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Abstract

Domain walls (DWs) have substantial influence in a large number of applications involving fer-
roelectric materials due to their limited mobility when shifted during polarization switching. The
discovery of greatly enhanced conduction at BiFeO3 DWs|1] has highlighted yet another role of DWs
as a local material state with unique properties. However, lack of precise information on the local
atomic structure is still hampering microscopical understanding of DW properties. Here, we ex-
amine the atomic structure of BiFeOs 109° DWs with pm precision by a combination of high-angle
annular dark-field scanning transmission electron microscopy (HAADF STEM) and a dedicated
structural analysis. By measuring simultaneously local polarization and strain, we provide direct
experimental proof for the straight DW structure predicted by ab-initio calculations|2] as well as
the recently proposed theory of diffuse DWs|3], thus resolving a long standing discrepancy between

experimentally measured and theoretically predicted DW mobilities.



I. INTRODUCTION

BiFeOgs is considered as an archetype multiferroic material, combining a particularly large
ferroelectric polarization[4] with an antiferromagnetic spin configuration in a comparatively
simple perovskite structure. In recent studies, increased conductivity[l] and photovoltaic
effects|5] at BiFeO3 DWs could be correlated to a small change of the lattice structure.
According to Miller and Weinreich the mobility of ferroelectric DWs crucially depends on
the formation of small rectangular steps at the DW eventually shifting the whole wall by
growing parallel to the DW (Fig. 1a).|6] However, the predicted DW mobilities from this
model were one or two orders of magnitude too small. By means of extensive Monte-
Carlo simulations Shin et al. [3] showed that diffuse DW steps characterized by an inclined
boundary with attenuated polarization in the surrounding resolve this discrepancy. (Fig.
1b) Such a diffuse configuration facilitates an easier switching of the polarization (hence
larger step mobilities). It is also energetically favourable because the with respect to (w.r.t.)

the DW at the step normal component of polarization is reduced by a factor of 1/ V2.

ﬂxttt\ ) RPIPIPIFI LS
Firarararisy FArararari ey
FArararariiy FIrIrariEa iy
FArarrara iy FIVAVIEIVALY
Paray: Piraiy FIVIEIVZEIEY
LILY DR VAN
2N %[N N PV IY
LIRS NN N L4 AdA A A 3N
ALY HiNNNA
2ZIn % NN N 2%/ %% %N
X

Figure 1: (Color online) Schematic of a) Miller-Weinreich and b) diffuse DW adapted from Shin
et al. [3] to the case of BiFeO3z 109° DW (see below). The black and gray arrows indicate the
projected unit-cell-wise electric polarization P. A vertical shift of the steps into y (—y)-direction
denoted by small red (blue) arrows leads to a horizontal shift of the whole DW to the right (left)

denoted by big red (blue) arrows.

An experimental proof of these so-called diffuse DWs could not be obtained so far. Mainly
due to experimental restrictions (see Suppl. VII), we focus on the connection between the

detailed atomic structure and macroscopic electrical properties of the BiFeO3 109° DWs (and
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not 71° and 180° DWs) in the following,

High-resolution transmission electron microscopy (HRTEM) has played a key role in
determining the structure of ferroelectric DWs[1, 7-9|, because atomic positions and, via
the Born effective charge tensor, also electric polarization can be determined at a unit-
cell length scale. With the advent of Cs-corrected microscopes|10| the accuracy of these
measurements was largely improved through a significant increase in resolution.[11] The
benefit was particularly strong for the subdiscipline of HAADF STEM imaging,[12] which
has become a fully quantitative, chemically sensitive (Z-dependent contrast), high-resolution
structure analysis tool.[13] Furthermore, model-based approaches to contrast evaluation|14,
15] have proved particularly useful in reducing the influence of noise and extracting physical
quantities like positions of atomic columns with a precision beyond the optical resolution
of the microscope. Other microscopical techniques, e.g. electron holography, are not (yet)
capable of determining polarization at unit-cell resolution, hence will not be considered in
the following.

In this work we use HAADF imaging performed at the TEAM 0.5 microscope in com-
bination with a model-based structure determination optimized for large fields of view to
precisely characterize the structure and polarization of BiFeO3 109° DWs with unprecedented

precision and resolution.

II. BIFEO;3; 109° DOMAIN WALL

At ambient conditions bulk BiFeOj is a rhombohedral perovskite (a,, = 0.563nm, a,;, =
59.35°) incorporating 2 chemical units in one unit cell (see Suppl. I).[16] Due to the almost
cubic rhombohedral lattice angle «,;, =~ 60°, the lattice can be considered to be pseudocubic
(indicated by ,.). At higher temperature and external pressure, e.g. introduced by a large
lattice mismatch with the substrate, other phases have been identified. Ricinschi et al.
[17], Catalan and Scott [18], Béa et al. [19]

A precise model structure for the 109° BiFeO3 DW has been proposed by density func-
tional calculations (DFT).[2| It was observed that the alternating rotation pattern of the
oxygen octahedra is continuous across the DW to minimize the DW energy. Secondly, and
connected to the stiffness of this octahedra pattern, the Bi sublattice is predicted to change

abruptly at the DW, whereas the iron sublattice within the oxygen octahedra remains rather



constant (Fig. 2¢). The predicted DW width is two pseudocubic unit cells (a,. = 0.396 nm).
Within this DW extension the parallel component of the polarization changes sign whereas
the normal component shows a small kink but otherwise remains constant. This small kink
is responsible for a characteristic step of the electrostatic potential at the DW, which was
proposed to play a role in the enhanced conductivity and photovoltaic effects measured at
the wall.[1] Recent experimental studies confirmed the theoretically predicted DW width,|8]
however, first experimental evidence for more subtle structural details like the Bi-sublattice

jump is demonstrated below.

III. HAADF STRUCTURE DETERMINATION

HAADF-STEM was carried out using the aberration-corrected TEAM 0.5 microscope|11]
operated at 300 kV with a collection angle interval between 45 - 290 mrad in order to increase
the signal from the light FeO atomic column. The probe convergence angle was adjusted
to ~ 19mrad in order to provide a sufficiently small probe size (60 pm) minimizing cross-
talk between the atomic columns (see Suppl. II). Due to the limited dynamical range of
the detection process and the presence of shot noise, the light O columns are not visible
in [100],.-orientation above the background intensity between the heavy Bi (Z = 83) and
FeO (Z = 26, 8) columns. However, the indirect influence of O atoms can be significant in
particular if different oxygen octahedra tilts are well separated in projection.|8|

In order to determine the atomic structure in field of views containing several thousand
atomic columns, we employed, a w.r.t. the peak height ordered, maximum-likelihood fit of
a bivariate Gaussian plus background to each column, starting with the heavy Bi columns
and proceeding with the light FeO columns (see Suppl. III). Already fitted column contrast
are subtracted from the original image before proceeding with the next column fit, thus
FeO columns are correlated to previously determined Bi columns. This procedure ensures
that the important problem of scattering at neighboring atomic columns, eventually ob-
scuring the concept of uncorrelated HAADF column contrasts, is taken into account: By
means of dynamic scattering simulations we show (see Suppl. III) that, in the particular
case of BiFeOj3, the HAADF signal originating from neighboring columns only significantly
contributes if the beam is centered on the light FeO column. If the beam is centered on a

heavy Bi column, the effect of channeling and the large difference in Z attenuates strongly



an intermixing with other columns, hence Bi columns can be safely fitted independently.
According to Eq. (106) in Ref. [20] the column position fit error was estimated 5-7 pm
(12-16 pm) in case of Bi (FeO).

Indeed, two important systematic errors surmount the statistical uncertainty in our mea-
surement: (i) The scanning error introduces characteristic displacements up to 50 pm in
z-direction when jumping the beam to the next scanning line. These jump shifts can be
identified and at least partially corrected (see Suppl. V). Additionally the DWs are aligned
perpendicular to the scanning direction, rendering measurements of DW widths and change
of Fe/Bi positions over the wall rather robust against the jump shift. (ii) Differing zone-axis
misalignments and influence of coma on both sides of the DW can cause a systematic off-
set (O (10pm)) in the measured Bi-FeO distance. Indeed a slight elliptic elongation of the
observed column contrasts (Fig. 2c) corroborates the presence of this effect. We applied
a phenomenological gauge based on symmetry arguments to correct this offset (see Suppl.
VI).

From the more precise Bi column positions Rp;, the displacement field u (Rp;ef) =
Rpi — Rpires is obtained, with reference positions Rp; s being extrapolated by repeating
a mean undisturbed pseudocubic unit cell observed far from the DW over the whole field
of view. Now, engineering strain ¢ (R) and rigid lattice rotation Q (R) follow from the
usual definitions (see Suppl. IV). Finally, we use the Fe displacement dp. (Rpi ef) = Rpe —
Rpi — (0.5,0.5)T ape from the unit cell center as a measure for the electric polarization

P (R) =V 'Z*0r. (R) , where Z* is a special Born effective charge tensor (see Suppl. IV).

IV. STRAIN AND POLARIZATION MAPS

In the following, we show 109° DWs observed in an approximately 140 nm thick layer of
pure BiFeO; which was epitaxially grown in (001),. orientation on low miscut DyScO3(110)
single crystal substrate (a,. = 0.3945nm) by pulsed laser deposition (670 °C at 100 mTorr of
Oz, for more details see Suppl. VII). In order to observe the {010}, -oriented 109° DWs|25]
“edge-on”, TEM samples in [100] pe-ZOne-axis orientation were prepared in cross-section geom-
etry applying liquid nitrogen-cooled ion milling in the last stage to reduce specimen damage
(Fig. 2 and Suppl. VII for details). The images were obtained from quite thick areas (40+5
nm, measured by using the electron energy loss spectroscopy based ¢/A method|21]) of the



film to ensure the film structure is not relaxed and the DW structure is not modified: Several
unit cells away from the DW we observed a pseudocubic structure (o, = 89.9°+0.1°) (also
confirmed by XRD[22]). At high-resolution, the 109°-DW is characterized by an abrupt shift
of the Bi-sublattice in y-direction (Fig.2). The average experimentally observed shift of 0.4
A is slightly below our ab-initio predictions of 0.5 A, which is, however, mainly a fitting ef-
fect (see below). The observed width of the DW extends over 2 pseudocubic unit cells with
an expansion of the lattice parameter in z-direction observable (in agreement with previous
STM measurements|22]). The average rigid lattice rotation angle A2 between the left and
the right hand side of all DWs investigated in this study is 0.6£0.1°, which corresponds to
a rhombohedral angle o of 59.640.1° slightly larger than the bulk value (see Suppl. VIII
for the details).[16] The small discrepancy to the pseudocubic structure observed far away
from the DW can be attributed to measurement errors and a slight deviation of the thin
film structure from bulk. In order to verify these results we performed dynamic scattering
STEM imaging simulations at the complete DFT DW structure (including O positions) and
repeated the fit on that simulated result. We obtain very good agreement between the input
DFT structure and from STEM simulations / experimental images fitted positions (Fig.
2c-e). E.g. the above mentioned Bi sublattice shift in y-direction obtained from the sim-
ulated image is 0.4(4) A almost perfectly matching the 0.4(2) A found experimentally. To
investigate the influence of strain on the DW| Big gLag 1FeO3 has been prepared and oriented
similarly to the undoped ones (see Suppl. Fig. 6). Here, the large La ions are expected to
slightly push BiFeO3 towards cubic symmetry, concomitantly reducing the lattice constant
and the electric polarization.|23| Indeed, we find a reduced rigid lattice rotation angle of
0.37°, corresponding to a rhombohedral angle of 59.8°, and a electric polarization reduced
roughly by a factor of two (see Suppl. Fig. 10).

Furthermore, a set of DW steps, disrupting straight DW sections, was observed (Fig. 3
and Suppl. VII). Because they always formed a staircase we attribute them to a frozen
in motion of the DW like predicted by the DW motion models (in contrast to a randomly
bended DW with steps occurring in both directions). Shear and rigid lattice rotation indicate
a 90° step morphology containing a short and slightly smeared (001)-oriented DW (indicated
by arrows) in contrast to the sharp (010)-DW. The polarization, on the other hand, changes
across a 45° inclined line (Fig. 3b) with the polarization vector mainly performing a slow

rotation. We observed similar steps comprising 1 to 4 pseudocubic unit cells with a a
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Figure 2: (Color online) Lattice analysis principle and 109° DW structure. (a) Overview of BiFeO3
layer grown on DyScOs. (b) Original HAADF image. (c) Enlarged rectangle (upper part) and
simulated STEM image of DF'T DW structure (lower part). (d) Fitted column positions and types
(upper part) and the according DFT DW structure (lower part). (d) Unitcellwise shear (color) and
electric polarization (arrows) obtained from the experimental (upper part) and simulated STEM

image (lower part).

preference for 2 pseudocubic units at a large variety of DWs (for 3 examples see Suppl. Fig. 7-
9, for the statistic see Suppl. Fig. 11). We consider a 3D growth of the step in [100]-direction
as a possible yet implausible explanation for the observed strain and polarization variations
for the following two reasons: (i) Both strain and polarization would then smear out similarly
in projection, but different from step to step depending on the particular 3D growth, which
is not observed experimentally. (ii) The growth of bumps is only rarely observed at the
straight section of the DW, indicating a small probability for such a morphology in [100]-
direction. Indeed, the observed polarization variation strikingly agrees with the proposed
diffuse boundary DW model (Fig. 1). In addition, several features, which have not been

considered in the theoretic model become visible: Most notably, the polarization vector is
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Figure 3: (Color online) a) Lattice and b) polarization rotation field at BiFeO3 109° DW containing
steps. The comparatively large scatter in polarization angle is caused by the Fe-position error. In
contrast to the lattice strain, the polarization vector field at the steps (enlarged squares) shows a,

on the length scale of the diagonal boundary, diffuse rotation and attenuation.

both attenuated and rotated at the diffuse step (Fig. 3b insets). Furthermore, the step
height is determined by the bulk structure, i.e. we attribute the preference for a 2a,. step
height to the alternating oxygen octahedra tilts. This additional information is crucial for a
quantitative modeling of DW motion in BiFeOj3 e.g. because depolarizing fields of a locally
rotating polarization differ from a merely attenuated one. As the general mechanisms, e.g.
depolarization field reduction, leading to the formation of diffuse DWs are independent from
the particular type of DW, similar diffuse steps are expected at differently oriented DWs (e.g.
71°) or DWs in other materials (e.g. PbTiOj3). Substantial differences in DW mobilities,
however, can now be explained by, e.g., a varying step height and diffuseness, depending on,

e.g., local strain and polarization.

V. SUMMARY

We have used a combination of high-resolution HAADF-STEM and a dedicated model-
based structural analysis to provide unit-cell wise information on strain and polarization

at BiFeO3 109° DW. It was demonstrated that the straight DW structure agrees in detail



with previous ab-initio predictions used to explain increased conductivity. “Chemical pres-
sure” introduced by La-doping was found to modify the DW angle in accordance with the
rhombohedral lattice angle. Finally, we provided first experimental evidence, including de-
tailed polarization profiles, for diffuse DWs proposed to explain experimentally found DW

mobilities.
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