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Abstract
Room-temperature multiferroics such as Aurivillius-phase Bi6Ti2.8Fe1.52Mn0.68O18 (B6TFMO,
m= 5) combine ferroelectricity and ferrimagnetism, making them promising for next-generation
memory and spintronic devices that exploit domain walls and magnetoelectric coupling. Naturally
occurring defects, including out-of-phase boundaries (OPBs), stacking faults, and ‘anatase’-type
intergrowths, profoundly influence local strain, electrostatics, and magnetic cation ordering,
enabling charged domain walls, polar vortices, and enhanced magnetic interactions. However,
their uncontrolled distribution undermines reproducibility across films. Here, we introduce vici-
nal sapphire substrates (0.2◦ to 10◦ miscut) as a powerful handle for engineering these defects dur-
ing direct liquid injection chemical vapour deposition growth. Systematic increases in step den-
sity drive proliferation of OPB defects and stacking faults, along with grain refinement and x-ray
diffraction peak broadening/asymmetry, while also triggering tilted (∼10◦) b-axis polarisation vec-
tors that enhance vertical polarisation accessibility. Atomic-resolution scanning transmission elec-
tron microscopy reveals OPB defects serving as heterogeneous nucleation sites for 180◦ nominally
charged domain walls and polarisation patterns consistent with polar vortices (stabilised 3–5 nm
apart). Nanorod precipitates within ‘anatase’-type interlayers stabilise novel anti-hedgehog polari-
sation configurations reminiscent of skyrmion-like topologies in Aurivillius phases. Critically, PFM
uncovers a three-fold reduction in out-of-plane switching voltage (±5 V) for high-miscut films,
enabled by selective c-axis response:∼10◦ tilted grains rotate the in-plane b-axis polarisation ver-
tical, while defect networks pin lateral domains and channel domain wall motion driven by local
strain/electrostatic energy gradients. These findings establish substrate vicinality as a reproducible
strategy to sculpt defect landscapes and directionally tune ferroelectric switching in Aurivillius
multiferroics, paving the way for sustainable, low-voltage, scalable nanoelectronics with designer
polar topologies.

1. Introduction

Room temperature (RT) multiferroics with coupled ferroelectricity and ferromagnetism have exciting
applications in future memory storage technologies such as domain wall [1–3] and magnetoelectric spin
orbit logic devices [4, 5]. Aurivillius phase Bi6Ti2.8Fe1.52Mn0.68O18 (B6TFMO) is a rare example of a RT
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Figure 1. (a) HAADF-STEM image of defect-free B6TFMO viewed along the [110] zone axis, showing the characteristic layering
of the Aurivillius structure. Purple spheres represent Bi3+ cations (A-sites) within the fluorite layers; blue spheres indicate B-
site transition metal cations at octahedral centres. (b) Schematic illustration of the Aurivillius layered structure showing OPB
defects (within yellow circles) and anm= 6 stacking-fault intergrowth (within red circle). The structure comprises alternating
[Bi2O2]2+ fluorite layers and perovskite ABO3 blocks, with Bi3+ occupying A-sites and transition metals occupying B-sites. (c)
Left: HAADF-STEM (high-angle annular dark-field scanning transmission electron microscopy) image of a B6TFMO thin film
showing OPB defects and associated stacking faults. Right: Enlarged HAADF-STEM images of regions marked by orange and
green rectangles in the middle image, highlighting OPB defects (yellow arrows) propagating through the film and frequently
associated withm= 6 stacking-fault intergrowths in a film grown on a 0.5◦ miscut sapphire substrate.

magnetoelectric multiferroic. It is orthorhombic with lattice parameters of a, b, and c of 0. 5497, 0. 5415,
and 4. 9280 nm, respectively [6]. The material has previously been synthesised by both chemical solution
deposition [6] and direct liquid injection chemical vapour deposition (DLI-CVD) [7] on c-plane sap-
phire substrates miscut by 0.2 ◦ toward the m-plane (101̄0). A miscut vicinal substrate is a single crystal
substrate intentionally cut slightly off-axis from a major low-index crystallographic plane (e.g. c-plane
sapphire cut slightly toward m-plane), producing a regular array of atomic-scale steps and terraces.

Aurivillius phase systems are naturally layered structures having a general formula (Bi2O2)
(Am−1BmO3m+1), where dielectric bismuth oxide (Bi2O2)2+ fluorite-type layers are interleaved with
m numbers of ferroelectric perovskite-type units. B6TFMO is an example of one such layered system
where m= 5. B6TFMO is very tolerant of non-stoichiometry and the m = 5 phase has been fabricated
with compositions ranging from Bi6Ti2.3Fe1.95Mn0.75O18 to Bi6Ti2.8Fe1.52Mn0.68O18 with the c-axis lattice
parameter varying from 4. 855 nm to 4. 929 nm respectively for these compositions [8].

The large unit cell and inherent structural flexibility of the Aurivillius phase enables B6TFMO to sus-
tain robust ferroelectricity through stereochemically active Bi3+ 6s2 lone-pair electrons and Ti–O cova-
lency arising from hybridisation between the Ti4+ 3d and O 2p orbitals, while simultaneously accommo-
dating magnetic cations such as Mn and Fe. However, this structural adaptability also makes the films
susceptible to the formation of structural defects. As with other layered materials having high structural
anisotropies such as the Ruddlesden-Popper [9], Dion-Jacobson [10, 11] and layered cuprate phases [12],
out-of-phase boundary (OPB) defects, intergrowths and stacking faults are a common occurrence and
can significantly impact material properties in thin films [13, 14].

OPB defects are defined as defects created when a fraction of the unit cell in a material is displaced
in the c-axis direction between two neighbouring regions (figure 1). Anti-phase boundary (APB) defects
are a special case of OPB defects when this displacement is 0.5 unit cells in the c-axis direction. These
defects, which form during thin film synthesis, appear as ‘steps’ when viewed edge-on and can signifi-
cantly influence the properties of the materials [15–20]. They often nucleate at the substrate-film inter-
face and can then propagate up through the entire thin film, accompanied by perturbations to the crys-
tal lattice, inducing local strain fields and non-uniform electrostatics.

Stacking faults (figure 1) are two-dimensional planar defects. They occur in crystal systems when
there is a deviation in the regular stacking sequence of the crystal planes [21]. In a perfect crystal, the
stacking sequence within a material remains constant through the entire crystal, however when the
sequence is disrupted, a stacking fault can form. Stacking faults can occur in a material during crystal
growth, as part of other defects within the structure (e.g. partial dislocations) or they can evolve from
other defects (such as from the result of an OPB defect). A common type of stacking fault observed
in Aurivillius phase materials is the addition or subtraction of a perovskite unit cell between the
[Bi2O2]2+ layers at an OPB defect, thus leading to regions where m changes by ±1, or potentially more
than 1, where stacking faults are considered as intergrowths of differing m numbers. Another type of
intergrowth phase which has been observed in the B6TFMO system [22], is known as an ‘anatase’-type
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planar defect. This is a bismuth poor intergrowth in B6TFMO that appears where the [Bi2O2]2+ layer
usually resides. The ‘anatase’- type planar defect is made up of chains of edge-sharing BO6 octahedra
and form ‘S’-shaped tunnels, which contain A-cation columns. Where these defects occur in perovskite
and Aurivillius systems, the ‘S’-shape tunnels are stabilised by double columns of stereochemically active
A-site cations with lone electron pairs e.g. Bi3+.

Local elastic strain and electrostatic changes induced by structural defects have been observed to
affect the physical properties within many material systems. At APB defects in PbZrO3, the antifer-
rroelectric arrangement of dipole moments is broken, with the new arrangement resulting in a local
net ferroelectric behaviour at the APB defect [16]. These defects can also create favourable conditions
for domain switching as observed in the BiFeO3 system [15] and aid in the formation of ferroelectric
domains. For example, when the Ruddlesden-Popper phase Ca3-xSrxTi2O7 is substituted with Sr ions,
there is an increase in the presence of OPB defects, which in turn increases the number of charged
domain boundaries within the material [18]. In Bi3.15Nd0.85Ti3O12 (BNTO) Aurivillius phase films, OPB
defects enhance in-plane B-site cation displacements while co-aligning their out-of-plane polarisation
across perovskite layers [23]. In magnetic systems such as Fe3O4, the density of APB defects has been
observed to have a negative impact on thin films. The strong antiferromagnetic interactions across the
boundaries degrade the electronic and magnetic properties of the thin films [19, 20].

Recent studies on the B6TFMO system [24] have demonstrated that disruptions to the Aurivillius
phase lattice by OPB defects and stacking-faults have a marked influence on the internal elastic strain
and electrostatic energy gradients within the structure. While specific experimental studies on the effects
of OPB defects on magnetic and magnetoelectric properties remain limited in multiferroic Aurivillius
materials, these defects have a significant positive impact: they increase magnetic cation partitioning
towards the central perovskite layer in B6TFMO, thereby facilitating elevated magnetic ion interactions
[25]. Recent reviews establish that local magnetic structures, including domain walls, magnetic vortices,
and other topological defects, exhibit intrinsic electric polarisation through flexomagnetoelectric coupling
[26], whereby the enhanced magnetic cation ordering driven by OPB defects is expected to strengthen
magnetoelectric coupling in B6TFMO. Furthermore, OPB defects facilitate the formation of extraordi-
nary polarisation profiles such as nominally charged domain walls and polarisation patterns consistent
with polar vortex domain wall-like topologies [24].

Since charged domain walls can be created, annihilated or moved on demand by applying simple
voltage pulses, they are an emerging research focus in nano-electronics and domain wall devices. Owing
to the highly anisotropic nature and strong electrostatic interactions in ferroelectrics, the characteristic
length scales of polar topological structures are often much smaller (∼4–10 nm) than those in ferromag-
nets (∼10–100 nm). This makes them highly promising for ultra-high-density, energy-efficient mem-
ory devices [27–29]. In addition to energy-efficient data-storage capabilities, these recent discoveries of
defect-driven polar topology formation [24] demonstrate the wider technological potential of multifer-
roic B6TFMO.

Fascinatingly, these topologies arise spontaneously in multiferroic B6TFMO, without the need for
artificial interfaces or externally imposed strain. These layered materials therefore present us with the
opportunity to grow materials with coupled ferroelectric and ferromagnetic properties mediated through
their inherent defect-based topologies at a sub-10 nm length scale that is relevant to the highest densities
of modern integrated circuits. There are very few studies of this in the literature. Gradauskaite et al [30].
and Yu et al [23]. have explored the link of OPB defects to the domain structure and polarisation in
Bi5FeTi3O15 (BFTO) and BNTO respectively, but there is a need to explore the control of these defects
during growth. Uncontrolled defect propagation causes the type and density of defects to vary consid-
erably between samples, between grains within a sample, and even between neighbouring regions of a
single grain. This variability highlights the need for strategies that deliberately regulate and tune struc-
tural defect populations in order to control and enhance the associated emergent properties.

In this work, B6TFMO thin films were grown on miscut vicinal sapphire substrates with off-axis cuts
ranging from 0.2 ◦ to 10 ◦. M-plane sapphire was chosen as the substrate for this work for several rea-
sons. It is low-cost, readily available, chemically inert, and has been extensively used for growing these
films with considerable success [7]. The m-plane sapphire orientation presents a 0.476 nm hexagonal
(equivalent to 0.476 nm × 0.406 nm rectangular) lattice to the growing layer, which approximates a
5.5 Å square [31] for c-axis oriented Aurivillius films. This represents a poor lattice match (∼22% mis-
match), and therefore film growth is non-epitaxial. However, the film is constrained to c-axis orientation
by the strongly layered nature of the growing structure. In both non-epitaxial [32] and epitaxial [33]
vapour-phase film growth, layer propagation is generally mediated by nucleation at terraces and step-
flow growth. Such vicinal cuts have been extensively employed in Si [34] and high-Tc superconductor
oxide thin films [35] to control epitaxy and defect formation. Vicinal substrates have also been applied
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to perovskite oxides [36] to manipulate strain and interface properties; however, their systematic use
to engineer defect topologies in Aurivillius multiferroics remains unexplored. This work addresses this
gap by employing vicinal sapphire to controllably modulate OPB defect density and thus polar topology
formation in B6TFMO. Engineered step-terrace structures promote step-flow growth during DLI-CVD
and provide preferential nucleation sites that enable control over defect formation in the growing film.
The resulting films were used to elucidate how defect position, spacing and density govern the emer-
gence of exotic nominally charged domain walls and polarisation patterns consistent with polar vortices
in B6TFMO, and how these defect-driven topologies influence the ferroelectric response.

2. Experimental

Detailed descriptions of deposition conditions, precursor preparation, substrate preparation, and all
characterisation methodologies are provided in supporting information Section SI1. In this section,
we provide an overview of the key experimental parameters and rationale. Aurivillius phase thin films
with a nominal stoichiometry of Bi6Ti2.8Fe1.52Mn0.68O18 were synthesised by DLI-CVD on sapphire
substrates with miscut angles of 0.2◦, 0.5◦, and 10◦. Films were deposited using a 22% bismuth excess
to compensate for volatile bismuth loss, followed by post-annealing at 850 ◦C to achieve crystalline
Aurivillius phase films. Structural characterisation was performed using x-ray diffraction (XRD), scan-
ning transmission electron microscopy (STEM), and atomic force microscopy (AFM). XRD patterns were
indexed using reference data for the m = 5 Aurivillius phase [8, 37], and DIFFaX simulations were used
to examine how c-axis stacking disorder associated with m = 4 and m = 6 intergrowths modifies the
00 l diffraction profiles [38]. Piezoresponse force microscopy (PFM) was used to investigate ferroelectric
domain structure. Further details are provided in the supporting information section SI1.

3. Results and discussion

3.1. Simulations of XRD patterns of layered Aurivillius structures with defect-induced non-periodic
regions
When OPB defects are incorporated into the m = 5 B6TFMO layered structure, the usual five-layer
perovskite stacking sequence is locally disrupted, producing regions in which the number of perovskite
layers between adjacent [Bi2O2]2+ interlayers deviates from five, as illustrated in figure 1. In the sim-
plest case, the lattice on one side of an OPB is shifted by a c-axis displacement, δ, of typically ≈0.4 nm
[39] relative to the other side, creating a sharp out-of-phase step between two otherwise well-ordered
m = 5 blocks. Wider stacking-fault regions can host local m = 4 or m = 6 intergrowths, where one
perovskite layer (∼0.411 nm [40]) is deleted (m = 4) or inserted (m = 6) between [Bi2O2]2+ fluorite
layers, creating structurally non-periodic segments within the predominant m = 5 Aurivillius phase. In
more complex OPB/stacking-fault combinations, the OPB terminates such an m = 4 or m = 6 inter-
growth, so that the effective displacement is the sum of the OPB shift (≈0.4 nm [39]) and the addi-
tional (or missing) perovskite layer (∼0.411 nm [40]), giving δ ≈0.8 nm; these larger displacements
are expected to make a strong contribution to the observed XRD peak profile distortions. When such
defects are spatially isolated or randomly distributed, the film maintains an average long-range peri-
odic order, but the presence of local non-periodic regions leads to XRD peak splitting, broadening, or
asymmetry rather than a loss of diffraction intensity. This behaviour has been reported for m = 3 and
m = 4 Aurivillius phases, where local deviations from perfect stacking give rise to enhanced scattering
and peak broadening, providing a fingerprint of increased stacking disorder, which may contribute to
peak broadening alongside finite crystallite-size effects [13, 14, 39, 41].

Motivated by these observations, DIFFaX [38] was employed to simulate m = 5 Aurivillius structures
containing m = 4 and/or m = 6 stacking faults, in order to identify which reflections are most sensitive
to stacking-fault defects. DIFFaX treats the crystal as a sequence of stacked layers and recursively com-
putes the diffracted intensity, allowing the effect of specific fault types and positions along the c axis to
be probed. However, because DIFFaX treats the structure as a one-dimensional stacking sequence, it does
not capture the finite lateral extent or strain fields associated with localised OPB cores.

The DIFFaX models were first benchmarked against reference Aurivillius structures, confirming that
the simulated 00 l peak positions and relative intensities reproduce those derived from experimental
diffraction data (see supporting information section SI 2, figure S1 and table S1) [8, 37]. Building on
this validated basis, simulations of faulted m = 5 structures (figure S2) show that reflections such as
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Figure 2. (a) DIFFaX-simulated XRD patterns (Gaussian instrumental broadening of 0.18◦) for anm= 5 Aurivillius phase.
Bottom: defect-freem= 5 structure. Middle (‘far apart’): two intergrowths (onem= 4, onem= 6) positioned near opposite
film interfaces (19.5 unit cells apart). Top (‘close’):m= 4 andm= 6 intergrowths near the film centre (1.5 unit cells apart).
Schematics of these intergrowth positions within them= 5 structure are shown in figure S3. (b) Experimental XRD patterns of
B6TFMO films grown on sapphire substrates with vicinal miscut angles of 0.2◦ (black), 0.5◦ (red), and 10◦ (blue).

006, 008, 00 16, 00 18 and 00 20 are particularly sensitive to the inclusion of half-unit-cell m = 6 inter-
growths, developing pronounced broadening and asymmetric shoulders as the defect density increases. In
contrast, reflections such as 00 12 remain comparatively sharp, indicating that not all 00 l peaks respond
equally to local stacking disorder.

Further simulations tracking a single m = 6 intergrowth at different positions within a 24-unit-cell
stack reveal that defects located near the film interfaces induce the strongest perturbations to the cal-
culated XRD patterns, with additional shoulders and oscillations appearing around the defect-sensitive
reflections (see supporting information, figure S2). To construct a more realistic defect landscape that
better resembles the experimental data, a second stacking fault was introduced into the DIFFaX structure
file (see supporting information figure S3) to incorporate a half-unit cell m= 4 intergrowth alongside
the m = 6 defect. Simulations including both half-unit-cell m = 4 and m = 6 intergrowths demonstrate
that the spacing between these intergrowths strongly influences peak broadening: when widely sepa-
rated (19.5 unit cells apart), only minor shoulders develop on selected reflections, whereas close spac-
ing (1.5 unit cells apart) produces pronounced broadening and asymmetric shoulders consistent with
OPB-induced splitting, particularly for the 006, 00 16 and 0018 peaks (figure 2(a)). These features can-
not be indexed to any periodic Aurivillius phase and instead arise from scattering by partially disordered
finite stacks, where the recursive fault sequence drives complex line-shape evolution. Collectively, the
simulations indicate that broadening and asymmetric shoulders consistent with OPB-induced splitting of
the 006, 008, 00 16, 00 18, and 00 20 reflections are reliable indicators of a high density of OPB-related
intergrowths in m = 5 B6TFMO films.

3.2. Experimental investigations of crystallographic properties andmorphology of B6TFMO films with
defect-induced non-periodic regions
Variations in surface step geometry have been shown to influence the growth behaviour of both per-
ovskite and Aurivillius phases, particularly in epitaxial systems, and can be used to tune their structural
and ferroelectric properties [30, 42–44]. The atomic-scale topography of the substrate surface promotes
OPB defect nucleation via a steric mechanism during thin-film deposition [13] introducing a phase shift
along the layering axis that allows OPB defects to propagate through films up to half a micron thick.
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To deliberately encourage OPB defect formation and the associated intergrowths and stacking faults,
B6TFMO thin films were grown on vicinal sapphire substrates with off-axis cuts of 0.2◦, 0.5◦, and 10◦

(supporting information figures S4 and S5). Although B6TFMO (pseudocubic a ≈0.389 nm), exhibits
a large mis-match with sapphire (a ≈0. 4758 nm; +22. 3% mismatch), the films are constrained to c-
axis orientation by the strongly layered Aurivillius structure. Sapphire provides mechanical stability and
chemical robustness at Aurivillius phase crystallisation temperatures. These vicinal cuts promote terrace-
mediated step-flow growth [45], a general mechanism in both epitaxial and non-epitaxial vapour-phase
growth, and provide controlled atomic step densities that modulate OPB defect nucleation probabil-
ity and spacing through geometric/kinematic mechanisms at terrace edges. Nuclei on adjacent terraces
can become c-axis out of phase, with the phase offset determined by the substrate step height, yielding
OPB defects at terrace junctions. Higher miscut angles thus systematically increase step-edge density and
defect formation, although very large miscuts (>10◦) risk step bunching and surface roughening that
complicate growth morphology. During the 850 ◦C post-growth anneals essential for B6TFMO crys-
tallisation, bismuth migrates and out-diffuses from the film. This bismuth loss triggers crystallographic
shear that generates structural defects such as OPBs, which in turn serve as fast diffusion paths for fur-
ther bismuth volatilisation [13]. The following experiments examine how sapphire miscut angle controls
sub-unit-cell defect formation in B6TFMO thin films.

DIFFaX simulations of an m = 5 Aurivillius phase containing m = 4 and m = 6 intergrowth layers
(figure 2(a)) were compared with experimental XRD patterns of B6TFMO thin films grown on sapphire
substrates with varying miscut angles (figure 2(b)). While DIFFaX effectively models one-dimensional
stacking sequences, it does not capture the finite lateral extent or three-dimensional strain fields asso-
ciated with localised OPB defects; however, it provides useful insight into how c-axis non-periodicity
affects the 00 l diffraction profiles.

For all films, the XRD profiles correspond overall to (00 l) textured m = 5 Aurivillius phases,
with 00 10, 00 12, and 00 14 reflections remaining relatively sharp/symmetric in both simulations
(figure 2(a)) and experiments (figure 2(b)), confirming these peaks are largely insensitive to the struc-
tural defects. Even films on 0.2◦ miscut sapphire exhibit broadening and asymmetric shoulders on the
006, 008, 00 18 and 00 20 peaks alongside apparent peak splitting of the 00 16 reflection, consistent
with OPB-related defects predicted by simulations (figure 2(a), supporting information figure S2(a)).
Films grown on 0.5◦ miscut sapphire exhibit markedly broader 006 and 00 18 reflections, with full width
at half maximum (FWHM) values increasing by approximately 180% and 141%, respectively, relative
to films on 0.2◦ miscut substrates (figure 2(b), supporting information table S2). Rocking curve mea-
surements of the 006 peak (supporting information figure S6) further confirm the progression with the
FWHM increasing from 0.22◦ for B6TFMO on 0.2◦ miscut sapphire to 0.40◦ for B6TFMO on 0.5◦ mis-
cut sapphire. This progressive broadening becomes even more pronounced in B6TFMO films on 10◦

miscut substrates (supporting information table S2), where peak widths increase and intensities decrease
further. The trend reflects the systematically increasing defect density associated with higher substrate
step densities. The DIFFaX simulations reproduce the main qualitative features of the experimental peak-
profile evolution, supporting the interpretation that deviations from ideal m = 5 periodicity increase
across the vicinal substrate series. The observed peak broadening and asymmetry thus directly reflect the
substrate-controlled OPB evolution, consistent with predictions from the analytical model.

While the DIFFaX simulations successfully reproduce the experimentally observed peak shapes and
splittings across the series, quantitative differences in absolute peak intensities arise from variations in
atomic site occupancies and cationic displacements in the actual films relative to the idealised [37, 46,
47] structural model employed in the simulations. Such intensity discrepancies [39], which are sensitive
to local atomic configurations, do not compromise our interpretation of the defect-driven peak broaden-
ing and asymmetry, which encode the meso-scale structural disorder that is the focus of this study.

An analysis of the defects and their densities has been conducted. (supplementary information SI
4, figure S7). Average c-axis lattice parameters of 4.63–4.81 nm (±0.03 nm) were estimated from the
images for the 0.2◦ and 0.5◦ miscut substrates, respectively. These are slightly smaller than the aver-
age value of c = 4.92 ± 0.3 nm estimated from the XRD peaks, probably reflecting systematic errors
in magnification on the STEM images. For the same images, we estimate layer defect step heights of
0.43–0.78 nm for the B6TFMO films on 0.2◦ miscut substrates, and 0.41 nm for films on 0.5◦ mis-
cut substrates, respectively. Applying Whatmore et al’s [39] model (l n c

2 where n is an odd integer) to
these B6TFMO films and using c = 4.9 nm) provides a compelling explanation for the selective peak
splitting observed in figure 2(b). A key advantage of this model is its power: given a measured δ value,
to predict which 00 l reflections will exhibit splitting or broadening. For the smallest displacements of
δ ≈0.4 nm, characteristic of pure OPBs, the period predicts splitting at the 006 and 00 18 reflections. An
intermediate δ ≈0.78 nm perturbs the 00 16 peak. Finally, the largest displacements of ≈0.87 nm from
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Table 1. Structural evolution across the vicinal substrate series, showing the transition from Laue oscillations at 0.2◦

miscut to defect-induced asymmetric broadening at 0.5◦ and 10◦ miscut. HAADF-STEM-derived step spacing provides a
semi-quantitative estimate of local defect density, while XRD captures the film-averaged peak evolution.

Substrate

Miscut Peak character XRD signature

STEM-derived defect

spacing/density

Defect density and

interpretation

0.2◦ Sharp peaks with

periodic Laue

oscillations

Coherency fringes on

006, 00 18; peak

broadening at 008, 00 20;

peak splitting at 00 16

Mean step spacing:

20.80± 0.30 nm; local

defect density:

0.02 defects nm−2

Low-moderate defect

density; localised simple

OPBs (δ ≈0.4 nm)

and composite

OPB/stacking-fault

complexes (δ ≈0.78 nm)

coexist; long-range c-axis

periodicity preserved

0.5◦ Broad peaks with

asymmetric shoulders;

complete loss of Laue

oscillations

Peak broadening at 006,

008, 00 18, 00 20; peak

splitting at 00 16

Mean step spacing:

9.72± 0.06 nm; local

defect density:

0.05 defects nm−2

High defect density;

step defect types

(δ = 0.41 nm) active;

defect-induced disruption

of c-axis periodicity

dominates

10◦ Persistent asymmetric

broadening; complete

loss of Laue

oscillations

Severe broadening across

reflections (exception

00 12)

Not reliably quantified

by STEM

High defect density persists;

defect-induced disorder

remains dominant

broadening mechanism

OPB/stacking-fault complexes produce a period that drives splitting/broadening at the 008 and 00 20
reflections. This defect-specific sensitivity elegantly fingerprints the coexisting populations of simple
OPBs versus composite defects across the vicinal substrate series, directly validating the model’s utility
for defect analysis in Aurivillius thin films.

The satellite features visible in figure 2(b) directly reveal the transition from crystalline coherence to
defect-induced disorder as substrate miscut increases. The 0.2◦ miscut film exhibits periodic Laue oscil-
lations (coherency fringes) superimposed on the 006 and 00 18 reflections, indicating good crystalline
coherence despite the presence of localised defects. These fringes arise from the finite film thickness
(94 nm) and reflect long-range c-axis periodicity preserved at low defect density. In contrast, the 0.5◦

and 10◦ miscut films completely lose this periodic oscillation structure, displaying instead asymmetric
broadening and shoulders, characteristic of defect-induced disruption of c-axis periodicity. This loss of
Laue coherence directly correlates with increasing defect density: the 0.5◦ miscut shows maximum peak
complexity where all defect types (δ = 0.41 nm, 0.82 nm, and 0.88 nm) are simultaneously active, while
the 10◦ miscut maintains severe peak broadening, confirming that defect-induced disorder remains the
dominant mechanism. The systematic evolution from periodic Laue fringes (0.2◦ miscut) to severe asym-
metric broadening (0.5◦ to 10◦ miscut) thus directly encodes substrate-controlled engineering of defect
landscapes across the vicinal substrate series (table 1). Average film thicknesses across the substrates were
94 ± 26 nm, 112 ± 22 nm, and 94 ± 11 nm for B6TFMO films on 0.2◦, 0.5◦, and 10◦ miscut sapphire,
respectively. These thicknesses are essentially equivalent within the experimental error of measurement,
ruling out thickness variations as the primary cause of peak broadening.

AFM analysis [48] of film surfaces (supporting information figure S8) reveals systematic grain areas
reduction (0.49 µm2 → 0.30 µm2 → 0.26 µm2) with increasing substrate miscut angle. However, the
modest grain area reduction from 0.5◦ to 10◦ miscut (0.30 → 0.26 µm−2) is insufficient to account
for the severe and persistent XRD peak broadening observed at 10◦ miscut. This observation directly
demonstrates that defect-induced disorder, not grain area reduction, is the dominant broadening
mechanism across the series. Both metrics independently reflect consequences of increased substrate
step density: AFM captures in-plane morphological effects (grain nucleation and refinement via step-
mediated growth), while XRD reveals out-of-plane effects (OPB defect proliferation causing asymmet-
ric peak broadening in the 00 l reflections). Our DIFFaX simulations employ a 1D stacking model that
directly predicts this peak broadening from defect density, bypassing grain area effects entirely. This 1D
approach is justified because (i) XRD interrogates average structures along the c∗ reciprocal axis, (ii)
the model successfully reproduces observed 00 l reflection evolution by varying only defect types and
frequencies, not grain areas, and (iii) the quantitative agreement between simulation and experiment
validates the defect-driven interpretation. Out-of-plane effects perpendicular to the c-axis (e.g. in-plane
lattice distortions and lateral defect distributions in the a-b plane) are separately interrogated by STEM
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Figure 3. STEM images of the B6TFMO films on (a) 0.2 ◦, (b) 0.5 ◦ and (c) 10 ◦ mis-cut sapphire. OPB defects are observed in
all films. The yellow arrows point to some examples of these defects within the images.

(section 3.3). The systematic XRD peak evolution therefore translates substrate-controlled defect engi-
neering, with grain area refinement serving as a secondary morphological consequence rather than the
primary cause of XRD broadenings.

AFM (supporting information figure S8) and STEM imaging reveal that the non-epitaxial B6TFMO
films exhibit relatively rough surfaces, with average RMS roughness values of 32.00 ± 2.71 nm (0.2◦

miscut), 19.64 ± 0.91 nm (0.5◦ miscut) and 21.83 ± 1.27 nm (10 ◦ miscut) sapphire substrates, deter-
mined from five 10 µm x 10 µm scans per sample. Cross-sectional STEM (supporting information figure
S5) confirms that films remain continuous across all miscut angles, with this roughness arising from two
primary contributions: surface microcrystallites (two-dimensional islands several Aurivillius unit cells
tall) [49, 50] and variations in underlying grain orientation resulting from the overlapping lamellar grain
architecture characteristic of Aurivillius growth.

For B6TFMO films on the 10◦ miscut substrate, surface roughness is dominated by grain orienta-
tion effects (supporting information figures S5 and S8). Two distinct grain families emerge: grains that
grow approximately parallel to the substrate surface (0◦ tilt) and grains tilted ∼10◦ along the vicinal
step direction, with an apparent in-plane rotation between the two families (figure S9). The tilted grains
exhibit pronounced thickness variations along their length (e.g. 48 nm to 104 nm within a single grain;
figure S5(b)), directly contributing to surface height modulation.

3.3. Atomic scale visualisation of sub-unit-cell defects in B6TFMO films
Atomic-resolution cross-sectional STEM imaging of B6TFMO films on vicinal sapphire substrates reveals
sub-unit-cell defects, including OPBs and stacking faults, in all samples (figure 3). STEM provides local
structural information that complements the film-averaged defect trends obtained from XRD. Cross-
sectional HAADF-STEM images were used to estimate local defect spacing in the 0.2◦ and 0.5◦ miscut
films (figures 3(a), (b)), supporting information Section SI 4, figure S7, table 1). The mean step-related
spacings were approximately 20.8 nm and 9.7 nm, respectively. The images provide direct visual evidence
consistent with the displacement magnitudes, δ, predicted by XRD peak profile (Whatmore et al [39]).
For the 0.2◦ film, the observed step heights of 0.78 nm and 0.4 nm indicate that the (00 l) reflections
expected to be doubled include 006 and 00 18 for the smaller displacement, and 00 16 for the larger dis-
placement. For the 0.5◦ film, the measured step height of 0.4 nm predicts doubling of 006 and 00 18.
These local measurements (figure S7) are consistent with the increasing XRD broadening and peak split-
ting observed with increasing vicinality (supporting information table S2). The estimated defect density
for the 0.5◦ miscut film (0.05 defects nm−2) is approximately twice that of the 0.2◦ film (0.02 defects
nm−2), consistent with the stronger XRD broadening observed in figure 2 and table S2. Because STEM
probes only local regions, these densities should be regarded as semi-quantitative. The broader miscut-
dependent disorder trend is more robustly established by the film-averaged XRD line-shape analysis.

The inverse relationship between defect spacing and XRD peak breadth provides a semi-quantitative
link between the STEM- and XRD-derived structural metrics. The mean defect spacing decreases from
20.8 nm in the 0.2◦ film to 9.7 nm in the 0.5◦ film, corresponding to a ratio of 2.1:1. This is broadly
consistent with the experimentally measured FWHM ratios for the most step-sensitive reflections, namely
2.8:1 for 006 and 2.4:1 for 00 18 (supporting information table S2). By contrast, the much smaller
ratio for 008 (1.2:1) indicates weaker sensitivity to the planar step defects present (it would only be
observed for δ ≈0.87 nm) and a larger contribution from other disorder sources. Suitable HAADF-
STEM images were not available for reliable quantitative analysis of the 10◦ miscut film (figure 3(c));
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Figure 4. HAADF STEM images showing planar ‘anatase’-type regions in a B6TFMO film on 0.2 ◦ mis-cut sapphire substrate
near the top of the B6TFMO film. Within this region, the number of m perovskite-like unit cells between the dielectric interlayers
varies from 4 to 8. When there are 7 or more perovskite unit cells, a nanorod-type precipitate (blue and purple circles) is also
observed.

however, its more pronounced disorder is consistent with the XRD trends. For the 10◦ film, the broad-
ening ratios relative to the 0.2◦ sample are similar for the 006, 008 and 00 18 reflections (1.9:1, 1.7:1 and
1.8:1, respectively), suggesting a more distributed disorder landscape rather than one dominated by the
same step-defect mechanism that governs the lower-miscut films. Beyond the OPBs and stacking faults
observed across all samples (figure 3), high-magnification imaging (figure 4 and supporting information
figure S10) identifies low-angle grain boundaries (<15◦) decorated with bismuth-deficient ‘anatase’-like
planar defects, where [Bi2O2]2+ interlayers are replaced by edge-sharing BO6 octahedra featuring dou-
ble Bi3+ columns [22, 51, 52]. These defects exhibit variable perovskite block counts (m = 4–8) and the
‘anatase’- type interfaces measure 0.84–0.90 nm, in good agreement with the δ = 0.87 nm displacement
associated with the 008/00 20 peak splitting discussed above (Whatmore et al [39]).

Regions with ⩾6 perovskite blocks host bismuth-deficient ‘nanorod’ [53] precipitates penetrating the
perovskite layers (figure 4), matching defects reported in higher-m Aurivillius phases and BiFeO3 [53–
58]. Composed of paired central Bi atoms, these nanorod defects (MacLaren et al [53]) are accompanied
by BO6 to BO5 square pyramid transitions at their edges, likely driven by internal strain imparted by
the nanorod core. Nanorod precipitates in figure 4 confirm MacLaren et al’s [53] assessment that these
defects do not necessarily span the full film thickness. Distinct precipitates with paired central Bi atoms
are visible at the inset edges (purple circles), while central regions (blue circles) show mixed precipitate-
Aurivillius character, indicating the defects are finite-length lamella-spanning features. The cores likely
comprise strained Bi2O3-like structures flanked by Ti-rich columns.

These Bi-deficient nanorods appear selectively in m ⩾ 6 intergrowths and grain boundaries. Two
complementary mechanisms for nanorod formation are proposed [1]: Bi3+ out-diffusion along low-angle
grain boundaries during the 850 ◦C anneal, creating Bi-poor ‘anatase’-like interfaces; and [2] local struc-
tural reorganisation to stabilise extended m = 6–8 intergrowths, where nanorod precipitates may sup-
ply the additional Bi3+ needed for higher-m phase stability. These observations highlight the interplay
between volatility-driven chemistry and defect accommodation in Aurivillius thin films.

3.4. Atomic resolutionmapping of polar topologies of layered Aurivillius phase thin films with
defect-driven non-periodic regions
As shown previously for Aurivillius phases, disruptions of the periodic lattice by OPBs and stacking
faults generate pronounced internal elastic and electrostatic gradients, enabling extraordinary polarisa-
tion states such as nominally charged domain walls [30], non-trivial polarisation rotations, and polar
vortex-like textures [24]. Building on this, the present work extends atomic-scale polarisation mapping
to B6TFMO films grown on vicinal sapphire, where OPB density and spacing are deliberately tuned via
substrate miscut.

In these vicinally grown B6TFMO films, the local polarisation within individual perovskite cells is
quantified by mapping B-site cation displacements from centrosymmetric positions. Atomic-resolution
vector mapping is used to determine how OPB position, separation, and density control the formation
of exotic 180◦ nominally charged domain walls and vortex-like polar textures. Polarisation mapping
of HAADF-STEM images (figure 5, supporting information figure S11) shows that OPBs in films on
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Figure 5. HAADF-STEM images of B6TFMO thin film on 0.2 ◦ miscut sapphire where polarisation displacement vectors of the
B-site cation are mapped using TEMUL toolkit [55]. In this figure, the colour of the arrow indicates the direction that polarisa-
tion is pointing in, with yellow arrows (orientated 0 ◦) indicating that polarisation is pointing towards the right and with blue
arrows (orientated 180 ◦) indicating that polarisation is pointing towards the left. In the insets, the size of the arrow correlates
to the magnitude of the displacement of the B-site cation. The dashed yellow curved line gives an approximate location of nom-
inally charged domain walls within the image. The large arrows indicate an approximate overall direction of polarisation within
the ferroelectric domains present. Green inset: shows an enlarged region of nominally charged 180 ◦ head-to-head and tail-to-
tail domain walls. Red inset: shows polarisation patterns consistent with a polar vortex-like configuration in a region containing a
nominal 180 ◦ tail-to-tail charged domain wall between two OPB defects.

mis-cut sapphire routinely nucleate nominally 180◦ charged head-to-head (H–H) and tail-to-tail (T–
T) domain walls extending over multiple perovskite layers. The dashed yellow line in figure 5 marks one
such domain wall, whose trajectory is clearly anchored to an OPB traversing the film thickness, confirm-
ing that OPBs in vicinally grown B6TFMO act as structural pathways along which nominally charged
domain walls can be stabilised.

The present work provides further evidence for the formation of polarisation patterns consistent
with polar vortex-like structures in newly synthesised B6TFMO films on vicinal miscut substrates, where
vicinal growth promotes OPB-rich microstructures. As shown in figure 5, polarisation configurations
reminiscent of polar vortices are stabilised between two OPB defects separated by approximately five to
twelve perovskite unit cells (∼3–5 nm) and with heights of 2.4–2.8 nm (half-unit-cell thick m = 5 and
m = 6 blocks). The vortex-like structure size is comparable to that reported previously in B6TFMO,
demonstrating that such configurations are robust, and that engineered OPB defect arrays on vicinal
substrates provide an additional degree of freedom for reproducibly positioning and sizing polar vortex-
like polarisation patterns. Similar vortex-like configurations are also identified in films grown on 0.5◦

miscut substrates (see supporting information figure S11), underlining that polarisation patterns reminis-
cent of polar vortices is a general feature of OPB-rich B6TFMO, not an isolated case. In a true vortex
state, the polarisation rotates continuously about a vortex core, producing an inhomogeneous polar-
isation distribution that differs from conventional Ising (fixed polarisation axis), Néel, or Bloch-type
(fixed polarisation magnitude) domain walls. The textures observed here resemble vortex domain walls
rather than simple flux-closure states, with both the magnitude and direction of the polarisation varying
smoothly around the core.

Recent work by Dutta et al [59] on Bi4Ti3O12 established the atomic-scale mechanism for OPB-
mediated enhancement of vertical polarisation, with DFT showing that OPBs disrupt the stacking of
(Bi2O2)2+ layers and perovskite-like slabs, inducing B-site off-centring, Bi displacement along c, modified
Ti–O bond lengths and octahedral tilts, and local symmetry lowering that enhances the c-axis polarisa-
tion. Corresponding electron localisation maps reveal local charge redistribution and strengthened Bi–O
covalency, consistent with defect-stabilised polar discontinuities that favour nominally charged domain
wall nucleation. The present B6TFMO study complements this by demonstrating that OPBs introduced
in films grown on vicinal substrates not only enhance vertical polarisation but also provide preferred
pathways along which charged domain walls and vortex-like states are stabilised.

In ferroelectrics, charged domain walls carry large bound charge and normally require compensation
by mobile charges, defects or electronic reconstruction [27, 28]. Calculations for B6TFMO [24] indi-
cate that perfectly planar H–H and T–T 180◦ walls are energetically costly, and that bending of the wall
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Figure 6. HAADF STEM imaging of an area with ‘anatase’- type planar defects replacing the [Bi2O2]2+ interlayer within a
B6TFMO thin film on 0.2 ◦ sapphire. The ‘anatase’- type defect can be seen in more closely in the green dashed inset. In the
red inset the polarisation displacement vectors of the B-site cation are mapped using TEMUL toolkit [60]. In the red inset, the
colour of the arrow indicates the direction it is pointing in, with yellow (0◦) pointing towards right and blue (180◦) pointing
towards the left, while the size of the arrow correlates to the magnitude of the displacement of the B-site cation. Within this
image ‘anatase’-like interlayers composed of BO6 octahedra forming ‘s’-shaped tunnels are interleaved between perovskite unit
cells. Nanorod precipitates, circled in blue are also present within the perovskite blocks where the B-site cations adjacent to the
precipitates are highly strained with the polarisation vectors pointing towards the defect, generating polarisation patterns remi-
niscent of anti-hedgehog-like configurations.

while remaining charged is required to reduce the energy. This is fully consistent with the inclined 180◦

domain walls observed here, which bow between OPBs rather than remaining strictly planar. In addi-
tion, prior work on B6TFMO has shown enhanced cation partitioning near OPB defects [24, 25], sug-
gesting local bandgap modulation between domain-wall and bulk regions and raising the prospect of
intrinsically conducting charged walls. High-resolution spectroscopy will be required to confirm this
scenario.

Beyond this, the present work introduces different classes of defects in B6TFMO: ‘anatase’-like planar
interlayers and associated nanorod precipitates, and directly links them to polar textures at the atomic
scale. Polarisation vector mapping around bismuth-deficient nanorod precipitates (figure 6) shows that
polarisation vectors bend away from the nanorod core, with vectors on opposite sides pointing towards
the precipitate. This topology is reminiscent of anti-hedgehog states reported by Li et al [58] in BiFeO3,
which are analogous to polar and magnetic skyrmions. While these local structural features are sugges-
tive of topological order, definitive characterisation of topological states would require complementary
techniques such as full three-dimensional reconstruction or theoretical calculations beyond the scope
of the present work. The observation of polarisation configurations consistent with skyrmion-like tex-
tures pinned to chemically distinct defect cores in B6TFMO on vicinal substrates highlights the broader
potential of defect and substrate engineering to stabilise polarisation patterns reminiscent of multiferroic
skyrmion-like states, opening new pathways for the design of next-generation multiferroic nanoelectronic
devices [24, 58].

3.5. PFM of B6TFMO films with tailored defect levels
To assess how defect-engineered polar topologies in B6TFMO grown on vicinal substrates influence
functional ferroelectric behaviour, DART (dual AC-resonance tracking)-PFM [61] was used to probe 90–
100 nm thick films (supporting information figure S12). PFM measures mechanical piezoresponse (strain
induced by applied electric field) rather than electrical conductivity, providing a direct probe of ferro-
electric polarisation. The DART-PFM measurements were performed at high measurement frequencies
(∼258 kHz (vertical) and ∼792 kHz (lateral)) and low drive amplitudes (1–3 VAC). This combination
of resonance tracking at high frequency, combined with sub-coercive-field amplitudes, optimises detec-
tion of genuine piezoelectric response while minimising electrostatic artefacts. To distinguish genuine
ferroelectric signals from electrostatic artefacts, we employed multi-modal (lateral and vertical) domain
correlation and phase contrast analysis, as detailed below.
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Figure 7. Ferroelectric poling of B6TFMO on 0.2 ◦, 0.5 ◦and 10 ◦ mis-cut sapphire substrates using applied biases of±5 VDC to
±55 VDC over 10× 10 µm2 regions.

In even-layered Aurivillius phases, the spontaneous polarisation is constrained to the in-plane b-axis
by a horizontal mirror plane, whereas in odd-layered m = 5 B6TFMO this mirror symmetry is bro-
ken, permitting a weak out-of-plane c-axis component superimposed on the dominant in-plane b-axis
polarisation [62], as observed in the lateral piezoresponse force microscopy (LPFM) and vertical piezore-
sponse force microscopy (VPFM) images in supporting information figure S12. In these films, electro-
static interactions that would favour straight, flat domain walls are insufficient to overcome the domain
wall energy landscape, which instead favours curved and meandering domain configurations observed in
the PFM data, consistent with prior observations in Aurivillius systems [63].

PFM imaging (supporting information figure S12) shows all three films are naturally self-
polarised, with progressively smaller ferroelectric domains at higher miscut angles: 0.233 ± 0.025 µm2,
0.210 ± 0.004 µm2 and 0.139 ± 0.012 µm2 for the B6TFMO films on 0.2◦, 0.5◦ and 10◦ miscut sap-
phire substrates respectively. This systematic grain area-domain area correlation mirrors the AFM trend
(0.49–0.26 µm2 grain area): smaller grains impose smaller ferroelectric domains due to increased grain
boundary pinning.

Higher-miscut films exhibit elevated structural disorder from dense OPBs/intergrowth defects and
abundant grain boundaries, which serve as Bi fast-diffusion paths during the 850 ◦C anneal (supporting
information figure S10) [13]. While single OPBs may not create domain walls, defect ensembles generate
local polar discontinuities [24] that act as domain nucleation sites [63]. The resulting high defect density
thus promotes increased domain wall density, yielding the finest domain structure at 10◦ miscut (sup-
porting information figure S12).

Figure 7 demonstrates that both vertical and lateral ferroelectric domains in all B6TFMO films are
switchable under an applied DC bias. Under the experimental geometry used here, the vertical domains
switch more readily. Direct bias application through the vertical PFM tip efficiently reverses the out-
of-plane polarisation along the c-axis, whereas the trailing field generated during tip scanning pro-
duces a weaker, spatially distributed in-plane electric field capable of switching lateral domains [60, 64].
This preferential vertical domain switching arises because, although the Aurivillius structure features a
dominant in-plane polarisation component [62], the symmetry-allowed c-axis polarisation component is
readily accessible to the vertical electric field applied by the PFM tip. Reversal of this c-axis component
perturbs the local lattice distortion and polarisation rotation pathways, thereby influencing the stability
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Table 2. Quantitative ferroelectric switching and structural parameters of B6TFMO film across the vicinal substrate series. Out-of-plane
switching voltages decrease three-fold while film thickness remains constant, demonstrating defect-mediated enhancement.

Parameter 0.2◦ miscut 0.5◦ miscut 10◦ miscut Trend

Out-of-plane switching

voltage (VDC)

±15 Between±5 and±15 ±5 3-fold reduction

Out-of-plane switching

field (V/nm)

±0.16 Between±0.05 and±0.13 ±0.05 3-fold reduction

In-plane switching

voltage (VDC)

±45 ±45 ±45 Incomplete at all levels;

field-geometry limited

Film thickness (nm) 94± 26 112± 22 94± 11 Equivalent (within

error)

Average grain

area (µm2)

0.49 0.30 0.26 Decreasing with miscut

Ferroelectric domain

area (µm2)

0.233± 0.025 0.210± 0.004 0.139± 0.012 Decreasing with miscut

Defect-related XRD

peak broadening (see

table S2)

Lower broadening Higher broadening Extensive broadening Broadening increases

with miscut; consistent

with rising defect

density

and redistribution of in-plane domains. The defect-rich microstructure and geometric field effects in
these films further enhance vertical domain switching efficiency relative to in-plane switching.

PFM poling experiments on B6TFMO films grown on 0.2◦, 0.5◦ and 10◦ miscut sapphire (figure 7,
supporting information figure S13) confirm that the out-of-plane response is switchable in all cases
after ±15 VDC. Notably, the film on the 10◦ miscut substrate exhibits out-of-plane switching at signif-
icantly lower voltages (±5 VDC), indicating an enhanced switching susceptibility compared with films
on lower miscut substrates. To quantify this enhancement, we extract switching field strengths and
domain parameters from our PFM measurements, which reveal systematic correlation with structural
disorder metrics (table 2). Out-of-plane switching fields decrease from ±0.16 V nm−1 (0.2◦ miscut) to
±0.05 V nm−1 (10◦ miscut)—a three-fold reduction—while film thickness remains constant (94 nm),
and this systematic voltage dependence on substrate miscut (15 V for 0.2◦ to 5 V for 10◦ miscut) corre-
lates directly with independently measured XRD-defined defect density trends, establishing that defect-
controlled microstructure, not film thickness variations, drives the enhanced ferroelectric response.
Ferroelectric domain area systematically decreases with increasing miscut angle (0.233 ± 0.025 µm2 to
0.139 ± 0.012 µm2), and smaller domains are inherently more responsive to external fields, a classical
ferroelectric switching principle demonstrated here across our substrate series.

In contrast, the in-plane component is more difficult to switch. Closer inspection of the in-plane
poled region in B6TFMO on 0.2◦ miscut sapphire (supporting information figure S13) reveals complete
out-of-plane domain reversal but only partial lateral polarisation redistribution. Pre-poling, the average
in-plane domain size was 0.46 µm (51.6% left, 48.2% right polarised); post −45 VDC poling, domain
size increased to 0.99 µm with 53.3% right-polarised domains (46.3% left), indicating net lateral reori-
entation accompanied by domain growth but no complete switching. Despite applying nine-fold higher
voltages than required for out-of-plane switching (±45 V vs ±5 V for the 10◦ miscut film). This out-of-
plane vs in-plane switching disparity reflects both field geometry and defect-domain interactions. VPFM
applies a uniform vertical field across the entire film thickness while LPFM generates a localised fringe
field concentrated near the scanning tip contact point, resulting in non-uniform lateral field distribution
through the film depth.

Moreover, the dominant b-axis in-plane polarisation interacts more strongly with structural defects
(OPBs, stacking faults, intergrowths, grain boundaries), which serve as effective pinning centres for lat-
eral domain walls. While these defects facilitate out-of-plane switching through local strain and electro-
static gradients that directly align with the c-axis response, they stabilise the in-plane domain configura-
tion against complete reorientation.

The markedly increased out-of-plane switching susceptibility observed in the 10◦ miscut B6TFMO
film, requiring only ±5 VDC compared to higher voltages needed for films on lower miscut substrates
(figure 7), can be explained by several microstructural factors.

STEM imaging reveals two distinct grain families in B6TFMO on 10◦ vicinal sapphire substrates:
grains lying grains lying approximately parallel to the substrate (∼0◦ tilt) and grains tilted by ∼10◦

(supporting information figure S9), with an apparent in-plane rotation between the two families. In
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the ∼10◦ tilted grains, the dominant in-plane b-axis polarisation vector, which carries the primary
spontaneous polarisation in odd-layered m = 5 Aurivillius phases, is rotated ∼10◦ out of plane. This
orientation provides a substantial vertical component that is directly accessible to the vertical PFM tip,
substantially enhancing the measured out-of-plane piezoresponse relative to flatter grains in lower-miscut
films.

Complementing this geometric advantage, the higher step density promotes abundant OPB defects
and stacking faults that create local strain/electrostatic energy gradients, reducing the out-of-plane polar-
isation switching barrier [24, 59]. These c-axis-aligned defects form interconnected networks that facili-
tate domain wall motion at reduced fields. Smaller grains (0.26 µm2 at 10◦ miscut vs 0.49 µm2 at 0.2◦

miscut) and dense grain boundaries introduce additional local strain fields and charged domain pinning
sites that further decrease coercive fields, while the finer ferroelectric domains (∼0.14 µm2) prove inher-
ently more responsive to external stimuli.

To validate that this switching represents genuine ferroelectric behaviour rather than leakage-
mediated artefacts, we employ three independent strategies [1]: Multi-modal domain correlation: LPFM
and VPFM measurements reveal consistent spatial domain patterns, confirming genuine ferroelectric
polarisation rather than electrostatic artefacts [2]. Phase contrast validation: PFM phase images exhibit
characteristic 180◦ phase reversal between oppositely polarised domains (figure 7, supporting infor-
mation figure S13), the hallmark of ferroelectric polarisation [3]. Reversible DC switching with defect-
density correlation: the switching voltage dependence on substrate miscut precisely correlates with
independently measured XRD-defined defect density/disorder trends, demonstrating that ferroelectric
behaviour tracks controlled structural parameters.

If enhanced leakage pathways (due to OPB defects) were dominant, we would expect progressive loss
of ferroelectric contrast at high miscuts where defect density is highest. Instead, ferroelectric domain vis-
ibility and switching capability are enhanced at higher miscuts. This counter-intuitive trend: improved
ferroelectric response with increased defect density, directly contradicts a leakage-artefact interpretation
and confirms that OPB defects genuinely enhance ferroelectric properties. STEM observations show that
nominally charged domain walls and polarisation patterns consistent with polar vortices form prefer-
entially at OPB defect sites, structurally explaining why increased defect density enhances rather than
suppresses ferroelectric functionality. To further rule out confounding variables, films on 0.2◦ and 10◦

miscut substrates have identical average thickness (94 nm) yet exhibit dramatically different ferroelectric
switching voltages (15 V vs 5 V), demonstrating that substrate-controlled defect density, rather than film
thickness variation, drives the observed ferroelectric property evolution. The systematic trends in ferro-
electric switching behaviour observed across the vicinal substrate series (figure 7; table 2) demonstrate
reproducible substrate-controlled modulation of polar topologies within the current sample set. However,
a comprehensive statistical assessment of sample-to-sample variability at each miscut angle would require
a larger population of independently prepared films, which represents an important direction for future
studies aimed at optimising reproducibility and establishing quantitative variability thresholds for tech-
nological applications. The present results establish the fundamental principle that substrate vicinality
enables controlled defect-driven engineering of ferroelectric topologies; rigorous reproducibility valida-
tion across larger sample populations will be essential for practical device implementation.

4. Conclusions

This study demonstrates that vicinal sapphire substrates provide an effective approach for engineering
defect distributions in multiferroic B6TFMO thin films, influencing both structural and polar properties.
As the substrate miscut angle increases from 0.2◦ to 10◦, a clear progression emerges: grains grow larger
at low substrate miscut angles, while higher substrate miscut angles produce pronounced XRD peak
broadening, grain refinement (0.49 µm2 down to 0.26 µm2), and finer ferroelectric domains (0.23 µm2

down to 0.14 µm2). These changes systematically track the increasing step density that promotes nucle-
ation of OPBs and stacking faults.

Direct STEM measurements of OPB defect displacements (0.4–0.9 nm) quantitatively validate XRD-
derived defect displacement values (0.41–0.88 nm). Atomic-resolution STEM imaging further reveals a
new type of defect in B6TFMO: nanorod precipitates within ‘anatase’-like interlayers. These structures
generate polar textures consistent with anti-hedgehog states reminiscent of skyrmions. Significantly, 180◦

nominally charged domain walls and polarisation patterns consistent with polar vortices form in close
spatial association with OPB defects, with vortex-like structures observed between OPB defects spaced
3 nm to 5 nm apart across multiple films.
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This indicates that defect positioning plays a key role in organising these complex polar
configurations.

The most striking functional consequence appears in piezoresponse force microscopy, where 10◦ mis-
cut films exhibit dramatically reduced out-of-plane switching voltages (±5 V). This enhancement arises
from the combination of tilted (∼10◦) grains, which rotate the dominant b-axis polarisation into vertical
accessibility for PFM, with a defect-rich microstructure that facilitates out-of-plane domain wall motion
while pinning in-plane configurations. The same defects that stabilise lateral domains against switch-
ing thus selectively promote vertical response. Future investigations should address the temporal stabil-
ity, thermal robustness, and electrical cycling endurance of these defect-stabilised topological structures,
which will be essential for evaluating their potential in practical device applications.

Taken together, this work reveals substrate vicinality as a master parameter that couples geometric
step arrays, defect cascades, topological polar states, and anisotropic switching, providing a reproducible
blueprint for designing Aurivillius multiferroics with tailored domain topologies and low-voltage func-
tionality for next-generation nanoelectronics.
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