Switchable polar spiralsin tricolor oxide superlattices
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ABSTRACT: There are increasing evidences that ferroelectric states at the nanoscale
can exhibit fascinating topological structures including polar vortices and skyrmions,
akin to those observed in the ferromagnetic systems. Here we report the discovery of a
new type of polar topological structure, an ordered array of nanoscale spirals, in the
PbTiGy/BiFeQs/SITiO; tricolor ferroelectric  superlattice system obtained via
phase-field simulations. This polar spiral structure is composed of fine ordered
semi-vortex arrays with vortex cores forming a wavy distribution. It is demonstrated
that the tricolor system has an ultrahigh Curie temperature of ~1000 K and a
temperature of ~800 K for the phase transformation from spiral structure to in-plane
orthorhombic domain structure, demonstrating a great thermal stability. The periodicity
phase-diagram is constructed, showing multiple phases from inplane domain, polar
spiral, and polar vortex to flux-closure with increasing ferroelectric layer thickness.
Moreover, the spiral structure has a net in-plane polarization that could be switched by
an experimentally-feasible irrotational in-plane field. The switching process involves a
metastable vortex state and is fully reversible. This discovery could open up a new
routine to design novel multiferroic topological structures with enhanced stability and

tunability towards with potential future applications in next-generation electronics.
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1. Introduction

Topological structures and their phase transitiamsferroic materials have
received great attention as they are not only séimally fascinating but also have
potential applications in spintronic and electrotévices such as memories and logic
gates. For instance, vorti¢&s skyrmion$™° and merons' *? etc. were discovered in
the past few decades in both ferroelectric andfeagnetic materials. They can be
manipulated by external stimuli such as magnegctek fields or an electric current.
It is demonstrated that one can move and switchorfegnetic vortices and
skyrmions using an external electric curfénand their potential device applications
have been propos¥d These novel topological structures with greadgiuced sizes
could facilitate the miniaturization of next-gent&wa electronic and spintronic
devices. One exciting recent advance in polar tapoal structures and phase
transitions is the discovery of the nanoscale #eciric vortex arrays in

(PbTiGy)/(SITiOs), (N=10-16) (PTO/STO) superlattices on a Dygc(DSO)



substrat® ** While such vortex arrays are scientifically im®ting, there are at least
two main obstacles to realizing their device amgtlans. Firstly, it is not trivial to
switch the curl of the polar vortices by means af ierotational electric field.
Theoretical studies have demonstrated that theofwaivortex in ferroelectrics can be
switched either with a careful design of the deviemmetry’*° or by applying an
inhomogeneous or a curled electric fi8ld* which however, is experimentally
challenging or even unfeasible. Secondly, the padatex lattice is thermally unstable,
favoring the formation ofaj/a, twin domain structures upon heating. Recent
experimental and theoretical studies have showntligavortex lattice transforms to
ay/a; twin domain structure gradually with increasinghperature, vanishing close to
~500 K,

A number of recent phase-field simulations have alsown that it is possible to
control the switching of a vortex in isolated fesfectric nanodots via thernfal
electricaf® and mechanical stimdfi > However, it is challenging to fabricate and
characterize those nanodots and control their rgdattand mechanical boundary
conditions, and thus the experimental validatiovatices in such systems has thus

far been lacking.

BiFeO; (BFO) has long been considered as one of the mashising room
temperature multiferroic materials (with both rodemperature ferroelectric and
G-type antiferromagnetic order), which is undereasive investigation in the past
decade’® It has a much higher Curie temperature than qihstotype ferroelectric

materials (~1100 # compared with PTO with Curie temperature of ~¥@nd
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BaTiO; with Curie temperature of 400 K). At room temparat bulk BFO has a large
spontaneous polarization (~1Q€/cnf) with a space group d®3c*’. So far, to the
best of our knowledge, only a few vortex-like anxficlosure structures have been
observed in BFO-based thin films or superlatficés® since it is difficult for
polarization to form continuously rotating pattedhse to the strong polar anisotropy
in BFO.

Here we consider a PTO/BFO/STO tricolor model systeereafter referred as
PBS-tricolor) in which the repeating unit consisfs4 unit cells of BFO sandwiched
between two blocks of PTO layers (4 unit cells acte block), followed by 12 unit
cells of insulating paraelectric STO layers (seegbhematic of the building blocks in
Figure 1). The whole film is fully strained to al@,-DSO substrate (the lattice
constants of substrate, PTO, BFO and STO are gimethe supplementary to
determine the strain conditions in each layerkdmparison, 12 unit cells of PTO and
12 unit cells of STO are periodically stacked tanfca (PTO)./(STO), superlattice
(referred as PTST-superlattice with its schematimws in Figure S1). The
PBS-tricolor system can be regarded as the PTSddsuiice with the middle PTO
layers substituted by BFO layers.

2. Phase-field Model
Phase-field simulations are performed by solvinige ttime-dependent
Ginzburg-Landau equations for the spatial distrdoubf spontaneous polarizatioﬁ:

0P __ &

— - (Equation 1)
ot oP

wheret andL represent the evolution time and kinetic coeffitjgespectivelyF is
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the total free energy of the system including dbntions from elastic, electric,
Landau/chemical and polarization gradient energies:
F = [ (o + e * frag + fom )V (Equation 2)

Detailed descriptions for solving the phase-fielquaions can be found
elsewher® 343 Thermordynamic potentials as well as other mat@onstants are
adopted from previous repottd’ The simulation system is discretized into a three
dimensional mesh of 200x200x250, with each gridreggnting 0.4 nm. The
thickness direction consists of 30 numerical gofilsubstrate, 192 grids of film, and
28 grids of air, respectively. Periodic boundarynditions are applied along the
in-plane dimensions while the thickness directisnsolved using a superposition
method?. To obtain the electrostatic energy contributiorthe polarization state, the
short-circuit electric boundary condition is usedfixing the electric potential at the
top and bottom of the film to 0. To perform in-pdafield switching, a cyclinic
homogenous in-plane electric field is applied t fikm until it reaches 400 kV/cm in
magnitude. To calculate the mechanical energy tation, a thin film mechanical
boundary condition is applied with a stress freedtiion on the film surface and zero
displacements within the substrate sufficiently taway from the film/substrate
interfacé”. The iteration pertubation method is adopted teesthe elastic equlibrium
eqguation taking into account the differences inelestic constants among the PTO,
BFO and STO layefd

3. Simulation results



Figure 1. Schematic of the model superlattice system. ltb&,whole simulation cell; right,
the single periodic unit, consists of PTO, BFO, P&ach 4 unit cells and 12 unit cells of
STO.

As expected, the PTST-superlattice at room temypegaxhibits an ordered array
of vortices with long tube-like vortex lines, whettee vortex cores are close to the
center of PTO layers (Figure S2). The formation voirtex arrays within the
PTST-superlattice has previously been analyzedetaild *® Upon substitution of
the middle PTO layers with BFO, one intuitive qu@stis whether the vortex
structure could be stabilized. To answer this qoesthe obtained polar structure of
PBS-tricolor system at room temperature is plotted-igure 2. The planar view
image in Figure 2a shows that periodic long strifmsn inside the PTO layers,
similar to the vortex lines in the PTST-superlatieiowever, these stripes are highly
curved, forming a 3-dimensional wave like pattefhe zoom-in plot in Figure 2b
indicates that a larg@,-component is found in the PTO layers, which caubes
wave-like vortex lines. Thé&y-component is largely induced by the rhombohedral

BFO layer, leading to the large polarization ratatin PTO layers to account for the
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symmetry mismatch between PTO and BFO layers.

The cross-section view image (Figure 2c) demoresrtitat a unidirectional polar
spiral structure forms, with significantly largeslarizations in the middle BFO layers.
This is in contrast to the vortex lattice structure PTST-superlattices where
polarization in the cores near the middle of the&ORayers is largely reduced (see
Figure S2). This can be understood since the bu#kd Bhas a large spontaneous
polarization, and reducing the polarization in BE@ers would lead to a significant
increase in the Landau/chemical energy. A magniied in Figure 2d clearly shows
that the spirals are composed of ordered arrayaltefnating semi-vortices in
different layers, with vortex cores floating up adown with respect to the middle
BFO layers, also forming a wave-like pattern withewen smaller length scale. Due
to the strong interfacial and electromechanicalptiog, both the polarization in PTO
and BFO layers are distorted from the correspondimgk tetragonal and
rhombohedral directions. These distortions redieepolar discontinuity at the two
interfaces, thus minimizing the surface bound obsrgs well as the electrostatic
energy. The periodicity of the spiral is ~10 nm,isbhis close to the size of two
vortices in the PTST-superlattice. Here, it is destmated that the substitution of
middle PTO layers by BFO layers with larger polatian and a symmetry mismatch
between BFO and PTO layers could lead to the foomaif a unidirectional spiral
structure. This can be understood since it woul@émergetically unfavorable for the
BFO layers to adapt a nearly-tetragonal domaire dtatmaintain a vortex structure.

Instead a wavy structure forms within the rhombaoaeBFO layers. Furthermore, it



costs more energy to reduce the polarization irBf@ layers than in the PTO layers,
leading to the formation of vortex cores with mwckmaller polarization magnitude

inside the PTO layers.

In a direct comparison, the PTST-superlattice abvayolves the mutually
counter-rotations of polarization in the neighbgrirvortices with minimal net
polarization, giving rise to very small piezo-/dietric- responses; whereas a spiral
structure in our newly designed PBS-tricolor systbas a relatively larger net
in-plane polarization, which could potentially ptma& a larger in-plane PFM signal
(Why you suddenly talked about PFM signal? Alsd gou ever explain what is
PFM?), facilitating the characterization and ultieta the future applications of this
phase.

It should be noted here that similar polar struesuwrould also be observed in other
superlattice structures with similar mismatchekthce symmetry, lattice parameters,
and ferroelectricity between the constituent laygssn the tri-color system reported
here. As a matter of fact, thsa large playground for the multiferroic commuyrt
explore other novel superlattice systems, for exampy substituting part of the
constituent layers with ferromagnetic/antiferromet; materials. This opens up
possible avenues for the searching of multifertogological structures where the
coupling between multiple order parameters can leeind in nanoscale

vortices/skyrmions/spirals, which is of great ietgrto the multiferroic community.
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Figure 2. Polarization mapping of the tri-color system. Pajlarization vector of the planar
view in the PTO layer, showing the formation ofvad stripes (b) Magnified planar view, a
large y-component is clearly shown close to thenns#iipe. (c) Cross-section view, showing
that the polar vector is forming unidirectional rag in each layer. (d) Magnified

cross-section view, showing the spirals consistvof half-vortices.

In order to reveal the thermal stability of a potgiral phase, the temperature
phase diagrams for both PBS-tricolor and PTST-dattiee systems are obtained and

compared in Figure 3. The mean square of total rizalkdon (defined as

J(B? +P? + P )av

<p2> = v ) is plotted with respect to temperature, whichveha




linear decay in both systems with a similar slop&l weaching zero. The calculated
Curie temperatures can be extracted where therliheas intersect with zero
polarization. It is discovered that the Curie tenapg&re shows a large decrease in a
PTST-superlattice as compared to bulk PTO (Curngptrature for superlattice ~650
K, for bulk PTO ~750 K), due to the large depolatian field. The decrease in Curie
temperature with reducing size of ferroelectrics farroelectric/paraelectric
superlattices as well as in ultrathin films hasrbeell studied both theoreticaffy*®
and experimentaly’ *’ For the PTST-superlattice, the Curie temperatbined
here is in good agreement with the experimentatasared value for PTO thin films
grown on a (11Q)DSO substrate under a large depolarization Hel@he Curie
temperature of the PBS-tricolor system (~1000 Kjnisch higher than that of the
corresponding PTST-superlattice system. This camrukerstood from two aspects:
Firstly, the bulk BFO has a relatively higher Cur@nperature (~1100 K) than bulk
PTO (~750 K), and hence replacing PTO with BFO dourcrease the Curie
temperature of the whole superlattice system; S#igpa large internal field imposed
by the polar BFO layers could serve as a self-gdiield, which ultimately increases
the Curie temperature of PTO layers. For examplg@polar mapping of the high
temperature phase (see Figure S3) shows thatrtfoeliectric BFO layers polarize the
PTO layers near the BFO/PTO interfaces, where tlagnmude of the induced

polarization can be as high as ~0.25 €4n800 K (Figure S3e).
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Figure 3. Temperature phase diagram of the tri-color systetha comparison with the PTST
superlattice. (a) Temperature dependence of thenrsgaare of the polarization for the

tri-color system and PTST superlattice system.Stapility of the out-of-plane polarization,
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indicating the transition between spirals (or veytand in-plane domains. Arrows mark the

transition temperature, which shows a large inaé@aurie temperature.

To get a better insight of the phase transformatfonthe PBS-tricolor superlattice

below its Curie temperature (~1000K), the mean sgoé out-of-plane polarizations

(defined as(P7) =

2
\/
I i/ ) is plotted as a function of temperature (see flei@b).

As the temperature increases, the mean squaret-of-plane polarization decreases
until reaching zero at ~800 K, showing the traositirom a spiral phase to complete
in-plane domain structure beyond this temperatdeanwhile, in a direct comparison,
a complete transformation of vortexdga, in the PTST-superlattice occurs at a much
lower temperature (~500 KPne can conclude that the PBS-tricolor system éishéb
significantly increased phase transformation temmpee from the topological domain
to regular in-plane domain, which is unexpectedttar investigation reveals that
this in-plane domain state is an orthorhombic tatiucture (Figure S3). Previously,
the strain-temperature phase diagram obtained bgepfield simulations indicates
that orthorhombic phase can be stabilized at meéelestmains with the open-circuit
electric boundary condition at relatively high tearmgiture, while experimental studies

have indeed observed the orthorhombic BFO phaserntensile substrate stréin
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Figure 4. Periodicity phase diagram for the (PJBFO,/PTQ/STG;,) tricolor superlattice on

13



a DyScQ substrate. The periodicity is defined as 3n. (aal square of the out-of-plane
polarization as a function of periodicity, showiadarge increase with the inplane to spiral
transition and smooth increase for the spiral twexoand vortex to flux-closure transition. (b)
Inplane domain with a periodicity of 6 due to tlaege depolarization field. (c) Spiral phase
with a periodicity of 12 and a wavy feature. (dytéx phase with neighboring vortices sitting
on different PTO layers, forming a zigzag pattetrBiFO layers, the periodicity is 24. (e)

Flux-closure state at large periodicity, i.e., 48.

Previous calculations have shown that length safatke ferroelectric layers have
a great impact on the domain/polar structure fquedlattice systems, due to the
tunable depolarization field which decreases wittréasing superlattice periodicity
'8 In Figure 4, the periodicity phase diagram icekited for the PBS-tricolor system
with a fixed ratio of individual layer thicknesse(j, PTO: BFO: STO is kept at 2:1:3).
At small periodicity (i.e., 8=6), similar to the PTO/STO superlattice system, an
inplane domain state (Figure 4b) is observed ino&dectric layers with negligible
out-of-plane polarization components. As the stk periodicity increases (i.e.,
3n=12), depolarization field decreases, giving rige & huge increase in the
out-of-plane polarization, forming a wavy polartig& with semi-vortex cores close
to the top and bottom PTO/STO interfaces (showrigure 4c). A further increase in
the periodicity (e.g., 13=24) leads to the formation of vortices in PTO lsyeas
depicted in Figure 4(d), whereas the vortex cotes form an up and down feature
with a zig-zag pattern in BFO layers. Meanwhilethva large superlattice periodicity
of 48, (16 layers of BFO sandwiches between twdTI® unit cells), a flux-closure
structure (Figure 4e) is formed, similar to thevimas reports” * *° With increasing
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periodicity, the out-of-plane polarization showkwe increase following an in-plane
domain to the spiral phase transition while onlgubtle increase can be found for
both the spiral to vortex and vortex to flux-closuransitions, indicating that these
transitions are continuous in nature.

It is worthwhile noting that this tricolor systeshows a similar periodicity phase
diagram as the PTO/STO superlattice and the dritecagth scale (~10 unit cells) for
the formation of vortex/spiral proposed by HongEf also works here. This is due
to the fact that they share the similar formulaj #re decrease of depolarization field
with increasing periodicity is also similar for th@o systems. The spiral phase is a
unique phase for the tricolor system, which forme do the symmetry mismatch
between the PTO and BFO layers, as has been shmwe.a

One unique feature of the spiral structure in a ®&Slor system as compared to
the polar vortex phase in a PTST-superlattice syssethat it possesses a net in-plane
polarization. One natural question towards the @k applications of this novel
structure would be: can we switch the net in-plpalkarization direction of the spirals
by an irrotational field. The electric field swiialy process is simulated by applying a
uniform in-plane electric field (Figure 5). Initigl without an external bias, spirals are
curving to the right with a netP%, consisting of periodic semi-vortices that are
floating up and down. An in-plane electric fieldtivia magnitude of 350 kV/cm is
then applied, which is opposite to the initial apidirection. This field could
ultimately lead to the switching of in-plane pokation component toPyinside the
PTO layers, while the in-plane components in BF@ela are not yet switched
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(Figure 5b). As a result, ordered vortex-like arrayructure similar to a
PTST-superlattice is formed. It should be pointattbat the field-induced metastable
vortex-like structure in the PBS system is notyfudlrcular due to the difficulty in
rotating the polarizations in BFO layers (in otlaard, BFO is more “stiff”). At even
higher fields (e.g., ~400 kV/cm), the in-plane pation of BFO layers switches,
thus switching the direction of the spirals (Figue). This structure could be
stabilized even when the field is removed (Figud). 3-urther switching studies
indicate that the whole process is fully reversibbgh the application of a positive
in-plane field, direction of spirals can be switdheack to Py again and stabilized
after the applied field is removed. Here, it iswhahat the directions of the spirals
could be switched back and forth by experimentatlgessible in-plane electric fields.
Also, it should be mentioned that the reversiblé&dving process involves multiple
distinguishable states (spirals, vortex and pogshén pure-domains), which could
potentially be explored for various device applmas (e.g., multiple state memory

devices’, logic gate¥, neuromorphic computifiy etc.).
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Figure5. Switching of the spiral direction with in-planiell that is opposite to the initial

spiral direction.

4. Conclusions
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To conclude, we have simulated the polar structofésrO/BFO/STO system and
studied its thermal stability and switching kinstigsing phase-field simulations. It is
revealed that a spiral phase is formed at room éeatpre with semi-vortex cores
floating up and down with a wave-like feature, giyirise to a net in-plane
polarization. This is a reminiscent of the polartes array structure that has been
discovered in the PTST-superlattice systerf The PBS-tricolor system shows a
greatly increased Curie temperature with enhanbedmal stability for the spiral
phase as compared to the vortex lattice in the PSU@Erlattice system with the
substitution of some PTO layers by the high Cuweragerature BFO layers. The spiral
to in-plane orthorhombic domain transition tempematis even close to the Curie
temperature of the PTST-superlattice (~800 K), isnduch higher than the transition
temperature of vortex ta/a, in the PTST-superlattice. The periodicity phasegchm
is calculated for the PTST-superlattice, indicatthg formation of multiple phases:
including inplane domain, polar spiral, polar varend flux-closure as the periodicity
increases. Further simulation results show thatsfiieal structure can be reversibly
switched by experimental accessible in-plane etedields, which involves a
metastable vortex structure in-between two spitahsps with opposite in-plane
directions. It has been shown that tricolor supticks as well as BiFeflPbTiO;

superlattice thin films could be grown with highatjty interfaces">"°8

giving
promise for the experimental growth and validatadrthe phase-field predictions of
polar structures in the proposed tricolor supedatsystem. We hope that this work

would stimulate more researches to discover muitife topological structures.
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