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ABSTRACT: The polarization of the ferroelectric BiFeO3 sub-
jected to different electrical boundary conditions by heteroin-
terfaces is imaged with atomic resolution using a spherical — =1
aberration-corrected transmission electron microscope. Unusual Insulator

triangular-shaped nanodomains are seen, and their role in | j : '
1888bo i aiis
’ i e

providing polarization closure is understood through phase-field
simulations. Heterointerfaces are key to the performance of ]
terroelectric devic.es, and this first obser\.Iation of spontaneous +Vortex+domains +
vortex nanodomain arrays at ferroelectric heterointerfaces re-
veals properties unlike the surrounding film including mixed Ising—Néel domain walls, which will affect switching behavior, and a
drastic increase of in-plane polarization. The importance of magnetization closure has long been appreciated in multidomain
ferromagnetic systems; imaging this analogous effect with atomic resolution at ferroelectric heterointerfaces provides the ability to
see device-relevant interface issues. Extension of this technique to visualize domain dynamics is envisioned.
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In ferroic materials, the magnetization or polarization may
rotate about a point to reduce the magnetic or electric fields.
Such vortex domains, well-known to ferromagnetic materials,’
have only recently been found in ferroelectric nanostructures,*
where they have garnered particular interest for storing memory
bits in the vortex state with very little cross-talk between
neighboring bits.* Polarization vortex structures have also been
seen in ferroelectric thin films;*® however they are typically
unstable and usually induced by reduced dimensionality. In this
work, we report the spontaneous formation of one-dimensional
arrays of polarization vortex domains as a result of inhomoge-
neous electric fields at a heterojunction between a ferroelectric
and insulating material.

Strain, crystal defects, and electric charges, all of which can be
induced at an interface, strongly affect both the intrinsic pro-
perties’ '* and the domain structure'' ™ '® of ferroelectric films.
Interfaces and defects are known to dominate the kinetics of
polarization switching,'* and domain walls have recently been
found to exhibit unique properties such as enhanced con-
ductivity'> and photocurrent generation.'® Understanding the
critical role that such heterointerfaces, domain walls and defects
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play requires investigation of the crystal structure and properties
at the atomic scale. The recently developed spherical aberration
(Cs) correction in transmission electron microscopy (TEM)"
allows the determination of atomic structure and composition
with subangstrom resolution. The ferroelectric polarization can
be determined from the atomic displacements measured in
atomic resolution TEM images.">"®'? Here we use high-resolu-
tion TEM (HRTEM) with a point resolution of 0.5 A in con-
junction with computer image processing to obtain atomic-scale
quantitative maps of the electric polarization and observe, for the
first time, unusual self-assembled, triangular-shaped vortex na-
nodomains providing polarization closure at ferroelectric hetero-
interfaces. An analysis of this new type of domain structure reveals
properties tremendously different from the surrounding film,
including a mixed Ising—Néel character of the domain walls and
a drastic increase of in-plane polarization. Although we observe
these vortices in a thin film, we show that the depolarization field,
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Figure 1. (a) The rhombedral unit cell of bulk BiFeOj; represented as two adjacent pseudocubic perovskite cells. The oxygen octahedra and central Fe
cation are clearly displaced from their respective positions at the face and body centers. (b) A polarization along the [111] axis results from the offset of
the centers of the positive (Biand Fe) and negative (O) charges. This offset can be directly observed in the TEM micrograph of a BiFeOj thin film such as
in (c), the phase component of the exit wave determined from a TEM focal series. The atom centers, determined by fit as two-dimensional Gaussians,
are shown as crosses in the inset and correspond to a projected polarization of Py = 82 C/cm”. Since the ion charge centers are all collinear, a much
more convenient determination of the polarization direction can be obtained from HAADF-STEM images such as (d) using the relative offsets of the

Bi and Fe cations alone (Dgg = 33 pm).

which is the driving force for their formation, is not connected
with the reduced dimensionality.

To study the depolarizing effects of the ferroelectric/insulator
heterointerface, we choose a model system consisting of (001)p
oriented BiFeOj thin films on insulating (110)o TbScOj single
crystal substrates, all grown by molecular-beam epitaxy (MBE)
(where the P and O subscripts represent pseudocubic and
orthorhombic indices). BiFeOj; is a room temperature multi-
ferroic*® with a rhombohedral R3¢ structure, a large spontaneous
polarization (~100 #C/cm?),”" and correspondingly large phy-
sical displacements of the ions, making it suitable for the
quantitative analysis of polarization using HRTEM. The Bi-
FeO3/TbScO; interface has very little strain due to a small
lattice mismatch (<0.14%),>* which is important for isolating
electrical effects since strain can induce instability and rotation of
the polarization**** due to a strong electromechanical coupling.
To avoid misfit dislocations in the film, we grew BiFeO3 of 20 nm
thickness, half the dislocation formation critical thickness deter-
mined by the thermodynamic theory.*®

The structure of BiFeOj; consists of two pseudocubic perov-
skite unit cells connected along the body diagonal (Figure 1a).
The oxygen octahedra and the central Fe cation are displaced
along one of the (111)p directions ([111]p in Figure 1) from their
respective positions at the face and body centers, followed by
additional counterrotation of the oxygen octahedra by +13.8°
around the (111)p axes.”® The polarization can be visualized by
assuming valence charges centered on each of the ion sites. For a
single pseudocubic unit cell this results in the charge distribution
shown in Figure 1b, where the centers of charge for each ion type
are shown roughly at the body center of the unit cell. The electric
dipole moment along the [111]p axis is clear from the offset
between the negative (O) and positive charges (Fe and Bi).
Applying the Born effective charges” to this model yields a
polarization of 98 uC/ cm” along (111)p, in excellent agreement
with the measured polarization of BiFeQ3.>"**

Using HRTEM images, we are able to extract quantitative
information about the local polarization vector. Figure 1c shows

the phase of the reconstructed electron wave upon exiting a BiFeO;
thin specimen determined from a focus-series of HRTEM images.
This approach is one of the few recently developed methods capable
of imaging low atomic number, low scattering elements like oxygen
in the presence of strongly scattering elements such as bismuth.”*°
The displacement of the oxygen and iron relative to the center of the
bismuth sublattice is clearly visible and the atomic positions match
the bulk structure polarized along the [111]p direction (hollow
spheres overlaid on the inset image). If the Born effective charges™’
are assigned to the atom positions in Figure lc (indicated by
crosses) determined using a two-dimensional Gaussian fit, the
polarization in the image plane is |Py| = 82 4C/cm” at an angle
of © = 50°. This is nearly identical to the value for the bulk structure
from Figure 1b projected on the same plane, |Py| = 80 4C/cm” at
© = 45°. The increase of the angle from 45° to S0° is consistent
with the induced polarization rotation expected in (+0.13%)
compressively strained BiFeO3.** Assuming an equivalent in-
plane polarization normal to the image yields a total polarization
of [P| = 98 uC/cm?®, in agreement with the previous model
and for the experimental polarization values for BiFeOj3 thin
films.”"?®

While the exit wave retrieval approach is useful for determin-
ing the anion positions in the BiFeO; films, because the centers of
charge of all three elements are collinear the additional information
provided by the oxygen atoms is redundant. Furthermore, the
determination of the displacement between the cations alone is
more precise; the fit of the cation peak positions in Figure 1c has a
95% confidence interval of £0.5 pm compared to £2.5 pm for the
oxygen peaks. Therefore, we employ simpler and more robust high-
angle annular dark field (HAADF) imaging by scanning transmission
electron microscopy (STEM) as is shown in Figure 1d. Only the
heavier cations are visible in these “Z-contrast” images, but they have
the advantage that they require no postprocessing and are less
sensitive to specimen thickness. We define a vector Dgg, which is the
atomic displacement in the image plane of the Fe cation from the
calculated center of the unit cell formed by its four Bi neighbors. Dgg
is determined to be 33 pm along the [011]) diagonal, which is
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Figure 2. (a) The four ferroelastic variants of the BiFeO; pseudocubic unit cell, r;—r,, with exaggerated elongation of the polarization axis and the
corresponding atomic model of upward polarized r; and r,. Twins of these two variants will form domain patterns with 71° rotation of the polarization
across (101)p walls (b) or 109° rotation of the polarization across (010)p domain walls (c). If uncompensated, these patterns produce the bound surface
charges shown in (d) and (e). The surface charge distributions of the 109° pattern produce local electric fields at the surface.

labeled in Figure 1d. The simple relationship between Dgp and the
polarization in the image plane is

Pyz = —2.5 ‘ljc 'DFB (1)
cm? - pm

where Dgp is the displacement in picometers. The linear relationship

is straightforward; since Dgg points toward the center of the negative

oxygen charges, it is opposite to the polarization direction. By

mapping the spatial variation of Dgg in TEM images, using eq 1

we can directly “image” the polarization of BiFeO;.

Polarization of BiFeO3 can be oriented along one of the (111)p
directions resulting in four unique ferroelastic variants r;—ry4
and eight ferroelectric variants polarized up (+) or down (—)
(see Figure 2a where the structural distortion is exaggerated).
The small anisotropic strain due to the dissimilar symmetry
of (001)p BiFeO; and (110)o TbScO; leads to the formation
of ry/r, ferroelastic twinning structures.’’ In this (001)p
oriented system, this can result in two nonmutually exclusive
domain patterns: parallel stripes with an alternating polariza-
tion rotating 71° along the in-plane direction separated by
inclined {011}, domain walls (Figure 2b) or stripes with a
109° rotation of the polarization separated by vertical {010}p
domain walls (Figure 2c)."" The dominance of one type over the
other depends on the minimization of the electrostatic energy.'®
The 71° domain pattern has a smaller polarization rotation but a
single out-of-plane polarization vector resulting in a uniform
sheet of bound charge on each surface (Figure 2d). If the
ferroelectric surfaces are uncompensated by free charges, then
the bound charges would produce a large uniform depolarization
field. In such an “open circuit” case, the system reduces its
electrostatic energy by favoring the alternating out-of-plane
polarization of the 109° domain pattern since the net surface
charge becomes zero. This reduces the total electrostatic energy
and also creates an inhomogeneous depolarization field with
large local electric fields at the domain wall terminations where
the surface charge changes sign (see Figure 2e).

The local depolarization field occurring at the termination of
the vertical 109° domain walls near an uncompensated surface or
interface influences the stability of the local polarization orienta-
tion and thus domain structure. This effect is clearly demon-
strated in the 109° domain pattern of a 20 nm thick BiFeOj film

on (110)o TbScO; shown in planar view (Figure 3a) and in
cross-sectional (Figure 3b) TEM images. Using the technique
described previously, the polarization direction in each domain of
the BiFeO; film can be uniquely indentified since only two
polarizations exist in this film, r; and ry, as confirmed by an
analysis of the selected area electron diffraction (SAED) patterns
of the striped array of domains (See Determination of Ferroe-
lastic Variants and Figure S1 in the Supporting Information).
The domain configuration and polarization orientations in
Figure 3b, determined by mapping the Dgp vector, are shown
schematically below the image.

The strong influence of depolarizing-field effects on the
domain pattern can be seen by the addition of an epitaxial
Lay;Sro3MnOj; bottom electrode (Figure 3c). The free carriers
in the Lag ;Sro 3MnO; buffer screen the bound surface charges at
the BiFeO3/TbScOj; interface, negating the depolarizing field. In
this case the BiFeO; film forms large domains several hundred
nanometers in width with little discernible long-range pattern at
this length scale separated by domain boundaries typically of
paired 109° and 180° domain walls such as the region shown in
Figure 3c.

Using subangstrom resolution Z-contrast imaging, we imaged
the spatial distribution of the Dgp vector in the near surface
region of the BiFeO;/TbScOj; interface to determine the polar-
ization distribution. A Z-contrast image of two adjacent 109°
domain walls is shown in Figure 4a and the corresponding angle
of Dgp in Figure 4b. The pair represents the two types of 109°
domain wall terminations at the BiFeO;/TbScOj; interface:
directly terminating (Figure 4a, left) and those forming a tri-
angular pattern of domain walls (Figure 43, right). The Dgg map
shows that the triangle domains consist of a mirrored pair of
inclined 180° domain walls, which form a vortex domain struc-
ture with the polarization rotating about the intersection of two
109° and two 180° domain walls. The polarization closure is clear
in the vector plot of Dgp in Figure 4d (an enlarged region is
shown in Figure 3e). No such polarization closure is observed in
the Dgg vectors at the direct domain wall termination in
Figure 4c (an enlarged region is shown in Figure 3d).

The two triangle domains in the vortex structure exhibit
several intriguing properties. First, unlike the narrow domain
walls at the film interior, the 180° and 109° domain walls at
the vortices have gradual rotations of the polarization vector
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Figure 3. BiFeO; on insulating TbScO; forms a 1y ||r, striped domain pattern separated by vertical (010), 109° domain walls as seen in planar view
(a) and cross sectional (b) dark field TEM. (c) The addition of a conductive 20 nm buffer layer of Lag ;Sro 3MnOj results in very large domains separated
by vertical 109° paired with inclined 180° domain walls. (d) Plot of the iron displacement vectors Dgg for a 109° domain wall which terminates directly
with the interface. (e) Plot of the Dgg vectors for a 109° domain wall which forms a vortex domain by addition of a pair of 180° triangle domains.

exhibiting a mixed Néel—Ising character, especially where the
180° domain walls intersect the TbScO; surface. This leads to
the formation of even smaller closure domains at the base of the
triangles. The displacement vector extends into the first layer of
the substrate suggesting that a polarization may be induced on
the TbScOj; surface. Lastly, the in-plane [010]p component of
Dgg within the triangle domains is much larger than its value in
the interior of the neighboring domains, as can be seen from both
the vector and corresponding magnitude plots (Figure 4d). From
a quantitative analysis of Dgp (see Polarization in the near
Interface Region and Figure S2 in the Supporting Information),
the [001]p components inside and outside the triangle domains
are roughly identical, but the [010]p components within the
triangle 109° domain wall are in some places more than
double the value within the interior of the neighboring

domains. Since the component along the viewing direction is
unknown, a rotation of the polarization along the [001]p axis
cannot be ruled out, but it alone would be insufficient to
account for the observed increase. The increased in-plane
polarization may be an important factor affecting the local
electronic properties of the ferroelectric films since the polar-
ization normal to 109° BiFeO3 domain walls is the driving force
for the proposed charge-screening mechanism leading to their
conductivity."?

The energetic driving force for the formation/stability of the
vortex domains is analyzed by comparing the spatial variation of
the electrostatic energy and the elastic energy densities for a periodic
109° domain wall array assuming unscreened charges (open-circuit
boundary conditions) at the BiFeOs surfaces (Figure Sa). There
is no distinction in elastic energy, but a significant difference in

dx.doi.org/10.1021/nl1041808 |Nano Lett. 2011, 11, 828-834
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Figure 4. (a) Z-contrast STEM image of the intersection of two 109° domain walls with the TbScO3 surface. Yellow arrows indicate polarization
direction, and dashed lines indicate the position of the domain walls. (b) A map of the cation displacement Dgp angle corresponding to (a) shows the
domain structure of the BiFeOj; and the oscillating Tb position in the substrate. (c) Plot of the vectors for a 109° domain wall which terminates directly
with the interface, with corresponding color maps of the magnitude and angle of Dgp shown at right. (d) Plot of the Dgg vectors for a 109° domain wall,
which forms a vortex domain, with associated color maps of the magnitude and angle of Dgg. The polarization distribution of a directly terminating 109°
domain wall (e) and a triangle domain terminating a 109° domain wall (f) from a phase field simulation.

electrostatic energy between the terminations of adjacent 109°
domain walls with the substrate. The bound charge distribution
(pu) corresponding to this structure (Figure Sb) gives rise to the
depolarizing electric field E, shown in Figure Sc (black arrows)
overlaid with the electrostatic energy. The high electrostatic energy
termination (labeled type II) results from the depolarizing field E
opposing the polarization vector P. In contrast, E in the low energy
domain wall (labeled type I) is more parallel to P, corresponding to
a relatively small electrostatic energy.

The high energy density of the type II domain wall termina-
tion is intrinsically reduced by the insertion of triangular 180°
domains, as depicted in Figure Sd. The bound charge of the
vortex structure reduces the depolarizing field, and thus the
electrostatic energy (Figure Se), versus the original structure
(Figure Sc). This polarization geometry is consistent with
the domain patterns and locations observed experimentally
(Figure 3b). The local polarization distribution of the type I
and vortex-relaxed type II domain wall terminations were

dx.doi.org/10.1021/nl1041808 |Nano Lett. 2011, 11, 828-834
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Figure S. (a) The spatial distribution of the electrostatic and elastic energy density at an insulating surface of an unrelaxed 109° domain structure shows
identical elastic energy between adjacent domain walls but distinct low (type I) and high (type II) electrostatic energies. (b) The distribution of the
bound charges at the 109° domain wall. (c) A vector plot of the depolarization field overlaid with the electrostatic energy shows it is lowest (type I) when
the surface fields are parallel to the in-plane polarization and highest (type II) when opposed. (d) The electrostatic energy is intrinsically decreased by
inserting 180° domains to compensate the depolarization field. This inserts a small region with favorably oriented surface charges. (e) The depolarization
field, and thus the electrostatic energy, is significantly reduced in the vicinity of the high-energy boundary due to these compensating domains.
(f) Phase-field simulation of the BiFeO; domain structure coalesced from a random r/r, distribution. The 109° domain pattern formed
under open-circuit boundary conditions. (g) The triangle domains disappeared from the top surface after application of short-circuit conditions to

that surface.

simulated by the time-dependent Ginzburg—Landau (TDGL)
equation®” (details can be found in the Phase-Field Simulations
of the Supporting Information). The resulting polarization
distributions at the domain terminations (Figure 4ef) are in
good agreement with the Dgg images (Figure 4c,d).

A simulated domain structure of a BiFeOj5 film was obtained
by random nucleation of r;/r, domains under open-circuit
boundary conditions for both the surface and the film/substrate
interface, simulating vacuum growth conditions. The resulting
film formed a 109° striped domain pattern with triangle vortex
domains at both surfaces (Figure Sf). As illustrated by the
Lag;Sro3MnO; buffered film arrangement, the electrostatic
energy can also be reduced extrinsically by compensating charges
at the interface neutralizing the bound charges. The absence of
the vortex domains at the free surface of the BiFeOj; films
(Figure 3b) suggests that the depolarizing fields there are not
large enough to promote their formation, most likely due to
unavoidable screening char§es from adsorbed species such as H"
or OH ™ at the top surface.> If short-circuit boundary conditions
are applied to the top free surface in the simulation representing
compensation by such adsorbates generated upon exposure to
atmosphere, the triangle domains disappear, and the resulting
domain pattern in Figure Sg is a close match to the experimen-
tally observed structure (Figure 3b). That these vortex domains
have not been previously observed may likely be due to either

strain fields from misfit dislocations or the fact that most typical
substrates provide too much charge screening, being either
metallic (e.g, having Pt or SrRuO; bottom electrodes) or
semiconducting (e.g, SrTiO;) under typical vacuum growth
conditions. Our use of MBE growth, which uses a charge-neutral
molecular flux compared to charged plasmas in rf sputtering or
pulsed-laser deposition, may also reduce screening.

Since the presence of the vortex domains is dependent only on
the local field at the termination of the domain wall, there is no
theoretical restriction to low-dimensional systems. We have ob-
served vortex arrays in films up to 800 nm (the thickest we have
examined), and they can well be expected to form spontaneously
at bulk interfaces. Manipulating the film thickness provides
tunability of the array of vortex domains since the 109° domain
wall density scales with thickness.>* Very thin films with two
insulating surfaces, for example, would have a large volume
fraction of vortex domains. By charge screening one surface, as
we have in this experiment, one can produce a film with a single
macroscale toroidal moment. Even at large length scales, the
vortex domains may significantly alter switching dynamics since
reversed domains can grow from existing favorably oriented regions
within the vortex domains instead of from a nucleation step.

In summary, we have found a self-assembled array of ferro-
electric vortex domains near the interface between a BiFeOj thin
film and an insulating TbScOj; substrate. The driving force for
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their formation is localized electrostatic energies where 109°
domain walls terminate at the interface. The polarization closure
is observed by mapping the electric polarization with atomic
resolution via HRTEM images and exhibits nonbulk character-
istics such as mixed Ising—Néel type domain walls and in-plane
polarization up to twice that of the bulk film. Through compar-
ison with phase-field simulations, we infer the presence and
absence of free charge carriers at the film/air interface and the
film/substrate interface, respectively. Using such an approach,
atomic-scale polarization imaging can be applied to study the
influence of other defects and interfaces on the properties of
ferroelectric materials.
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(s} Supporting Information. Details on film growth, TEM,
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