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ABSTRACT: The ultimate challenge for the development of new multiferroics with
enhanced properties lies in achieving nanoscale control of the coupling between
different ordering parameters. In oxide-based multiferroics, substitutional cation
dopants offer the unparalleled possibility to modify both the electric and magnetic
properties at a local scale. Herein it is demonstrated the formation of a dopant-
controlled polar pattern in BiFeOj; leading to the spontaneous instauration of periodic
polarization waves. In particular, nonpolar Ca-doped rich regions act as spacers
between consecutive dopant-depleted regions displaying coupled ferroelectric states.
This alternation of layers with different ferroelectric state creates a novel vertical polar
structure exhibiting giant polarization gradients as large as 70 uC cm™> across 30 A

thick domains. The drastic change in the polar state of the film is visualized using high-resolution differential phase-contrast
imaging able to map changes in ferroelectric polarization at atomic scale. Furthermore, a periodic distortion in the Fe—O—Fe
bonding angle suggests a local variation in the magnetic ordering. The findings provide a new insight into the role of doping and
reveal hitherto unexplored means to tailor the functional properties of multiferroics by doping engineering.
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Multiferroics are intriguing materials with coupled order
parameters that permit the control of material properties
by different applied stimuli. For instance, in magnetoelectric
multiferroics an electrical stimulus results in a magnetic
response.' > Such multiferroics rarely occur in nature and
thus need to be engineered by, for example, inducing a defined
strain state which leads to the desired ferroic coupling essential
for technological applications.” Local structural instabilities
represent degrees of freedom exploitable for the introduction of
a specific ferroic ordering or modification of the ones naturally
existing, opening unrivaled possibilities to tailor the materials’
properties for a wide range of applications that span from
spintronics to magnetoelectronics.””” Additionally, the high
versatility of the perovskite structure in ferroelectric oxides is a
unique playground for the introduction of substitutional species
that can alter the electronic properties and magnetism.'’~">
Although the effect of structural distortions on the materials’
properties has been widely investigated,">™"” an atomic scale
correlation between substitutional doping and local structural
instabilities has not yet been fully addressed. In this framework,
achieving a complete understanding of doping effects is of
crucial importance for tailoring new materials with enhanced
properties.

Bismuth ferrite (BFO) has been widely investigated for being
one among the few multiferroic materials that exhibits
ferroelectricity and antiferromagnetism at room temperature
(RT)."" In the rhombohedral phase (space group R3c) BFO is
ferroelectric with a large polarization (80—100 xC cm ™) along
the [111] direction of the perovskite cell.”>" Ferroelectricity
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of BFO arises from the localized character of the 6s electrons
of the Bi ions that are spatially confined forming a localized
lobe (lone-pair) on the A-sites of the perovskite structure.””
This lone-pair is responsible for the cooperative displacement
of the Fe cations and the surrounding O cages along the [111]
direction.

Among the different possible dopants, Ca as an A-site dopant
is very promising not only for enhancing the magnetoelectric
coupling™ but also for making accessible in BFO thin films
novel conducting states and properties, for example, field-
controlled conductivity modulation,”* and electrochromism.*
In Bi,_,Ca,FeO;; (6 = x/2) the hole-doping resulting from
replacing Bi** with Ca*" leads to the formation of O vacancies
that are organized in self-assembled superstructures,” ™’ which
are responsible for the aforementioned effects.

Here we report an atomic resolution investigation of a
BijgCag,FeO;_; thin film exhibiting periodic dopant fluctua-
tions. We perform a complete analysis of the structural
distortions related to the polar instability, discussing the local
effect of the substitutional dopants on both ferroelectric and
magnetic properties. Our results demonstrate that controlled
doping represents an effective tool that can be employed,
eventually in combination with strain or other structural
distortions, to tailor the material properties at the nanoscale.
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The atomic scale properties of a 85 nm Bij3Cay,FeO;_s film
epitaxially grown on SrTiO; (STO) were investigated by high-
resolution scanning transmission electron microscopy (STEM)
by means of high-angle annular dark-field (HAADF), annular
bright-field (ABF), and differential phase-contrast (DPC).
While HAADF-STEM imaging provides a Z-contrast signal,
particularly sensitive to columns of high atomic number (Z),
ABF-STEM provides a mean to locate light atomic columns,
like oxygen columns. On the other hand, and as explained later
in the text, DPC-STEM is a novel technique able to map the
local electrostatic field®' with a great potential impact on
ferroelectric materials investigation.

Figure la shows an unprocessed HAADF-STEM image of
the film in the [010] projection. Herein all the indices are given
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Figure 1. (a) Color-coded HAADF micrograph in the [010] zone axis.
The growth direction is from bottom to top. The horizontal white
lines indicate the position of the dark-layers at each side of the image,
appearing every 7 or 8 perovskite blocks. (b) Corresponding FFT
indexed within the pseudocubic reference system. (c) Line profiles
along the [001] and [100] directions of the FFT. The satellite spots
(SL) due to the superstructure are visible along the [001] direction at
a spacing of ~0.35 nm™', while an additional spot at ~1.28 nm™
(marked by the black arrow) corresponding to a doubling of the
perovskite periodicity is observed in the profile taken along the [100]
direction.

within the pseudocubic setting of the perovskite structure. The
growth direction is from bottom to top (along [001]) and the
area corresponds to about one-ninth of the original micrograph
rotated by 45° (Figure S1, Supporting Information).

The film is characterized by the repetition of single planar
dark-layers appearing periodically every 7 or 8 perovskite blocks
along the growth direction. The lateral extension of these dark-
layers is frequently interrupted and a 7-layer perovskite-block
band may be transformed into an 8-layer perovskite-block band,
and vice versa. The transformation between 7- to 8-layer blocks
occurs over steps ~2—3 unit cells wide. These dark-layers have
been described in literature as self-assembled structures due to
the local accumulation of O vacancies.”” The fast Fourier
transform (FFT) of the full high-resolution image is given in
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Figure 1b. The line profile in Figure lc (top) reveals the
occurrence of an incommensurate modulation along [001]. In
fact, the dark-layers recurring with two different periodicities
along the c-axis generate incommensurate superlattice
reflections (labeled SL in Figure 1c) at a reciprocal distance
of ~0.35 nm™". In real space, the average thickness of the bands
separated by the dark-layers is ~7.3 perovskite blocks, in good
agreement with the HAADF micrograph shown in Figure la.
Besides, the line profile along the [010] direction in Figure lc
(bottom) displays a peak (marked by the black arrow) at a
reciprocal distance of ~1.28 nm™" corresponding to a real space
distance of ~0.78 nm. The periodicity of the perovskite
structure (~0.39 nm) along [100] is thus broken resulting in a
doubling in this direction. In the following, the origin of the
structural features along the a and c directions will be
elucidated.

Geometrical phase analysis®> (GPA) carried out on the full
thickness of the film demonstrates that the film is adapted to
the STO substrate, whereas a significant out-of-plane dilation
(8yy ~ 4%) is observed only for the dark perovskite layers
(Figure S2, Supporting Information). A more detailed
quantitative analysis of the lattice distortions was performed
by means of peak-pair analysis”> (PPA), fitting the peaks
corresponding to the atomic columns in high-resolution
HAADF/ABF-STEM images (see Material and Methods for
details). In Figure 2, the PPA analysis on the simultaneously
acquired HAADF and ABF-STEM signals along the [010] zone
axis is presented. Two dark-layers (marked by the black arrows)
are visible in the field of view of the HAADF image (Figure 2a).
Following the nomenclature given in the scheme, we analyze
the structural distortions by measuring the distance between
the peaks corresponding to the atomic columns of the A and B
sublattices. In particular, we call a5, and c,_, the interatomic
distances of the A-sublattice parallel respectively to [100] and
[001], whereas ag_g and cg_g are the analogous distances for
the B-sublattice. In Figure 2b, the maps of the interatomic
distances are reported. Because of the off-centering of the A
and B sublattices, the maps of ag_g and c_g correspond to the
regions marked by the white dashed boxes in the a,_, and ¢y _»
maps. The positions of the dark-layers are marked in each map
by the black arrows. No evident in-plane strain is visible for the
A-sublattice, while an out-of-plane elongation of the A—A
interatomic distances is detected in proximity of the defective
layers, in agreement with the GPA analysis. Remarkably, this
distortion is not uniform along the entire layer but has a precise
pattern in which one A—A pair undergoing a stronger out-of-
plane elongation is immediately followed by one A—A pair in
which a less pronounced distortion is observed. An opposite
trend is instead observed for the B-sublattice. In fact, while no
distortion of the B—B interatomic distances is found along the
out-of-plane direction, alternated compressive/tensile distor-
tions of the in-plane interatomic distances are detected along
the dark-layers. A strong tetragonal distortion (cya/as, ~
1.07) is observed just at the dark-layers, as proven by the line-
profile along [001] shown in Figure 2c. The large standard
deviation of the value measured in the dark layers is due to the
alternation of A—A pairs with different out-of-plane dilation,
previously described. Taking into account the sublattices offset,
in the dark-layers the overall distortion occurs in such a way
that the stronger out-of-plane elongation of the A—A pair
corresponds to the in-plane compression of the B—B distance,
followed by a less pronounced out-of-plane A—A elongation in
proximity of the in-plane dilated B—B pair. A sketch of the
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Figure 2. (a) High-resolution HAADF image showing two dark-layers separated by 7-perovskite layers. (b) Maps of the interatomic distances for the
A and B sublattices as obtained by PPA. The scheme defines the nomenclature for the two sublattices. (c) Profile along [001] of the tetragonal
distortion. (d) Schematic representation (not in scale) of the structural distortions occurring in the dark-layers. (e) Corresponding inverted-ABF
image. (f) Fit of the intensities of the O atomic columns plotted at their fitted coordinates. A chessboard-like pattern of O intensities is visible,
because the effect is stronger in the region immediately following the dark-layers along the [001] direction. (g) Schematic representation of the O
vacancies ordering into the distorted cations lattice. The portion of the model in the gray dashed box corresponds to a dark-layer, where O vacancies
are preferentially organized. The partial O vacancies ordering in the other layers is depicted by semitransparent white boxes.

distorted structure is shown in Figure 2d. The doubling of the
periodicity along [100] generated by this structural distortion is
responsible for the diffraction peak at ~1.28 nm™' mentioned
above.

The simultaneously acquired ABF-STEM signal is shown in
Figure 2e, after inverting the contrast (see Materials and
Methods for details). The two layers that appeared as dark-
layers in HAADF-STEM exhibit here a lower total intensity in
the inverted signal. In Figure 2f, the intensity of all the O
atomic columns is plotted at the fitted atomic positions. Taking
the profiles along the directions indicated by the arrows, we
observe an ordering of O vacancies appearing as an alternation
of more intense O atomic columns (labeled as O) and less
intense O columns (labeled by a white square), in which the O
vacancies are preferentially localized. The atomic columns
displaying a higher O content are located between the more
spaced A—A pairs and the closer B—B pairs, as sketched in
Figure 2g. In the defective layers, the Fe cations are thus shifted
toward the less deficient O columns resulting in a local
reduction of the Fe—O bond length. It is worth noting that (i)
beside the preferential ordering in the defective layers a
chessboard-like pattern, which can be attributed to a partial
ordering of O vacancies, is observed throughout the perovskite
blocks at both sides of the dark-layers; (ii) in the defective
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layers, the O nearest-neighbors of the O vacancy (labeled as 1—
4 in Figure 2f ,g) are shifted toward the O vacancy, inducing a
tetragonal coordination around the Fe cations. These results are
in agreement with the average reduction of the Fe—O bond
length recently proposed for polycrystalline BiyyCagy;FeO;_s
samples.”* Our results demonstrate that the ordering of O
vacancies and the cations sublattices distortions are strongly
coupled and the contraction of the Fe—O bond length is a
localized effect.

In order to investigate the distribution of the Ca dopants, we
did an analysis of the HAADF/ABF signal intensities taking line
profiles along the [001] direction over an area of about 25 nm?.
The profile reported in Figure 3a shows a fluctuation of the
HAADF intensity which is periodic and is repeated for each
block composing the superstructure. In particular after each
dark-layer, whose position is marked by a black arrow and is
characterized by a lower integrated intensity (area colored in
gray), we observe a linear increase of the HAADF intensity
until the next dark-layer. This intensity variation can be
attributed to a decrease of the Ca doping within the
intermediate perovskite blocks along [001]. These sponta-
neously generated dopant fluctuations are effective in
producing a layering within the structure with Ca-rich and
Ca-poor regions. On the contrary, a correlation of the HAADF
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Figure 3. (a) HAADF and (b) inverted-ABF intensity profiles along the [001] direction. Periodic fluctuations of the HAADF intensity are observed
for each block composing the superstructure between consecutive dark-layers (marked in gray). A similar trend is visible in the inverted-ABF profile,
which can be related to a variation of O concentration. (c) Profiles along [001] of the perovskite cell angle (¢) and O-octahedron tilting amplitude
(lo!). (d) Scheme of the doping-induced distortion of the O-octahedron tilting pattern, showing a structural phase transformation from Pnma to R3¢

space group as the doping concentration decreases.
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Figure 4. (a) Polarization map superimposed to the HAADF image. The black arrows on the left indicate the position of the dark-layers. (b) Profiles
along the [001] direction of the in-plane (Ax) and out-of-plane (Ay) components of the atomic displacements. Scheme of the relationship between
atomic displacements and the projected ferroelectric polarization is given in the inset. (c) Sketch of the complex polar structure of the film, showing a
periodic polarization wave. Coupled ferroelectric domains exist in the periodic superstructure (dashed circles). (d) Profile along [001] of the Fe—
O—Fe bonding angle that highlights a straightening of the superexchange path in the Ca-rich areas with respect to the ferroelectric regions.

signal and Ca concentration in the dark-layers is not possible
due to strain effects that locally affect the channeling of the
electron beam. Though a quantitative interpretation of the
ABF-STEM signal is less straightforward, taking the intensity
profile of the fitted O columns located at the FeO, layers
perpendicular to the growth direction, we observe a similar
tendency. The O content increases from the Ca-rich toward the
Ca-poor areas (Figure 3b). A deviation from this general trend
is observed for the O layers respectively above and below the
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defective layers which exhibit a local higher O content. This
self-induced effect shall compensate for the oxygen (and
electron) deficient state in the defective layers, thus preserving
the charge neutrality.

In Figure 3¢, we report the profiles of structural distortions of
the perovskite cells, that is, the angle of the perovskite cell (¢)
and the O octahedron tilting amplitude (lwl). Remarkably, a
periodic pattern following the dopant profile is observed and an
angle ¢ = 89.3 + 0.5° is observed except for the layers close to
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Figure S. (a) HAADF and ABF motifs (lateral width: 1.1 nm) obtained averaging a template over the field of view of Figure 2a,e, respectively. The
corresponding polarization and dopant fluctuations are given in the schemes. The dark-layers are marked by gray boxes. (b) Magnified views of two
consecutive Ca-poor regions, corresponding to the areas marked by the white boxes in (a). The atomic configurations of these two regions are
horizontally flipped, thus explaining the change of sign of the in-plane component of polarization in two consecutive layers. (c) Schematic
representation of the basic principle of the DPC technique. (d) Sketch of the sample orientation with respect to the segmented detector. (e)
Differential signals between opposite segments (A—C, B—D) of the detector on an area showing the same structure as in panel a. The line profiles of
the two signals are obtained along the directions of the arrows. (f) Vector plot of the atomic electric fields, where the hue gives the field direction and

the saturation is proportional to the vector modulus.

the dark-layers, which are affected by the structural distortions.
On the other hand, the average O octahedron tilting amplitude
decreases along the perovskite block from ~2° toward zero,
consistent with a transition between an in-phase toward an out-
of-phase tilting scheme from the Ca-rich toward the Ca-
deficient area. This trend in the structural distortions highlights
a progressive variation from a higher toward a lower symmetry
space group moving from Ca-rich toward Ca-poor areas
(Figure 3d), revealing a structure that is doping-controlled at
the nanoscale.

The ferroelectric state of the film was studied by analyzing
the geometrical displacements of the cations sublattices in high-
resolution HAADF-STEM. In BFO, the modulus of the atomic-
scale polarization is proportional to the displacement of Fe
cation with respect to the center of mass of the Bi cell and its
direction is opposite to such displacement.”® In Figure 4a, a
polarization map (see Materials and Methods for details) is
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plotted superimposed to an HAADF-STEM image taken in the
[010] zone axis where six dark-layers are visible. The map
shows a periodic alternation of ferroelectric domains and layers
in which the ferroelectric instability is quenched, corresponding
to Ca-poor and Ca-rich regions, respectively. With respect to
different systems characterized by a lateral juxtaposition of
polar and nonpolar regions, for example, columnar systems
containing a ferroelectric perovskite and a ferromagnetic
spinel,***” in the present system the dopant ordering along
the growing direction produces alternated ferroelectric/non-
ferroelectric regions that are stacked along the direction normal
to the film surface, giving rise to a vertical polar superstructure.
It is worth noting that the polarization of the ferroelectric
domains appears in this projection to be parallel either to the
[10T] or [I01] directions, in agreement with a global
polarization vector along [111] as typically observed for
undoped BFO. A further confirmation regarding the displace-
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ments geometry is obtained analyzing the film polarization
along a different projection, for example, [110] zone axis (see
Figure S3, Supporting Information). Ferroelectric domains
arising due to an inversion in the doping ordering, that is, with
Ca-content increasing in the intermediate perovskite blocks
along the film growth direction, were also observed in different
portions of the TEM sample, in agreement with the
macroscopic characterizations of similar films previously
reported in refs 24 and 25.

In Figure 4b, the profiles of the atomic displacements at the
origin of the ferroelectric properties are shown. The displace-
ments of Fe along the [100] and [001] directions, named
respectively Ax and Ay, display different periodicities, being the
periodicity of Ax the double of the one of Ay (4, = 24,). The
different periodicities in the atomic displacements are
correlated to the establishment of symmetric coupled ferro-
electric domains in consecutive Ca-depleted regions. A
schematic representation of the film polar structure is given
in Figure 4c, where the coupled ferroelectric domains are
marked by dashed circles. Despite some asymmetries due to
small residual mistilt, in the ferroelectric Bi-rich areas an
average total displacement of the Fe cations of ~31 pm was
measured. Additionally, the Ax value obtained in the dark-
layers confirms that the atomic displacements are affected by
the local structural strain: in particular, a small value with a
large standard deviation is originated by the alternated positive
and negative horizontal displacements of Fe cations, arising
from the B—B pairs distortions previously shown in Figure 2g.
The Ca-doping fluctuations induce therefore a periodic
ferroelectric polarization wave with a polarization vector
modulus that goes from a nearly zero value of P, =~ 8 uC
cm ™2 in the Ca-rich areas toward a maximum value P~ 80
uC cm™ in the Ca-poor regions, calculated under the Born
effective charge® approximation. Such an abrupt change in
polarization, effectively about 70 #C cm™ across only 30 A,
results in an unprecedented giant polarization gradient 2 orders
of magnitude larger than the one recently reported for
compositionally graded Ba,_,Sr,TiO; thin films.*

Furthermore, the geometrical distortion at the origin of the
polar instability has an additional relevant effect. In fact, despite
the previously discussed doping-dependent pattern in the tilting
scheme of the O octahedrons, the different Fe displacements in
the Ca-poor and Ca-rich areas are effective in producing a local
variation in the Fe—O-—Fe angle, which has a notable
relevance for the magnetic properties of the system. The profile
of the Fe—O—Fe angle shown in Figure 4d highlights a
distortion scheme that resembles the trend of the Ca-doping. In
particular, an angle close to 180° that favors an AFM
interaction (GKA exchange) is observed in the Ca-rich part,
while a severe bond buckling occurs in the Ca-poor areas. In
agreement with the results of Chou et al,,”* a local and periodic
modification in the superexchange interaction represents an
effective way to break the undesired cycloidal spin modu-
lation,™® which prevents the instauration of a net magnetic
moment in undoped BFO.

An analysis of the lone-pair ordering at the base of the
observed ferroelectric structure was carried out by combining
HAADF/ABF-STEM imaging and DPC-STEM (Figure $). In
Figure Sa, the statistical averages (see Materials and Methods
for details) of a region containing two defective layers are
presented for both HAADF and inverted ABF-STEM signals,
together with a schematic representation of the corresponding
dopant and polarization profiles. The two areas marked by
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white rectangles belonging to two consecutive Ca-poor regions
are reported at a magnified scale in Figure Sb. In these zoomed
images, the A-site cations present nonsymmetric coordination
geometry. In particular, the vertical off-centering with respect to
the surrounding O columns occurs for both regions with an
upward displacement of the anions surrounding the cation. On
the contrary, displacements with opposite sign are observed
along the horizontal direction in consecutive Ca-poor regions,
as highlighted by the two line-profiles taken along the white
dashed rectangles. This coordination geometry in the Ca-poor
regions agrees well with the one of undoped BFO (R3¢ space
group), as visible by the comparison with the structural models
reported as reference in Figure Sb for both analyzed regions.
Such asymmetric coordination around the A-site is attributed to
a different preferential localization of the lone pair, as depicted
in the scheme.

Electric field imaging of single atoms by means of DPC has
recently been demonstrated, opening new perspectives in
materials investigation at the atomic scale.”' Here we present an
analysis of the atomic electrostatic fields as an experimental
proof of the complex polar state occurring in the Ca-doped
BFO film. Figure Sc shows a schematic representation of the
principle of DPC. In this technique, the origin of the differential
signal between opposite pairs of quadrants (A,C and B,D) in
the segmented annular dark-field detector is due to the
deflection of the beam by local electric fields in the
specimen.’”*' In our investigation, we oriented the sample
with the [100] and [001] directions parallel to the A—C and
B—D segments of the detector, respectively (Figure Sd).

In Figure Se, the DPC(A—C) and DPC(B-D) differential
signals are shown. Taking a profile over the entire field of view
of DPC(A—C) along the direction of the white arrow, an
antisymmetric profile is obtained at each zero-crossing
corresponding either to A or B sites. On the contrary, taking
a similar profile of the DPC(B—D) along the perpendicular
direction, some peculiar features emerge. In particular, (i) a
strong asymmetry is observed at the zero crossing for the A-
sites in the defective layers (indicated by the red lines), (ii) a
transition from an antisymmetric toward an asymmetric profile
is observed at the zero crossing for the B-site (indicated by the
orange lines) moving from the Ca-rich toward the Ca-poor
areas, (iii) the position of the zero crossing for the B-site
undergoes a vertical shift that resemble the cationic displace-
ments responsible for the establishment of a ferroelectric
polarization in the Ca-poor layers of the sample. In Figure 5f,
an atomic resolution color map of the atomic fields is reported
showing an increase of polarization from the Ca-rich toward the
Ca-poor regions visible as an asymmetry in the color pattern.
These results prove that DPC is hence a suitable technique to
detect atomic electric field fluctuations, paving the way for new
insights into ferroelectric materials.

In conclusion, the presented atomic-scale analysis demon-
strates that the spontaneous formation of a layered structure of
substitutional dopants is effective in creating a complex
ferroelectric structure constituted by the alternation of polar
and nonpolar domains. This polar pattern showing giant
polarization gradients has been investigated combining several
advanced scanning transmission electron microscopy techni-
ques at the atomic level, that is, HAADF/ABF and DPC. In
particular, periodic fluctuations in the Ca dopant concentration
are at the origin of the breaking of the lone-pair ordering
scheme, producing a local quenching of the ferroelectricity and
a local straightening of the Fe—O—Fe bond angle which is
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expected to be advantageous for the magnetic properties. These
findings provide a new insight into the role of doping in
complex ferroelectric structures in which anisotropic dopants/
vacancies distribution can occur and represent a proof of
concept that controlled substitutional doping is a powerful tool
exploitable to create artificial structures with complex polar
patterns and giant polarization gradients, such as polarization
waves.

Materials and Methods. Sample Preparation. Ca-doped
(20%) BiFeO; films with a thickness of 85 nm were grown on
SrTiO5(001) substrate using pulsed laser deposition at 873—
923 K in 50—100 mTorr O, pressure. Typical deposition rates
were about 2 nm min~' with a laser repetition rate of 10 Hz.
The pulsed KrF excimer laser (wavelength: 248 nm) was
focused to reach a laser fluency of ~2 ] cm™ on the target
surface. The films were cooled down at a rate of 5 K min~" with
~1 atm O, pressure.

High-Resolution Scanning Transmission Electron Micros-
copy. Electron transparent cross-sectioned samples for trans-
mission electron microcopy were prepared by means of a FEI
Helios NanoLab 600i and a FEI Helios NanoLab 450S focused
ion beam operated at accelerating voltages of 30 and S kV. The
specimens’ thicknesses were in the range 30—60 nm. Plasma-
cleaning (25% O,, 75% Ar) was performed for 60 s on the
specimens before STEM experiments. HAADF and simulta-
neous ABF STEM were performed on an aberration-corrected
JEOL ARM200F, operated at 200 kV. The experiments were
carried out setting a probe semiconvergence angle of 18 mrad
and collecting semiangles of 90—170 mrad for HAADF and 9—
18 for ABF. All the ABF images are here presented after
inverting the signal, that is, peaks corresponding to atomic
columns appear as local intensity maxima in the images.

Differential-Phase Contrast. In DPC techniques, a de-
flection of the center of mass of the transmitted disk is observed
due to the electric fields in the specimen plane. DPC
investigation was carried out on an aberration-corrected Titan
Themis 80-300 operated at 300 kV with a probe-forming
aperture semiangle of 18 mrad and a collection angular range
for the segmented DF4 detector set to 9—57 mrad. The
orientation of the samples with respect to the detector
segments was set as described in the text.

Data Processing and Analysis. HAADF and ABF images of
Figures 2 and 3 were obtained as averages of time series of 10
frames, after nonrigid registration using the Smart Align42
software. HAADF whose signal is proportional to Z" (n & 1.6—
2.0) was employed to map the Ca doping, thanks to its strong
sensitivity to atomic number. On the contrary, ABF signal is
proportional to Z" (m 1/3) and can be successfully
employed to visualize light elements, like oxygen.”> Making use
of ABF, we investigated the ordering of O vacancies and the
structural distortions related to the anionic sublattice.

The picometer-precision fitting of the peaks corresponding
to the atomic columns was computed on both HAADF and
ABF signals by means of 7 parameters Gaussians, using a
custom-developed Matlab code based on the method proposed
by Yankovich et al.**

Following Bals et al,,” in an ideal crystal (i.e., a crystal with
constant interatomic distances) the precision of the atomic
columns fitting can be defined as the standard deviation (o) of
the lattice separations. We carried out an analogous statistical
analysis, calculating the o of the interatomic distances for Bi, Fe,
and O species. Such calculation was performed excluding the
layers mostly affected by the strain, that is, the dark-layers and

~
~
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their nearest-neighbors (see Figure 2b,c). The following values
were obtained for the different species: op; = 5.8 pm, og, = 3.6
pm, and 6 = 4.3 pm. Because of the complexity of our system
displaying a doping gradient along the entire perovskite block,
these values represent an overestimation of the precision of the
fitting algorithm. Nevertheless, the reduced precision in the
fitting of the Bi columns positions with respect to Fe and O
species can be remarkably attributed to an increase of their local
static displacements, induced by the substitution of Ca dopant
on the A-site of the perovskite structure.

The precise fitting of the peaks in the HAADF/ABF images
permits to directly access the projected crystallographic
structure and make quantitative analysis, by, for example,
PPA. In this way, the structural distortions are immediately
accessible by direct imaging of the crystal structure along the
selected crystallographic orientation. Distortion analysis and
polarization mapping were performed using custom-developed
Matlab codes. The atomic column positions were fitted over
the entire field-of-view of the time-averaged ABF/HAADF
signals; afterward, the profiles along the [001] direction were
calculated averaging along the [010] direction the correspond-
ing distortion/displacement maps. The averages represent the
estimated values while the standard deviations give the error
bars. Atomic-scale polarization maps were calculated by
measuring the off-centering between the B-site position and
the center of the A-site cell, following the method proposed by
Nelson et al.*®

In order to compare HAADF/ABF signals to DPC we used
the approach of template-matching. By means of template-
matching, a statistical average of a representative portion of the
sample (motif) can be obtained. In particular, the statistically
equivalent averaged motifs for both HAADF and ABF signals
were determined by cross-correlation and averaging using the
MacTempas*® software package.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.7b03817.

Large-scale morphology of the film superstructure
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