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Domain Bundle Boundaries in Single Crystal
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ABSTRACT Naturally occurring boundaries between bundles of 90° stripe domains, which form in BaTiO5 lamellae on cooling through
the Curie Temperature, have been characterized using both piezoresponse force microscopy (PFM) and scanning transmission electron
microscopy (STEM). Detailed interpretation of the dipole configurations present at these boundaries (using data taken from PEM)
shows that in the vast majority of cases they are composed of simple zigzag 180° domain walls. Topological information from STEM
shows that occasionally domain bundle boundaries can support chains of dipole flux closure and quadrupole nanostructures, but
these kinds of boundaries are comparatively rare; when such chains do exist, it is notable that singularities at the cores of the dipole
structures are avoided. The symmetry of the boundary shows that diads and centers of inversion exist at positions where core

singularities should have been expected.
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n 1946, Kittel proposed that magnetic domains in small-

scale crystals should form into quadrant blocks, separated

by 90° domain walls, since in this geometry energetically
favorable flux-closure could be realized.' Subsequent experi-
mental domain studies have shown these kinds of quadrant
structures to be commonplace.”*”” Nevertheless, the relatively
recent discovery of the magnetic vortex,® a derivative of the
original Kittel pattern, in which flux-closure is achieved through
spatially continuous rotation of magnetization, has created
a great deal of renewed excitement among the scientific
community. Eager studies into the properties of this “ferro-
toroidal” state have abounded.” "

Given the similarities between ferromagnetism and fer-
roelectricity, the possibility that analogous ferroelectric
vortices might also exist has been tantalising. Yet, despite
the encouragement given by the ground-breaking atomistic
simulations performed by Bellaiche and co-workers'*~'¢ in
which ferroelectric vortices have been predicted in ex-
tremely small nanostructures, experimental evidence for
their existence has been tenuous; Gruverman et al.'” indi-
rectly inferred the transient existence of a dipole vortex in
disk-shaped thin film capacitors. They mapped the develop-
ment of the out-of-plane polarization during switching and
found that it matched predictions from modified Landau—
Lifshitz—Gilbert (LLG) finite element models. In-plane be-
havior could not be measured but was assumed to also be
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accurately represented by the LLG modeling, which showed
that a transient in-plane vortex helped to mediate switching.
While reasonable, this inference ignored the possibility of a
switching mechanism in which simple 180° domains nucle-
ate and grow around the capacitor perimeter'® without any
mediating in-plane vorticity. Given the high tetragonality and
polar anisotropy associated with the composition of ferro-
electric investigated (PbZr, ;Tip gO5) this less exotic switching
mechanism should certainly be considered as a possible
alternative to the vortex model proposed. In a separate
study, Rodriguez et al.'? inferred dipole vortices through the
nature of the in- and out-of-plane piezoresponse force
microscopy contrast seen on PZT nanodots (made by depo-
sition through a nanoporous alumina template). Conclusions
were based on matching observations to the modeled
contrast expected from a vortex. However, contrast com-
mensurate with a dipole vortex was only seen in a few of
the large array of nanodots imaged; in addition, alternative
domain patterns that may have produced similar contrast
were not extensively considered.

Vortex structures aside, it is remarkable that even the
simple flux-closure quadrants envisioned by Kittel have been
difficult to find in ferroelectrics. Schilling et al.>® have seen
that clear quadrant structures can form in BaTiOs nanodots,
on cooling through the Curie Temperature but with the
complication that each quadrant is composed of a number
of 90° stripe domains. In fact, although quadrants might be
suggestive of flux-closure, vectorial summing of the inferred
local dipole directions within each quadrant generates a
broad-brush polar structure that is a quadrupole, and not a
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flux-closure state. Some evidence for genuine dipole flux-
closure patterns has been presented by Ivry et al.,?' but the
most pertinent observations to date have been made by
Balke et al.** In their work, dipole patterns at boundaries
between packets of domains in BiFeOs, manipulated using
a scanning piezoresponse force microscopy (PFM) tip, were
investigated. Although dipole vectors were inclined to the
(00 1)pseudocunic Surface of the sample (rhombohedral dipole
directions in BiFeOs lie along {111 )pseudocunic directions), the
authors pointed out that for some specific boundaries be-
tween domain packets the in-plane dipole components
formed closure patterns. The resolution of the PFM did not
allow these authors to characterize the core of the closure
structures in detail, although it could be inferred from their
images to sit at the junction between two sets of 90° domain
walls.

In this manuscript, we investigate similar, spontaneously
occurring, boundaries between parallel sets of 90° domain
bundles in thin single crystal lamellae of BaTiOs; only
boundaries between domains with fully in-plane polarization
have been considered,; in this case, in contrast to the studies
on rhombohedral BiFeOs,*? simple flux closure structures
without any out-of-plane components are able to form.
However, we find that in the majority of cases boundaries
between bundles of 90° domains are composed of less
exotic zigzag patterns of 180° domain walls. Only rarely do
chains of flux-closure and quadrupole structures form, and
when they are present we note that domain walls arrange
themselves such that core singularities, expected at the
center of the flux closure structures, are avoided.

Commercially available polished single crystal BaTiOs
was used as the bulk source material from which (100)pseudocur
vic-oriented thin (~200 nm) lamellar sheets were cut. A
FEI200TEM focused ion beam microscope was used for the
lamellar machining with processing steps illustrated sche-
matically in Figure 1. A sharp glass needle, controlled with
a micromanipulator, was used to remove lamellae from the
bulk single crystal; these lamellae were then placed onto
MgO single crystal carriers that had been sputter-coated with
a platinum thin film (100 nm thick). This platinum acted as
a lower electrode for subsequent PEM investigations. Samples
were thermally annealed at 700 °C for 1 h in air to fully
recrystallize ion-beam-induced surface damage. Annealing
also expelled implanted Ga to form gallium oxide islands
(Figure 1e) as had previously been observed.”” A postanneal
etch at room temperature in 3 M HCI solution for several
minutes was found to be sufficient to remove these gallium
oxide islands and leave a smooth undamaged BaTiO5 sur-
face, suitable for PFM measurement (see Figure 1f). To allow
an opportunity for equilibrium domain configurations to
form, the samples were heated above the Curie temperature
(~400 K) and then cooled to room temperature. A Veeco
Dimension 3100 with a Nanoscope Illa controller and EG&RG
7265 lock-in-amplifier was used for PFM measurements; a
typical probing signal of 3 Vs at a frequency of 20 kHz was
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FIGURE 1. Schematic showing protective platinum bar deposition
(using focused ion beam-induced local chemical vapor deposition)
and machining of a thin lamella (~200 nm thick) from bulk single
crystal BaTiO5 (a) and (b). The thin lamella was transferred using a
glass needle and micromanipulators (c) onto a platinum-coated
single crystal MgO carrier substrate (d). AFM images before (e) and
after (f) HCI cleaning etch show how the gallium oxide islands that
form after thermal annealing can be effectively removed (note an
rms surface roughness of approximately 5 nm in (e) compared to
approximately 5 A measured in (f)).

FIGURE 2. Low-maghnification PFM amplitude image (a) showing
bundles of 90° stripe domains and the dark boundaries between
domain bundles. Topography image (b) corresponding to the scan
area in (a). Higher-magnification PFM amplitude scan showing
enlarged area in which several packets of 90° stripe domains are
separated by bundle boundaries (b).

applied to Nanosensors PPP-EFM cantilevers with a force
constant of approximately 2.8 Nm~™'. For transmission
electron microscopy (TEM) investigation, lamellae where
lifted out onto 3 mm mesoporous carbon-coated copper
grids for analysis with a Tecnai F20 TEM.

Figure 2 shows a number of PFM images from a BaTiO5
lamella prepared in the manner described above. Distinct
bundles of stripe domains, present in regular bands, were
abundant. These bundles were separated by boundaries
predominantly oriented at high angles to the 90° domain
walls; by their very nature, these boundaries implied that
the configurations of 90° domains differed in detail on either
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FIGURE 3. Schematic diagrams showing the different cantilever movements associated with the three orthogonal components of
electromechanical distortion that are possible in PFM (red double-headed arrows) and the associated deflection of the laser on the microscope
photodiode after reflection off the top of the cantilever (a—c). Notice how in-plane electromechanical distortion components, parallel to the
axis of the cantilever, result in a longitudinal flexure or “buckling” (c) which causes a vertical deflection of the laser, indistinguishable from
the case illustrated in (a). On the right-hand side (d,e) two bundles of domains in a BaTiO5 lamella can be seen from PFM images (amplitude
images are above phase images). Domain wall orientations suggest that 90° stripe domains contain polarization directions that are entirely
in-plane, thus the vertical electromechanical distortion illustrated in (a) can be ignored, such that all of the vertical movement of the laser
spot on the photodiode can be attributed to cantilever flexure. Schematic diagrams illustrate how the flexure mode VPFM and conventional
torsional LPFM signals can be used to explicitly map the local domain orientations on either side of a bundle boundary. The cantilever
orientation is shown by the solid blue pointer, polar vectors are in red, components of polarization detected are given by the black double-
headed arrows next to the cantilevers, and the measured polar components in each case are shown by the dotted green arrows.

side of the boundary, and this was a focus in the current mechanical displacement could easily result, yielding a
investigation. More detailed analysis of the bundle bound- mistaken apparent vertical polarization component. Longi-
aries required higher resolution PFM data than that shown tudinal flexure has already been shown to dominate the
in Figure 2, and for this an unconventional mode of PFM piezoresponse signal in certain circumstances and therefore
imaging was used that requires some discussion. cannot be ignored.*>*®

Itis generally accepted within the literature that PFM can In the absence of out-of-plane polarization components,
determine out-of-plane and in-plane domain polarization the measured VPFM can entirely and unequivocally be
orientations through discrimination of laser beam deflec- attributed to an in-plane cantilever flexure. In this case, full
tions that indicate the movement of the cantilever;** under reconstruction of the in-plane polarization vector can be
the influence of the applied field emanating from the PFM done by using the VPFM signal to indicate the components
probe tip, an out-of-plane polarization component will pro- of local polarization parallel to the cantilever axis, and LPFM
duce a piezoelectric electromechanical vertical deformation to map the components perpendicular to the cantilever axis.
of the sample surface, which will in turn force a vertical This is precisely the case in the present study: high resolution
motion of the cantilever. This leads to a measured vertical PFM measurements on the (100)pscudocunic Oriented single
deflection of the laser beam on the microscope photodetec- crystal BaTiOs lamellar surfaces (Figure 3d,e) revealed fine
tor, as is shown schematically in Figure 3a. Imaging with this regular domains of width approximately 80 nm with the
information is called “vertical PFM” or VPFM. Correspond- vector of intersection between 90° domain walls and the
ingly, an in-plane polarization component can give rise to a lamellar surfaces orientated along {1 10)pseudocunic directions.
torsional distortion of the cantilever that is measured as a This contrast, taken together with similar prior images using
lateral deflection of the laser on the photodetector, Figure transmission electron microscopy,®” implies a microstruc-
3b. Imaging in this mode is known as “lateral PFM”, or ture that is entirely composed of in-plane “aa” domains.
LPFM. However, the situation can be more complicated. Thus the VPFM signal obtained (Figure 3d) must be imaging
When an in-plane component of the polarization vector lies through the longitudinal flexure mode discussed above. As
parallel to the cantilever axis, the resulting in-plane electro- further evidence of this, on rotation of the sample by 90°
mechanical deformation can contort the cantilever with the observed VPFM domain contrast corresponded exactly
neither a vertical movement nor a lateral torsion, but rather to that observed by LPFM when at 0° rotation; the same
with a longitudinal flexure, Figure 3c. This flexure or “buck- component of the polarization vector was measured by both
ling” produces a vertical displacement of the laser on the modes and showed identical domain contrast. This fact,
photodetector that is indistinguishable from that associated combined with the precisely known crystallographic orienta-
with genuine vertical cantilever motion. An incorrect assign- tion of the BaTiO5; lamellae allowed the VPFM signal to be
ment of longitudinal tip flexure to indicate vertical electro- confidently assigned to in-plane flexure behavior. Conse-
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FIGURE 4. High-resolution PFM images of bundle boundaries be-
tween three sets of 90° stripe domains. Topography is shown in (a)
where the height scale is 2.5 nm; flexural VPFM amplitude is shown
in (b) with phase information in (c); torsional LPFM amplitude (d)
and phase (e) are shown from the same region. The cantilever
diagrams show the in-plane components of polarization detected
through each imaging mode.

quently, two orthogonal in-plane components of polarization
were measurable simultaneously in these BaTiO5 lamellae
(see the schematics in Figure 3d,e), allowing the local
in-plane polarization vector to be fully reconstructed.

In Figure 4, a set of high-resolution PFM images across a
typical domain bundle boundary is presented. The sample
has been oriented such that 90° domain walls are parallel
to the cantilever and are strongly imaged using the flexure
VPEM signal, while the bundle boundary is approximately
perpendicular to the cantilever, and is strongly imaged in
the LPFM signal. To reconstruct the local dipole orientations,
the phase information in Figure 4c,e is particularly useful.
From Figure 4c, it is clear that the in-plane polarization
component, parallel to the cantilever, reverses its orientation
across both the 90° domain walls and the domain bundle
boundary; by contrast, from Figure 4e, it is clear that the
in-plane component of polarization perpendicular to the
cantilever remains constant across the 90° domain walls,
and only reverses across the bundle boundary. Vectorial
summation of the implied components of polarization (both
parallel and perpendicular to the cantilever axis within each
domain) yields the schematic representation of dipole direc-
tions given in Figure 5. Evidently, the bundle boundary is
likely to be composed of a series of 180° domains walls
arranged in a zigzag fashion. The combined phase informa-
tion from flexural (VPFM) and torsional (LPEM) imaging
modes in Figure 5 shows that the measured topology of the
band boundary does not exactly match that predicted
insofar as the regular zigzag pattern expected was not
strongly observed. Perhaps this is simply a PFM tip resolu-
tion issue; however, we also found that bundle boundaries
were relatively mobile under imaging fields, and this could
also account for some loss of resolution, or smearing of the
expected zigzag topology.
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FIGURE 5. Schematic (a) showing the resolved polarization vectors
as determined from information garnered from Figure 4. As a 180°
change in direction occurs for every polarization vector as it crosses
the band boundary, the boundary structure must contain a series
of 180° domain walls. Ideally these should be arranged into a zigzag
pattern. Combined phase data associated with the band boundary
region (b) fails to resolve such a zigzag topology.

Obviously, this type of bundle boundary does not contain
the kind of flux closure states previously found in bundle
boundaries written into BiFeO5 films by Balke et al.** In fact,
in all of the PEM investigations that we performed across a
number of bundle boundaries in the BaTiO5 lamellae not a
single flux-closure system was observed. Presumably, this
indicates that in BaTiO5 the zigzag bundle boundary com-
posed of local 180° domain walls is energetically more
favorable than that containing a series of adjacent flux
closure states. Perhaps the elastic energy due to local dis-
clination strains, required in flux closure loops,*®*® is part
of the story.

In fact, this expectation of elastic disclination strain
prompted the use of TEM in the further search for flux
closure loops at domain bundle boundaries. Under the TEM,
180° domain walls produce negligible contrast and are
difficult to successfully image, whereas the change in unit
cell orientation across 90° domain walls renders them
readily observable. TEM imaging could therefore be used
advantageously to effectively filter out image information
from the kinds of 180° bundle boundaries, ubiquitously seen
in the PFM investigations described above, and only leave
images of bundle boundaries across which domains are
reoriented by 90°, along which chains of flux closure loops
might be expected.

Figure 6 shows a scanning TEM (STEM) image, using a
high angle annular dark field (HAADF) detector, of such a
boundary, separating two aa domain bundles. Here, the
needlelike point shapes of the 90° domains at the bundle
boundary are well resolved, allowing an investigation with
greater spatial resolution than would have been possible
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FIGURE 6. STEM images showing two parallel sets of 90° domain
bundles and a bundle boundary (a), an enlargement to allow
asymmetries in the needle morphology to be clearly seen (b), along
with a contour plot of the image intensities (c). The symmetry
present in this bundle boundary (lines of diads and centers of
symmetry) implies local polarization components such as that
proposed in the schematic given in (d). Diad rotational symmetry
axes are shown in (c) as red ovals. Inferred 180° domain walls are
depicted as blue dashed lines in (d). The flux closure state is
highlighted by the green bracket and quadrupole by the blue bracket
in (d).

on PEM. Several striking observations can be made. First,
the needle point topologies are strongly asymmetric such
that the domain wall orientations do not conform strictly
to the conventional crystallography of 90° domain walls
in a tetragonal material, that is, they do not lie parallel to
{110} pseudocunic planes; rather the needles form into asym-
metric tapered points. Second, as shown by the image
contour plots in Figure 6c¢, the gradient of the image
intensity variation is much greater on one side of the
tapered domains than on the other. Moreover, on the
upper side of the bundle boundary the steeper gradient
in image intensity lies on the left-hand edge of the white
stripe domains, while on the lower side it is on the right-
hand edge. Both these observations demand the existence
of a line of diad symmetry elements (with axes perpen-
dicular to the plane of observation), as well as centers of
inversion within the core regions of the bundle boundary.
Through Neumann’s Principle, the orientations of the
dipoles on either side of the bundle boundary must also
adhere to this symmetry. To allow this, the only consistent
manner in which domain polarization vectors can be
arranged is shown schematically in Figure 6d; adjacent
flux closure and quadrupole states interlink to form a
continuous chain. Quadrupole states exist in unison with
closure states and may act to mediate strain and electro-
static interactions between adjacent flux closure loops.
Their presence, as inseparable elements of this bundle
boundary/flux closure arrangement, changes the feature
periodicity from ~30 nm for individual flux closure ele-
ments to ~60 nm for closure/quadrupole pairs. Note that
unobserved 180° domain walls that pass through both the
diads and centers of symmetry are implicit in the sche-
matic representation (but remain undetected by TEM).
It is particularly interesting that in the formation of this
boundary simple quadrant flux closure states, where four
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90° domain walls intersect at a single point, are avoided.
Instead, the flux closure object is “elongated” by the
insertion of the 180° domain wall, spatially separating
elements of the closure quadrants and avoiding a distinct
closure core singularity. The position at which such a
singularity would have occurred is instead only marked
by the elements of symmetry associated with the bound-
ary. Some insight into this phenomenon may be gained
by consideration of work by Srolovitz and Scott;*? they
used two models for assessing the energetic stability of
specific domain wall junctions or vertices. A simple Potts'
model, where any degree of dipole misalignment between
nearest neighbors was not energetically favorable, sug-
gested that 4-fold vertices (where four domain walls meet
at a point, as would be the case in a classic quadrant
closure domain set) were unstable with respect to the
formation of two 3-fold vertices. By allowing some degree
of dipole misalignment, through a “vector-Potts'” or clock-
model was found to stabilize 4-fold vertices. The avoid-
ance of such distinct quadrant cores in the BaTiO5 bundle
boundary junctions observed might therefore reflect an
intolerance of dipole misalignments and the importance
of the significant anisotropy energy in the system.

In conclusion, boundaries between bundles of 90° do-
mains have been investigated as possible sites for the
existence of naturally occurring flux closure states in thin
single crystal BaTiO5 lamellae. Detailed examination by PFM
showed that abundant bundle boundaries occurred between
large scale regions of parallel 90° stripe domains; however,
rather than containing flux closure states, these boundaries
were found to consist of a series of 180° domain walls
arranged ideally into zigzag patterns. Using TEM, occasional
band boundaries were found in which, through symmetry
arguments, chains of interlinking flux closure and quadru-
pole states could be inferred. The detailed structure of these
boundaries suggested that flux-closure core singularities are
avoided in BaTiOs.
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