2A). This change in polarization
with  electric  field  (PE loop)  is  due  to  a
reversal in the off-centering pattern or the
buckling  pattern  of  the  vortices  seen  in
Figure  1A.[9] Additionally,  the  PE  loop
clearly displays pinching (marked by the
grey arrows in Figure 2A) at fields lower
than the coercive field. 

Pinched  PE  loops  are  not
uncommon in ferroelectrics,[18–22] and such
features are often attributed to the creation
of  a  deep  pinning  potential  for  domain
walls,[18,20] but it may also arise due to an
electric-field  driven  phase
transformation[19,21] or  due  to  defect
dipoles.[20,22] Here,  we  distinguish  two
switching  events,  henceforth  called
“major”  and  “minor”.  The  major-
switching  event  occurs  for  fields  larger
than  the  coercive  field  (~25  kV/cm),
where  the  out-of-plane  offset  of  the
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Figure 2  (A) Major PE loop (B-D) Minor PE
loops taken for as-grown sample (B), positively
poled sample (C), and negatively poled sample
(D). We note that the dielectric component of
each loop has been subtracted, see Figure S2 for
raw data.  Additionally,  we  can  only  measure
the change in net polarization of the material,
hence why at zero-field the ‘polarization’ is at
zero despite the minor loops, (C) and (D), being
taken at poled states.  



vortices  is  reversed and consequently the net  in-plane component  of the polarization also
changes  direction.  At lower  fields  (<  25 kV/cm),  minor-switching  events  also  take  place
wherein  the  system  displays  PE  loops  reminiscent  of  antiferroelectric  behavior;  with
hysteresis at a non-zero field and a remnant polarization of zero (Figure 2B). We note that
traditionally, minor-PE loops are referred to PE loops taken at sub-switching fields where the
one achieves partial  switching of the ferroelectric; it typically does not refer to a different
switching event, as it does here. When performing PE measurements below the coercive field
for as-grown trilayers, we observe hysteresis when applying both a positive and a negative
field (a so-called double loop; Figure 2B); however, strikingly, upon poling the sample the
minor PE loops become anisotropic. Poling to the positive (+P) state leads to a minor loop
with only hysteresis at negative fields (Figure 2C), and poling to the negative (-P) state leads
to hysteresis upon the positive side (Figure 2D). 

Since,  these  minor  loops  become  anisotropic  upon  poling,  we  can  harness  this
anisotropy for readout of the poled state. If the system is in the +P (-P) state we know that the
minor loop will display hysteresis only at negative (positive) fields, thus allowing for the state
to be read without having to apply a field larger than the coercive field which would destroy
the state.  Additionally,  because the minor  loops relax (i.e., display no remnant  change in
polarization), the state of the system remains unaltered after measuring the minor loop. Thus,
these minor loops can be harnessed for a low-field, non-destructive readout mechanism of the
poled state. 

2.2. Harmonic Analysis
The behavior of classical dielectrics under an applied electric field are typically well

described by their intrinsic-lattice response, leading to rather weak nonlinear effects such that
they  can  be  described as  “linear”  dielectrics.  The  presence  of  defects,  dipole  clusters,  or
domains, as is the case of ferroelectrics, however, can lead to strong nonlinear polarization
response.[23] By  studying  a  material’s  nonlinear  behavior  one  can  better  understand  the
dynamics  of  the  materials  and  the  physical  origins  of  the  material’s  nonlinearities.  To
investigate the origins of both the major- and minor-switching events, we turn to harmonic
analysis, a technique by which we measure the polarization response for different harmonics
of the drive-signal frequency.

Typically, to understand the switching behavior of a ferroelectric a periodic electric
field,  E (t), is applied and the total change in polarization,  P( t), is measured. This is then
plotted as  P(E ) loops; however, quantitative information about the details of the switching
process using such loops can be difficult to extract. Given that the driving field is periodic (in
our case sinusoidal), the polarization response will also be periodic in nature and can thus be
expressed as a sum of individual Fourier components:[23]

P ( t )=∑
n=1

∞

P( n) sin (nωt+δ n ) (1)

where  P( n ) is the amplitude of the change in net polarization for the nth harmonic, t is time, n
is an integer corresponding to each harmonic,  ω is the drive frequency, and  δ is  the phase
shift.[23] Measurement of each of these Fourier components allows for the recreation of the
total PE loop that is measured, but in general it has been found that measurement of the first
three components provides sufficient data.[23]

In practice we use a lock-in amplifier (Methods) to measure the polarization response
at  different,  specific  harmonics  of  the  drive  frequency  while  applying  an  AC  field  of
increasing amplitude.[23] By tracking how the amplitude and phase changes with excitation, we
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can  measure  subtle  changes  in  the  nonlinear  behavior  and,  therefore,  the  switching
mechanism. In particular, the phase shift, δn, provides insight into the switching mechanism.
As described in Ref. [23], the out-of-phase component of the fundamental, n = 1, polarization
response determines the total area inside the PE loops. All higher harmonics either change the
shape of the loop or redistribute its area. For higher-order, odd harmonics, a phase shift of 0°
or -180° indicates an in-phase response (with respect to the driving field) and is characteristic
of a reversible response that only bends the shape of the overall PE loop; whereas, a phase
shift of -90o indicates an irreversible, out-of-phase response that redistributes the hysteresis
area within the PE loop.[23] For even-numbered components the opposite holds true, where the
out-of-phase component indicates reversible behavior and the in-phase component indicates
the  irreversible  behavior  of  that  harmonic  response.[23] For  detailed  information  on  these
approaches, the reader is directed to a review article on the measurement and interpretation of
nonlinear polarization response by Riemer et. al.[23]

Using such a lock-in based technique, we measured the polarization response of the
first  three  harmonic  when  applying  AC-fields  of  increasing  amplitude  along  the  [100]pc

(Figure 3A). Though there is little change in the phase shift in the first two harmonics, the
third harmonic, n = 3, shows significant changes as the field amplitude is increased. Previous
work has shown that the phase of the third harmonic,  n = 3, strongly depends on the active
switching mechanism and can provide insight into the switching dynamics.[23,24] There are
three key events seen in the third harmonic data (Figure 3A). First, upon applying a 6 kV/cm
field we see an immediate drop of the phase of the third harmonic to -180° (for values smaller
than 6 kV/cm the signal is too small for accurate measurements). Second, the phase shift of
the third harmonic drastically increases around 12 kV/cm up to -20°. Third, there is a steady
decrease at fields higher than 15 kV/cm, tending to a plateau value of -80°. By comparing this
data  to  the  PE-loop  data  (Figure  2),  we can  associate  the  change  of  the  third  harmonic
between 5 and 12 kV/cm to the minor-switching event and the subsequent drop of the third
harmonic beyond 15 kV/cm to the major-switching event  (Figure 2A),  demonstrating that
both of these switching events have distinct driving mechanisms.  
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Figure 3 (A) First (blue), second (purple), and third (pink) harmonic measured along the in-
plane  polarization  of  the  vortices  at  10kHz.  Error  bars  represent  standard  deviation  of  10
subsequent measurements (B) Third harmonic measured for a 50 nm PTO (blue squares) and
100nm PMN (pink circles) sample. Lines are guide to eyes for expected behavior for classical
ferroelectrics (blue dashes) and relaxor ferroelectrics (solid pink) based on previous literature.
[24] (C) In situ PFM measurement of vortex sample. Contrast arises from domains of different in-
plane polarization due to difference in buckling pattern. As the field is increased, we see no
change in the domain structure until ~15 kV/cm at which point the domain wall irreversibly
moves (circled in grey). 

For comparison, we show the behavior of the third harmonic for reference samples of
ferroelectric PTO and the relaxor PbMn1/3Nb2/3O3 (PMN) (Figure 3B). In the case of PTO, we
observe the third harmonic slowly rising from -90°. This behavior is expected of classical
ferroelectrics and can be understood using the Rayleigh model,[25,26] which is conventionally
used to describe how domain-wall movement under an applied field affects the evolution of
the phase of the third-harmonic response. In a random-pinning potential, at low-fields domain
walls will,  macroscopically remain stationary but will vibrate within the pinning potential.
The vibration of the domain wall within the pinning site is fully reversible and a phase of -
180°  is  seen  (at  low fields  our  signal  is  too  small  to  capture  this  regime).  As  the  field-
amplitude  increases,  domain  walls  can  move  from  one  pinning  site  to  another  in  an
irreversible fashion. This irreversible movement of domain walls leads  δ3 to change from -
180° to  -90°.  This  behavior  has  been  seen  in  numerous  ferroelectric  systems  including
BaTiO3;[24] however,  this  is  not  the  only  commonly  observed  behavior.  When  similar
measurements are performed on soft ferroelectrics or relaxors, the phase shifts from -180°
directly  to  0°; resembling  our  measurement  for  PMN.[23,24,27] Such  a  behavior  cannot  be
ascribed to the Rayleigh  model  since it  indicates  a fully  reversible  switching mechanism,
unrelated  to  domain-wall  motion.  Previous  studies  have  generally  ascribed  this  to  the
movement of polar nanoregions (PNRs) in a paraelectric matrix and this has been observed in
multiple systems including Ba0.2Sr0.8TiO3 (BSTO), PbSc0.5Ta0.5O3, as well as PMN.[24,27–29] 

Using these models for comparison, we can ascribe the behavior at high fields in our
vortex system, where δ3 decreases towards -90° above 12 kV/cm, as evidence of irreversible
domain-wall motion as described by the Rayleigh model. Further evidence is shown through
in situ lateral PFM measurements (Figure 3C). Starting from the initial state, one sees contrast
arising from domains of opposite buckling patterns and thus opposite in-plane polarization. [9]

As the field increases, we see no change in domain structure until we reach 15 kV/cm. A
domain wall from the -P (blue) poled domain suddenly expands, and this motion remains
even after removal of the field. Importantly, we see no change in the domain structure at fields
lower than 15 kV/cm, which indicates that the minor-switching behavior, where δ3 goes from
-180° to nearly 0°, cannot be ascribed to the motion of domain walls. Further,  ex situ PFM
measurements also corroborate this absence of domain-wall motion after the minor-switching
mechanism is activated (Figure S7 and S8). 

Based on the  PFM studies  and  the  behavior  of  δ3 at  low-fields,  we  can  rule  out
domain-wall motion as a possible origin of this observation; rather it displays a relaxor-like
response despite the absence of traditional polar nanoregions. This suggests that  δ3 at these
low fields may be related to the motion of the vortices themselves. Furthermore, we note that
at even lower fields (< 7 kV/cm), we see saturation of another mechanism not visible in the
PE loop. Though noisy due to the low signal magnitude (Figure 3A), the  δ3 is about -40°
around 5 kV/cm, before a sudden drop to -180°. This may indicate that an even lower field
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switching mechanism is approaching saturation; however, due to the low signal we cannot
comment on the true nature of this behavior. 

2.3. Mechanism Behind the Minor Switching Event

Figure 4 (A-C) Phase field model of vortices at +40 kV/cm (A), 0 kV/cm (B), and -40
kV/cm (C). Black boxes are drawn from vortex centroid to PTO/STO interface and are used
to demonstrate how the vortices shift slightly as the field is applied. (D) Minor PE loop for
as positively poled vortex system calculated using second principles (purple) and phase
field modelling (blue). (E) Line scan of vortex (dashed lines in A-C) showing the in-plane
polarization vortex position at 0 kV/cm (purple), -40 kV/cm (pink), and +40 kV/cm (blue).
(F) The evolution of the total energy density and its components as a function of field as
calculated through phase-field modeling. 

To understand the microscopic origins of the minor switching behavior, a combination
of second-principles calculations and phase-field simulations was used to examine how the
atomic structure of the vortices change at these low-fields (Figure 4A-C). In both approaches,
we can recreate the same polar-vortex lattice and simulate how the vortex structures change
under  an  applied  field  and  calculate  their  net  in-plane  polarization  (Figure  4A-C).
Additionally, one can see that both second-principles calculations and phase-field simulations
are able to recreate the anisotropic minor loop for a positively poled sample (Figure 4D; see
Figure S8 and S9 for phase field simulations of the negatively poled minor loop and the major
loop). 

Starting  from a positively  poled system under  zero external  field  (Figure 4B),  the
clockwise  (CW)  rotating  vortices  lie  above  the  midpoint  of  the  PTO  layer  and  the
counterclockwise  (CCW) vortices  lie  below the  midpoint,  leading  a positive  net-in  plane
polarization. We note that for the PE loop we subtract this net polarization such that P x=0 for
zero external field as seen by the purple circle in Figure 4D. Now as an external electric field
is applied opposite to the in-plane polarization (i.e.,  along the negative  x  direction; Figure
4C),  the  vortices  shift  towards  the  midpoint  of  the  PTO layer,  thereby  reducing  the  net
polarization.  As the vortices  shift  towards the midpoint  of the PTO layer,  a row of local
dipoles above/below the CW/CCW vortices must reverse their direction, noted by the black
boxes in Figure 4A-C, and for every row of unit cells whose polarization is reversed the CW/
CCW vortices shift up/down by one unit cell (Figure 4C).[30] It is this shifting of the vortices
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by a few unit cells produces the hysteresis in the minor loops theoretically predicted (Figure
4D) and seen experimentally (Figure 2C). As the field is reduced again, the vortices remain in
their  displaced state until  the field is no longer large enough large enough to support the
displaced vortex configuration, as further illustrated in Figure S10. 

Though these same effects can occur when a field is applied along the net in-plane
polarization (Figure 4A), one sees minimal hysteresis at positive fields for this configuration
(Figure 4D). This is due to the fact that a field parallel to the in-plane polarization will shift
the vortices towards the PTO/STO interface, where there is much less room for the vortices to
displace before destruction of the vortex state. Therefore, the shifting of the vortices toward
the PTO/STO interface is much less favorable and it is a classical polarization extension that
dominates the polarization response. Thus, the anisotropy seen in the minor loops is a direct
consequence of the buckling pattern of the vortices 

These  vortex  displacements  are  further  illustrated  in  Figure  4E,  where  the  x-
component of the local  dipoles along the vertical  dashed line crossing the upper counter-
clockwise vortex core shown in Figure 4A-4C is displayed. At the center of the core, this in-
plane component of the polarization vanishes.  Due to the remanent offset in the absence of
external field, the core is not located at the center of the PTO layer, but at a higher position, as
shown (purple curve, Figure 4E). A positive electric field essentially does not modify this
position  (small  differences  between  the  blue  and  purple  curves,  Figure  4E).  However,  a
negative field large enough to produce the switching of a row of local dipoles produces the
displacement of the vortex core towards the center of the PTO layer, as demonstrated by the
relatively large shift between the pink and purple curves (Figure 4E). 

Furthermore, by examining the energy density of the vortex system as a function of
the external electric field (Figure 4F), the total energy density of the system displays little
hysteresis even within the hysteretic regimes of the PE loop. Despite the vortex system being
in different state as the field amplitude is increased and decreased, the total energy remains
nearly identical due to the individual components of the energy density delicately balancing
each other out. As a row of polarization is switching there is an increase in the Landau energy,
but this is compensated by decreases in both the gradient and electric energy terms (Figure
4F). Thus, these two slightly different vortex states remain close in energy until the field is
finally turned off such that the system relaxes back to its initial state, indicating that vortex
system exists in a double well structure alongside numerous vortex cores states that are close
in energy to the ground state. 

2.4. Mechanism Behind the Minor Switching Event
Having shown the origin of the minor-switching behavior, here we demonstrate how

such behavior can be harnessed for a novel, non-destructive readout of the ferroelectric state.
As previously described, a capacitive FeRAM requires a destructive readout mechanism to
determine if the system is in the +¿P or –P state.[14–16] With the vortex system, one can use the
metastable, anisotropic minor loops as a way of determining the poled state of the system at
fields well below the switching field. Whether the minor loops are hysteretic at positive or
negative fields can be used as a nondestructive readout of the state of the major loop, for
example by applying a small positive bias to the system, less than the coercive field of the
major  loop  and  larger  than  the  coercive  field  of  the  minor  loop,  one  would  measure  a
switching current  for a negatively poled sample and no switching current  for a positively
poled sample (for the current versus field response see Figure S11). Furthermore, since the
minor loops show no remnant change in polarization one can continue to read-out the system
without altering the overall poled state. Indeed, these minor loops can be read continually for
up to 1010 cycles without any noticeable changes (Figure S12). 
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Now we utilize  the readout  mechanism enabled by the anisotropic  minor  loops to
measure  the  switching  speed  of  the  major  switching  event.  The pulse  sequence used  for
measurement  of  the  switching  speed  is  illustrated  in  Figure  5A.  We  use  the  triangular
waveforms to measure the minor PE loops (Figure 5B) before and after applying a switching
pulse  of  variable  pulse  width  and  pulse  amplitude  (Methods).  By  taking  the  difference
between the saturation polarization of the minor loop at positive fields (∆ Ps

+¿¿, noted by the
black arrow in Figure 5B), we can measure to what degree the system was switched by the
applied pulse. The degree of switching, ∆ Ps

+¿¿, is measured for a wide range of pulse widths
and amplitudes (Figure 5C). Clear switching behavior (indicated by blue) is seen from 500 ms
to as low as 100 ns (see Figure S13 for switching data out to 100 s). We note that even for
500 ms pulse widths, the switching field is well above 11.67 kV/cm, the field amplitude used
for measurement of the minor PE loops (raw data of minor loops is provided, Figure S13).

Figure 5 (A) Pulse sequence used for switching measurement. First a -30 kV/cm, 1ms pulse
is used to set the material in the negative state. A minor PE loop is then taken with a bipolar
triangle wave of amplitude of 11.67 kV/cm to confirm the state. A positive switching pulse
of  variable  time  and  amplitude  is  applied.  Finally,  another  minor  PE loop  is  taken  to
measure  if  the  system has  switched  or  not.  (B).  Representative  curves  for  whether  the
materials  did  not  switch  (pink),  partially  switched  (yellow),  or  fully  switching  (blue).
Measuring the difference in polarization at positive field between the first and second PE
loop allows us to calculate the relative degree of switching. See Figure S14 for example of
raw data. (C) The normalized degree of switching, as quantified by ∆ Ps

+¿¿, as a function of
pulse width and pulse amplitude/electric field. Dark pink indicated no-switching, whereas
dark blue indicated full switching. 

Additionally, we see that as the pulse width is increased, the required switching field
decreases. This decay of switching time with electric field is further indication that the major
switching event is driven by the nucleation and growth of domain walls as seen in both the
harmonic analysis and PFM measurements (Figure 3). Furthermore, we find that by fitting the
switching time as a function of field to Merz’s law (Figure S14, Supplementary Section A), an
empirically derived model based on nucleation and growth of domains,[31,32]  it would take
over 700 years to change the poled state of the system given that one reads the minor loops
with a field amplitude of 12.5 kV/cm. Therefore, usage of the minor-switching event would
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even improve upon data retention due to a lower requirement of the field needed to read the
state of the system. 

3. Conclusion

Here we have demonstrated how the ordering of the ferroelectric vortices gives rise to novel
functionality and switching behavior. Due to the buckled nature of the vortices, the emergence
of fully switchable in-plane polarization gives the bistability required for nonvolatile memory
applications. Furthermore, at lower fields we find previously unrealized switching events due
to unit-cell level, metastable displacements of the vortices. This metastable behavior comes as
a  direct  consequence  of  confinements  of  the  vortices,  as  both  the  vortex  size,  vortex
displacements, and ferroelectric layer thickness are all similar length scales. One can harness
these metastable switching events for the non-destructive readout of the in-plane poled state in
a simple capacitor structure. While there is clearly more work needed to functionalize this
behavior, this confinement-based approach may be applicable to other ferroelectric systems
where one can use the discrete motion of confined domain walls for non-destructive readout.
Additionally, the importance of the vortex ordering in its novel properties and functionalities
should lead to interest in the ordering of other polar topological defects such as merons and
skyrmions.

4. Experimental Section/Methods

Sample Growth STO/PTO/STO
The  (SrTiO3)20/(PbTiO3)20/(SrTiO3)20 trilayers  were  synthesized  on  single-crystalline  DSO
(110)o,  where (110)o=(001)pc,  substrates  via  RHEED-assisted  pulsed laser  deposition  (KrF
laser) as described in Ref. [1].

Sample Growth PTO
50nm PbTiO3 samples were grown using pulsed-laser deposition in an on-axis geometry with
a  target-to-substrate  distance  of  60  mm,  using  a  KrF  excimer  laser  (248  nm,  LPX 300,
Coherent) as described in Ref. [33].

Sample Growth PMN
50 nm Ba0.5Sr0.5RuO3 /100 nm PbMg1/3Nb2/3O3 /50 nm Ba0.5Sr0.5RuO3 heterostructure was 
deposited on LSAT (001) substrate (CrysTec GmbH) via pulsed-laser deposition using a 248-
nm-wavelength KrF excimer laser (LPX-300, Coherent). The Ba0.5Sr0.5RuO3 bottom electrode 
was deposited from a ceramic target (Praxair) under heater temperature 750 °C, oxygen 
pressure 20 mTorr, laser fluence 2.0 J cm-2, and laser repetition rate 4 Hz. The PbMg1/3Nb2/3O3

film was deposited from a ceramic target with 10% lead excess (Praxair) under heater 
temperature 600 °C, oxygen pressure 200 mTorr, laser fluence 1.8 J cm-2, and laser repetition 
rate 2 Hz. The top electrode was grown under the same conditions as the bottom electrode but
heater temperature was kept at 600 °C. Following the growth, the chamber was cooled down 
in oxygen atmosphere of 760 Torr. 

Device Fabrication
The electrodes were patterned using UV lithography using a Heidelberg MLA150 Maskless
Aligner in the Berkeley Marvell NanoLab at CITRIS, with AZ MiR 701 Photoresist, followed
by Pt sputtering (80 nm). The  Pt was then lifted off via a  ~12 hour soak in 1-methyl-2-
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pyrrolidone (NMP). For these devices the finger length was 120 µm, the number of fingers
was 20, and finger spacings of 10, 5, 3, and 1 µm were used.  

PE Loop and IV Curve Measurements
PE  loops  and  IV  curves  were  taken  using  a  Precision  Multiferroic  Tester  (Radiant
Technologies), measured at 1 kHz unless stated otherwise. IV curves for the minor loop were
taken after averaging 100 loops due to low signal. 

Harmonic Analysis Measurement
The amplitude and phase shift of each harmonic was measured using a Stanford Research
System  SR830  Lock-In  Amplifier,  while  applying  a  10  kHz  sine  wave  of  increasing
amplitude.  Measurements  of  STO/PTO/STO trilayers  were done on in-plane capacitors  at
room temperature. Measurement of PTO and PMN were done in an out-of-plane geometry
and  measurements  for  PMN  were  done  at  178K,  below  the  material’s  Tmax, so  that  the
transition could be more easily measured. Data acquisition and analysis was done using ekpy.
[34] 

Switching Speed Measurement
For  this  measurement  we  used  four  wave  forms  to  measure  the  switching  speed  of  the
materials. First, a -30 kV/cm, 1ms pulse was used to set the system in the –P state. Second, a
1kHz bipolar triangle wave with a 11.67 kV/cm peak amplitude was used to measure the
minor PE loop. Third, a positive pulse of variable width and amplitude was used to ‘switch’
the material. Finally, another minor loop was taken with the same conditions as the first PE
loop.  Additionally,  a  one-second delay  was used  between each waveform.  The degree  of
switching (∆ Ps

+¿¿)  was measured by taking the difference of the saturation polarization at
positive fields between the first and second PE loop,  ∆ Ps

+¿=Ps
+ , 1

−P s
+ , 2

¿. Pulses were generated
using  a  pulse  Berkeley  Nucleonics  (no.  BN  765)  pulse  generator,  while  PE  loops  were
measured using a Precision Multiferroic Tester (Radiant Technologies). Data acquisition and
analysis was done using ekpy.[34] 

In Situ and Ex Situ PFM
Using an  atomic  force  microscope  (MFP-3D,  Asylum Research),  we conducted  dual  a.c.
resonance tracking lateral PFM using a conductive Pt/Ir-coated probe tip (NanoSensor PPP-
EFM)  to  image  the  in-plane  domain  structures.[9] For  in  situ  measurements,  in-plane
capacitors were wire bonded to a chip carrier and a dc bias was applied using a Keithley 2400
Sourcemeter. For ex situ measurements, voltage pulses were applied between measurements
using a Precision Multiferroic Tester (Radiant Technologies).

Endurance Cycling
Endurance cycling measurements were performed up to 1010 cycles using a 500 kHz triangle
wave with  a  peak  amplitude  of  20  kV/cm with  a  Precision  Multiferroic  Tester  (Radiant
Technologies).

TEM Measurement
All the trilayer samples were polished using a were mechanically polished using a 0.5° 
wedge. The samples were subsequently Ar ion milled in a Gatan Precision Ion Milling 
System, starting from 3.5 keV at 4° down to 1 keV at 1° for the final polish. The subsequent 
high resolution scanning transmission electron microscopy (HR-STEM) was performed using 
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the double aberration corrected FEI microscopes at 300 kV, 30 mrad convergence angle and 
50 pA beam current. 

The data processing was performed using the “finding polarization vector” in  
TopoTEM.[35] In summary, all the A sites were found using atom detection. Afterwards, all the
detected atoms were divided in the zone vector planes. The deviation in local A-displacement 
were found by taking the difference between the local A site displacement and the 
corresponding average displacement in the local zone axis plane. The displacement vectors 
were further interpolated into a grid Cartesian grid and then differentiated to obtain strain 
tensor maps. The infinestimal rotation or the curl of the displacement of vortices was 
calculated using the following equation: 

θ=
1
2 (

∂u
∂ y−

∂ v
∂ x )

Phase-Field Simulations
Phase-field  simulations  are  performed  to  investigate  the  switching  kinetics  of  the
(STO)16/(PTO)16/(STO)16 trilayer on a DSO substrate. The spontaneous polarization vector (P⃗)
is  employed  as  the  primary  order  parameter,  governed  by  the  time-dependent  Ginzburg-
Landau (TDGL) equations:[36–38]

∂ P⃗
∂ t =−L

δF ( P⃗ , ∇ P⃗)

δ P⃗
where t and L are the evolution timestep and kinetic coefficient, respectively. The total energy
F has the contributions from the Landau, elastic, electric, and gradient energy densities, i.e.,
F=∫ ( f Land+ f elas+ f elec+ f grad ) dV
Detailed expressions for the energy densities and the materials parameters can be found in
previous literatures.[36–40]

The simulation  system is  discretized  into a three-dimensional  mesh of  400 × 400× 100,
with each grid representing 0.4 nm. Periodic boundary condition is applied along the inplane
dimensions, while a superposition method is used in the out-of-plane direction. [40] Along  z
direction, the thickness of substrate, thin film, and air is set as 30, 50, and 20, respectively.
Thin film elastic boundary condition is employed where the out-of-plane stress is fixed to zero
on the thin film top, while the out-of-plane displacement on the substrate bottom sufficiently
far away from the electrode/superlattice film interface is set as zero. An iterative perturbation
method is used to solve the elastic equilibrium equation.[42] 

Second Principles Simulations
The second-principles simulations were performed using the same methodology presented in
previous works,[43,44] as implemented in the Scale-Up package.[44]  The interatomic potentials,
and the approach to simulate the interface, are the same as in [8]. We impose an epitaxial
constraint assuming in-plane lattice constants of a = b = 3.911 Å forming an angle of α= 90°.
This corresponds to a small tensile epitaxial strain of +0.25% with respect to the reference
structure  used  in  previous  works  (where  a  =  b  =  3.901  Å)  and  mimics  the  mechanical
boundary conditions imposed by the DSO substrate and the ones used in [9]. This epitaxial
condition favors the onset of an in-plane component of the polarization, which couples with
the offset of the cores of the vortices.

For computational feasibility, we have focused on a simulation supercell made from a
periodic repetition of 2n × 1 × 2n elemental perovskite unit cells, sufficiently large to allocate
a pair of counterrotating vortices. At low temperatures, the vortex phase is invariant along the

13



axial  direction  therefore  this  simplification  does  not  alter  the  model  while  speeds  up  the
calculations. For a given value of the electric field along x, we solved the models by running
Monte  Carlo  at  T=0K,  typically  comprising  10,000  thermalization  sweeps,  followed  by
10,000  sampling  sweeps  where  we  averaged  the  polarization  along  x.  To  perform  the
hysteresis  loop, we started from a positively poled relaxed structure at  zero electric  field.
Afterwards, we used the relaxed structure as seed for the next calculation changing the value
of the electric field ranging from –46 to 46 kV cm-1 in steps of 5.14 kV cm-1.  

Statistical Analysis

PE loop measurements include subtraction of the linear dielectric component as presented in 
Fig. S2. Subtraction was done by first performing a linear fit to the center of the minor loops 
or the point of saturation for the major loops. For the harmonic analysis, at each field 10 phase
measurements were performed and the average of the 10 measurements is represented as point
on Fig. 2A and 2B. The error bars represent the standard deviation of the 10 measurements. 
All other data presented has been unaltered.

To demonstrate repeatability major and minor loops are presented for four different samples 
(Fig. S15) and for three different devices on one sample (Fig. S16). 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author.
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Metastable Switching Events in Polar Vortex Arrays 

Within the polar vortex lattice, low-field metastable switching events are demonstrated in 
coesitance with classical ferroelectric bistability. By changing the poled state of the vortex 
lattice one can tune the anistropy of these low-field hysteresis loops, allowing for a novel 
method of non-destrucive readout of the poled state with a simple in-plane capacitor. 
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Metastable Switching Events in Polar Vortex Arrays
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Figure S1 PE Loops along [100]pc (a), [010]pc (b), and [001]pc (c) direction

Figure S2 Raw data without subtraction of the dielectric component for the minor loop (a)
and major loop (b)
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A) B)

Figure S3 Frequency dependence from 1 Hz to 100 kHz for the minor loop (a) and 1 Hz to
1 kHz for the major loop (b). 

Figure S4 First three harmonics measured for a bare DyScO3 substrate along the [100]pc 
direction. Data shows minimal third harmonic signal for the same fields as compared to the 
vortex sample. 
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Figure S5 PFM scans of region where in situ PFM was performed (A) Topography of the 
in-plane electrodes (B) Phase channel showing domains of opposite polarization (C) 
Zoomed in topography showing atomic terraces (D) Corresponding PFM phase of zoomed 
in image. 
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Figure S6 (A) PFM scan showing domains between in-plane electrodes (B)Minor loop 
taken of device after performing scan (A). (C) PFM scan taken after collection of minor 
loop (B). This shows no change in the overall domain structure after performing the minor 
loop. 

Figure S7 Ex situ PFM scan. Starting from a negatively poled sample images show 
nucleation and growth of domains upon application of large positive fields

23



Figure S8 Phase field modelling of major loop (a), minor loop in +P state (b), and minor 
loop in -P state (c)

Figure S9 Phase field modelling showing plane view and cross sections at 0 kV/cm (a), -50
kV/cm (b), -125 kV/cm (c), a +50 kV/cm (D) and (E) the polarization vs. electric field 
hysteresis loop under high poling field (major loop).

Figure S10 Second principles calculation showing (A) +P minor loop and corresponding 
cross-sectional view of vortices at loop position 1 (b) and position 2 (c). Highlighted arrows
indicate how vortices are displaced slightly in the vertical direction
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Figure S11 PE loops (purple) and current vs. electric field curves (blue) for the +P minor 
loop (A), the -P minor loop (B), and the major loop (C). Current vs. field curves for minor 
loops (A,B) were averaged over 100 loops due to minimal current. 

Figure S12 Endurance cycling of minor loop using a 20kV/cm, 500kHz triangular 
waveform. PE loops are presented for the initial state (a), after 106 cycles (b), after 109 
cycles (c), and after 1010 cycles (d)
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Figure S13 (a) Full switching speed study with extension to longer pulse widths of up to 
100s. (b-d) Pre-switching pulse PE loop (pink/loop 1) and post-switching pulse (purple/loop
2) PE loop taken with application of a 100 ms switching pulse with amplitudes of 20 kV/cm 
(b), 23.33 kV/cm (c), and 25 kV/cm (d). 

Figure S14 Switching speed versus electric field (pulse amplitude), extracted from Figure
5C as when ∆ Ps

+¿¿ is greater than or equal to 0.5. Fit is to Merz’s Law
A) B) C) D)

H)G)F)E)
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Fig. S15 (A-D) Major loops for four different STO20/PTO20/STO20 samples. (E-H) Negatively
poled minor loops for the same four samples.

Fig. S16  Copy of Fig. S16. (A-C) Major loops for three different devices for the same vortex
sample. (D-F) Negatively poled minor loops for the same three devices.

Supplementary Section A: Switching Speed vs. Electric Field
To further analyze the switching speeds, the points at which the normalized ∆ Ps

+¿¿ is greater 
than or equal to 0.5 are extracted, and the time versus field is plotted (Figure S14). An 
exponential decay is observed that is well modeled by Merz’s law:

t 0=t∞ e
α
E

(1)

where t0 is the switching speed, t∞ is the switching time at infinite field, α is the activation 
field, and E is the applied field. This is an empirically derived equation stemming from the 
nucleation of growth of domain walls, which describes switching behavior in classical 
ferroelectrics.1,2 In this case the activation energy (α = 875.59 kV/cm) is much larger than the 
coercive field of the minor loop, with a ratio of ~35. Typical ratios of the activation energy to 
coercive field lie close to 15; however, ratios as large as 40 have been previously reported 
with larger ratios being indicative to larger barrier to domain-wall nucleation and growth and 
the presence of larger depolarization fields.3-5 
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