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Charged domain walls in ferroelectrics hold great promise for the design of novel electronic devices due

to their enhanced local conductivity. In fact, charged domain walls show unique properties including the

possibility of being created, moved and erased by an applied voltage. Here, we demonstrate that the
charged domain walls are constituted by a core region where most of the screening charge is localized

and such charge accumulation is responsible for their enhanced conductivity. In particular, the link between the local structural distortions and charge screening phenomena in 109° tail-to-tail domain walls

of BiFeO3 is elucidated by a series of multiscale analysis performed by means of scanning probe techniques, including conductive atomic force microscopy (cAFM) and atomic resolution differential-phase

contrast scanning transmission electron microscopy (DPC-STEM). The results prove that an accumulation
of oxygen vacancies occurs at the tail-to-tail domain walls as the leading charge screening process. This

work constitutes a new insight in understanding the behavior of such complex systems and lays down
the fundaments for their implementation into novel nanoelectronic devices.
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Introduction

Domain walls (DWs) in ferroelectric materials constitute the two-dimensional (2D) boundary region between domains characterized by different values of the order parameter, i.e. the electrical polarization (P).
One of the most striking properties of DWs is their ability to carry a bound charge, due to the screening by
the free carriers of the material.1 Although an intrinsic conductance due to bandgap lowering has been
recently reported for formally uncharged head-to-tail (H-T) domain walls,2 the tail-to-tail (T-T) and headto-head (H-H) domain walls respectively hold a negative or positive nominal charge that can only be partially screened either by electrons, holes or mobile ions, provided by structural defects or doping. Therefore,
the DWs that show non-zero bound charge are commonly named “charged domain walls”. Following a
recently introduced terminology,1 the T-T and H-H DWs can be referred to as “strongly-charged” DWs in
opposition to the “weakly-charged” H-T DWs. These charging phenomena can happen in the case that the
adjacent domains are not conductive, e.g. in ferroelectric oxides. In such a case, the domain wall can be
seen as a 2D conductive3–7 or superconductive 8 pathway embedded in an insulating media. This special
feature has raised an enormous interest in conductive DWs for their potential impact on future nanoelectronics.9–14 In particular, as the domain walls in ferroelectric oxides are often movable under an external
electric field,15–17 they represent a very promising element for novel rewritable circuitry.
Despite extensive research activities triggered by the unique behavior of charged DWs, their local structure
and the nanoscale charge screening phenomena are still elusive. Indeed, charged domain walls and their
properties have been investigated in various polycrystalline specimens and thin films, e.g. BiFeO3,2,3,6,18 Ladoped BiFeO3,4 BaTiO3,15,19 LiNbO3,20 Pb(Zr0.2Ti0.8)O3,21,22 YMnO3,23–26 ErMnO3.27–29 Ab initio calculations suggest that charged domain walls cannot exist without charge screening promoted by the mobile charges,
but the great modeling efforts of these complex structures still lack experimental validation.30 Moreover,
the presence of charged defects, as e.g. oxygen vacancies, can promote – in addition to DW stabilization
due to charge compensation – other important phenomena, like e.g. domain wall pinning.31

The deepening of our knowledge about the charge screening processes is of fundamental relevance to the
achievement of a comprehensive understanding of the conduction properties of charged DWs. In ferroelectric oxides, however, the identification of the charge screening mechanisms is strongly puzzling because
of the different possible structural defects. Moreover, the lack of measurement techniques that are directly
sensitive to the localized charges with sub-nanometer resolution makes the identification and the quantitative estimation of the screening charges a challenging problem.
Here, we image and quantify at the atomic scale the charged defects distribution at the origin of the enhanced conductivity in charged domain walls. To do so, we studied conductive 109° T-T domain walls in
the archetype ferroelectric BiFeO3 by combining state-of-the-art scanning probe techniques - such as piezo-response force microscopy (PFM) and conductive atomic force microscopy (cAFM) – with the differential-phase contrast (DPC) scanning transmission electron microscopy (STEM) technique.

Experimental

Thin Film Growth and Specimen Preparation
The BiFeO3 (120 nm)/La0.7Sr0.3MnO3 (12 uc, t ≈ 5 nm)/SrRuO3 (2.5 uc, t ≈ 8 Å)/STO heterostructure was
grown by pulsed laser deposition (PLD). Before the growth of the thin films, low-miscut SrTiO3 (STO) (001)
substrates (5x5 mm2) were wet-etched by buffered HF acid, followed by a thermal annealing process, forming the TiO2-terminated atomically flat surface. Precise control of thickness at the atomic scale was achieved
by using in-situ reflection high-energy electron diffraction (RHEED). An ultrathin SrRuO3 (2.5 unit cells) was
initially deposited on the STO substrate by counting two RHEED oscillations, to switch the termination from
TiO2 to SrO. SrRuO3 was deposited at 923 K in 100 mTorr of oxygen pressure. The repetition rate was 1 Hz.
Both the La0.7Sr0.3MnO3 (LSMO) and BiFeO3 (BFO) layers were grown at 963 K in 150 mTorr of oxygen pressure. The laser fluence was 0.8 J cm−2. The repetition rate was 1 Hz for LSMO. The growth of LSMO was insitu monitored by counting 12 RHEED oscillations. BFO was deposited at a repetition rate of 3 Hz for 40
mins. After the growth, samples were cooled to room temperature under an oxygen pressure of 760 Torr
at a rate of 5 K/min. Electron transparent cross-sectioned samples for transmission electron microscopy
were prepared by means of an FEI Helios NanoLab 450S focused ion beam operated at accelerating voltages of 30 and 5 kV. Plasma cleaning (25% O2, 75% Ar) was performed for 120 s on the specimens before
conducting the STEM experiments.
Scanning Transmission Electron Microscopy
The scanning transmission electron microscopy (STEM) experiments were carried out on an aberrationcorrected Titan Themis 80-300 operated at 300 kV, setting a probe semi-convergence angle of 18 mrad
and collecting semi-angles of 90−170 mrad for high angle annular dark-field (HAADF) and 10-40 mrad for
the segmented (4-quadrant) annular dark field detector (DF4). The HAADF images were obtained through
aligning and averaging image-series (20 frames, 2048x2048) by means of SmartAlign32 software, in order
to increase the signal-to-noise ratio and to correct for the scan distortions. The specimen thickness was
measured performing electron energy loss spectroscopy (EELS) experiments on a JEOL JEM-2200FS (200
kV) equipped with an in-column Omega Filter. The thickness in the region of interest of the specimen was
estimated to be 35 ± 5 nm, by means of the log-ratio33 approach.
Differential-Phase Contrast STEM
The DPC technique is a STEM-based method able to detect the variations of the intensity distribution in the
transmitted disk. Such intensity redistribution can be properly interpreted under a quantum mechanical
description that relates the variation of the center of mass of the transmitted disk to the expectation value
of the momentum.34 Moreover, the channeling effects also play a pivotal role in the beam propagation and
consequently in the variation of the center of mass of the transmitted disk.35 Although as said a proper
description of the signal generation requires a dynamical treatment of the beam propagations, such intensity redistribution can be intuitively comprehended if we picture the effect of the electric field in the specimen plane as a Lorentz force induced deflection of the electrons.DPC investigation was carried out using a
probe-forming aperture semi-angle of 18 mrad and a collection angular range for the segmented DF4
detector set to 10-40 mrad. The DPC measurements were performed by recording the images generated
by the 4-quadrant DF4 detector and then computing the differential signals between opposite pairs of
segments. The generated DPC signals are called DPC(A-C) and DPC(B-D). The DPC signals were then differentiated to obtain a two-dimensional map of the projected charge density and integrated to retrieve the
projected electrostatic potential. The signals so obtained are called differential- and integrated-DPC (dDCP
and iDPC), respectively. The DPC data processing and differentiation/integration were performed using
custom-developed MATLAB scripts.
Images Analysis

The experimental data were de-noised using a custom-developed iterative non-linear algorithm based on
the method proposed by Du et al.36 The precise fitting of the atomic columns in the STEM signals is strictly
needed for the quantitative analysis of the structural distortions, ferroelectric polarization and the atomic
column scattered intensities. In our analysis – similarly to the approaches reported in literature37,38 - we first
evaluated the atomic column peak positions by means of a center of mass peak-finding algorithm and,
afterward, we performed iterative refining of the fitted peaks solving a least-squares minimization problem
(using the Levenberg–Marquardt algorithm). This refinement was carried out using custom-developed
scripts that make use of 7-parameter two-dimensional Gaussians. The fitting allows a quantitative estimation of the atomic column peak intensities and their positions (with a precision of about 3 pm). After fitting
the atomic column peaks, the strain analysis and polarization mapping were performed using a customdeveloped Peak-Pair39 algorithm. In all the figures, the error bars in the line-profiles are given as the standard deviation of the mean.
Piezoresponse Force Microscopy and Conducive Atomic Force Microscopy
Scanning probe microscopy measurements were carried out on an NTEGRA Prima scanning probe microscope from NT-MDT Spectrum Instruments. The PFM acquisition was performed using a 3 V peak-to-peak
AC modulation at 70 kHz. cAFM images were recorded by measuring the current flow through the conductive tip with a DC bias voltage of up to 3.7 V applied. The measurements were performed using a lowcurrent Pt-coated tip. A region of the film was intentionally poled in order to perform a proper alignment
of the specimen during the AFM and cAFM measurements. The PFM and cAFM signals were non-rigidly
aligned using BigWarp plugin40 in ImageJ.

Results and Discussion

BiFeO3 thin films represent an ideal framework for the study of charged domain walls thanks to the possibility to precisely control the ferroelectric domain pattern by changing the growth parameters.41–43 Our
study was conducted on the heterostructure constituted by BiFeO3 (120 nm)/La0.7Sr0.3MnO3 (12 uc, t ≈ 5
nm)/SrRuO3 (2.5 uc, t ≈ 1.0 nm)/STO grown by pulsed laser deposition (PLD) in oxygen-rich conditions (see
Experimental section for the details about the film deposition). In Fig. S1 (Supplementary Information) the
XRD pattern of the structure is shown. The reflections in the θ-2θ scan prove that the film is a single-crystal
and completely c-oriented and the substrate-induced epitaxial stress is relaxed by the formation of edge
dislocations (see Fig. S2, Supplementary Information), as expected for the considered film thickness.44 The
crystallographic structure with the c-axis oriented along the out-of-plane direction is compatible with two
different domain configurations having the polarization along the <111>P directions, respectively displaying 71° and 109° domain walls. The sketches of the two DWs for head-to-tail domains are given in Fig. 1a
and b, respectively.
The polar domain pattern of the BFO film was studied by piezoresponse force microscopy (PFM) in both
the lateral (LPFM) and vertical (VPFM) directions. The LPFM signal of a representative portion of the specimen is shown in Fig. 1d. The ferroelectric domain pattern displays the typical contrast of 71° DWs that
appear on the surface as stripes oriented parallel to the main directions of the cubic substrate. This domain
configuration leads to weakly-charged DWs, as the 71° variation of the polarization vector occurs with
respect to {101}P or {011}P planes, giving rise solely to H-T configurations. Nevertheless, strongly-charged
H-H and T-T DWs are generated at the merging points of regions displaying domains separated by different
sets of planes, as confirmed by the strong out-of-plane component of polarization visible in the VPFM
signal shown in Fig. 1e.
Fig. 1f shows a magnified view of the region marked by the white box in Fig. 1d and e, and can be directly
related to its corresponding cAFM signal (Fig. 1g). In particular, the LPFM highlights two different types of
charged domain walls, i.e. 109° H-H and T-T DWs (marked by dotted and dashed lines, respectively). The
DWs, which are {100}P type planes, separate domains whose polarization vectors are forming an angle of
109°. Fig. 1c shows the sketches of the charged 109° T-T and H-H DWs. In agreement with previous studies,3,4,45 the cAFM contrast confirms the strongly-conducting character of the charged domain wall. Remarkably, these charged domain walls display a significantly enhanced conductance with respect to the polar
domains, thanks to their charged state.
By performing a focused ion beam (FIB) cut along one of the main directions of the STO substrate, the 109°
T-T DWs can be obtained in an electron transparent FIB lamella and investigated by scanning transmission
electron microscopy (STEM). The analysis of the atomic positions and the atomic displacements in the
HAADF signal allows the quantitative investigation of the structural and polar properties of the charged
DW. More details about the fitting algorithms and data analysis are provided in the Materials and Methods
section.

A study of the local strain can be computed starting from the fitted position of the atomic columns by
means of the Peak-Pairs (PP) algorithm (see Experimental section for details). The strain profiles, shown in
Fig. 2f for both the in-plane (εxx) and out-of-plane (εyy) directions, highlight a tensile in-plane strain (εxx ≈
2.3%) in the core region of the DW. An analysis of the strain state of a larger portion of the BiFeO3 film is
shown in Fig. S5 (Supplementary Information). The local variation in the HAADF intensity and the detected
structural distortion suggest that the charge screening at the DW occurs with local accumulation of charged
structural defects. Nevertheless, as no decrease in the Bi column intensities at the domain wall is observed,
we can rule out an accumulation of Bi vacancies at the DW as the main charge screening mechanism.
The atomic-scale study of charge localization at the conductive DWs is of fundamental interest for gathering
new insights on the relationship between their structural and functional properties. The ability of imaging
and quantitatively estimate the charges at the DWs would enable us to tailor and engineer their properties
by, e.g., strain or doping, paving the way to functional DW engineering. However, due to the complex
domain wall structure that involves atomic displacements, strain and mixed nature of polarization switching,
such understating still represents an open challenge. In particular, the quantitative estimation of the DW
charges is mostly hindered by the lack of direct experimental techniques able to detect the localized charges
with sub-nanometer resolution. In the following section, we provide a direct approach for the atomic-scale
detection and quantification of localized charges.
The charged-state of the DW can be initially assessed by computing the density of bound charge that
derives from the polar domain configuration. In particular, starting from the polarization maps obtained
from the atomic displacements, we can calculate the internal electric field due to the remnant polarization
of the material and then compute its divergence to extract the density of bound charges. Fig. 3a and b
show the two components of the electric field for the area displayed in Fig. 2a, while Fig. 3c shows a surface
plot of the projected density of screening charges, ρB. The plot highlights a distribution of positive charges
mostly localized at the DW, with localized maxima separated a few nanometers from each other. The density
of screening charges can be conveniently expressed by the number of elementary charges per unit cell
(ec·uc-1), in order to estimate the maximum amount of screening charges that each unit cell can accommodate. Taking the line profile over the region marked by the black dashed box, we can estimate the maximum
charge for the localized peaks to be 0.25 ec·uc-1. Assuming a fully-ionized state of oxygen vacancies – as
expected due to the oxygen-rich grown conditions48 – we are able to estimate a maximum concentration
of 1 oxygen vacancy (Ov) every 4 unit cells on the localized peaks of ρB.
In order to accomplish a direct measurement of the charges within the DW, we performed differential-DPC
(dDPC) imaging, which essentially maps the charge distribution in the sample. The DPC technique in either
its differential or integrated forms (i.e. dDPC and iDPC)49 - thanks to its enhanced sensitivity to low Z species
- has been recently been proven to be effective for imaging of light elements, such as N,50 Li,51 O,52 and H,53
whose detection is challenging by conventional STEM imaging methods. Here, we employ the dDPC technique to detect the light O columns in the BFO layer and to map the O vacancy distribution.
Fig. 4a illustrates the basic principles at the origin of differential-phase contrast in STEM measurements.54–
56
The sketch shows that an electric field in the specimen plane induces intensity redistribution in the transmitted disk that can be detected by a segmented annular dark-field (ADF) detector (see Experimental section for more details about the DPC technique). The intensity variation on opposite pairs of segments allows
for mapping such electric fields and, in turn, by differentiation and integration of the DPC signal we can
calculate the projected density of charges and the projected potential, respectively.
The entire set of DPC signals obtained on an area across the DW is given in Fig. S6 of Supplementary
Information (the details about data acquisition and processing are provided in the Experimental section).
As visible in the dDPC signal, the increased sensitivity for low-Z elements allows the imaging of O columns.
By fitting the intensity of the O columns, we can therefore visualize the oxygen vacancies distribution as
the columns containing vacancies will appear with a lower intensity with respect to the fully occupied ones.
A map of the O column intensity is displayed in Fig. 4d, where the core of the charged DW is immediately
evident as a region with a darker contrast due to the larger density of O vacancies. Interestingly, some dark
spots are visible along the DW. They recall the local maxima observed in the previously described map of
the projected bound charge (Fig. 3c). As an example, one of these dark spots is marked with a white box in
the intensity map of the O columns; a magnified view of the corresponding portion of the high-resolution
dDPC image is also provided in Fig. 4e. From the relative intensities of the O columns, it is evident that the
dark spot corresponds to a local accumulation of O vacancies along the O column at the center of the
image (marked by a white circle). By taking a line profile of dDPC across a BiO2 layer that contains one of
these columns with highly vacant O sites (the region used for the line profile is marked by a yellow box in
Fig. S6, Supplementary Information), we can observe that the dDPC signal is significantly perturbed by the
accumulation of Ov as shown in Fig. 4f. On the contrary, no variations in the fitted intensities for the A- and
B-sites columns are observed (Fig. 4b and c). These results prove that high-resolution dDPC STEM imaging

is very effective in imaging light elements, like oxygen, and that it allows for detecting variations in their
distribution along single atomic columns.
A similar analysis, but performed on the iDPC signal is shown in Fig. S7 of Supplementary Information.
Despite the highly vacant O column can be similarly localized, the amplification of lower spatial frequencies
(e.g. specimen surface contamination) hinders the proper identification of the O vacancies distribution at
the charged DW.

Conclusions

In conclusion, the presented analysis of the strongly-charged T-T domain wall elucidates the nature of this
structure, providing new insights about its structure and charge screening phenomena. The charge screening phenomena were studied by the DPC STEM technique that – thanks to its strong sensitivity to light
atoms – is a very efficient tool to map the local distribution of oxygen vacancies. In particular, we show that
combining atomic displacement mapping and DPC-STEM imaging we can map and quantitatively estimate
the charge that is responsible for the high conductance of the 109° T-T DW. Moreover, the proposed approach can be applied to study the charged state of buried ferroelectric domain walls,31,57 whose conductive
properties are not accessible by surface scanning probe microscopies like cAFM.
Our results prove that the charged DW is composed of a localized core where most of the screening charge
is localized. In the investigated case, i.e. 109° T-T charged domain wall in BiFeO3, the screening is achieved
by a local accumulation of oxygen vacancies in a region whose width is 6-8 unit cells. The accommodation
of a high concentration of oxygen vacancies – corresponding to an average projected charge density of
about 0.25 elementary charge per unit cell – in the DW core is allowed by a structural deformation (i.e.
tensile strain) that in turn is responsible for a remarkable drop (about 50%) of polarization at the DW core.
The strong relationship between the structural strain and the charged defect accumulation suggests new
possible routes to tailor the conductivity of charged domain walls. These findings represent a step forward
in the understanding of the charge screening phenomena in functional oxides thin films and pave the way
for the future development of novel ferroelectric devices that fully exploit the transport properties of
charged domain walls.
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Fig. 3 (a) Map of the remnant polarization components (Px, Pz)
for the same portion of the specimen shown in Fig. 1a. The x
and z directions correspond to the horizontal and vertical directions, respectively. The charged DW is noticeable in the Px map
as the in-plane component of the polarization vanishes at the
core region. (c) Surface plot of the screening charges density
(ρB, given in terms of elementary charges per unit cell) that highlights an accumulation of positive charges at the DW core. The
profile taken in the region marked by the black dashed box allows estimating the maximum charge density that can accumulate at the DW core.

Fig. 4 (a) Simplified scheme of the basic principles of the DPC tech-

nique. The electric field in the specimen plane induces a deflection
of the electron probes that is detected by means of a segmented

annular detector, as the differential signals between opposite pairs

of segments. The DPC signals can be differentiated (dDPC) or integrated (iDPC) to obtain the projected charge density and projected

potentials, respectively. As an example, the panels show the signals
generated by a single atom in vacuum. (b, c) Intensity maps of the

A- and B-site atomic columns obtained from a high resolution dDPC

micrograph, across a region containing the 109° T-T DW. (d) Corresponding intensity map of the O columns showing a reduced con-

tent of O at the DW. The darker contrast at the DW can be attributed
to a local accumulation of O vacancies. The scale-bar for (c) and (d)

is the same shown in (b). (e) Magnified view of the high-resolution
dDPC signal that corresponds to the area delimited by the white box
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