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ABSTRACT: The performance of ferroelectric devices, for
example, the ferroelectric field effect transistor, is reduced by
the presence of crystal defects such as edge dislocations. For
example, it is well-known that edge dislocations play a crucial
role in the formation of ferroelectric dead-layers at interfaces
and hence finite size effects in ferroelectric thin films. The
detailed lattice structure including the relevant electro-
mechanical coupling mechanisms in close vicinity of the
edge dislocations is, however, not well-understood, which
hampers device optimization. Here, we investigate edge
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dislocations in ferroelectric BiFeO; by means of spherical aberration-corrected scanning transmission electron microscopy, a
dedicated model-based structure analysis, and phase field simulations. Unit-cell-wise resolved strain and polarization profiles
around edge dislocation reveal a wealth of material states including polymorph nanodomains and multiple domain walls
characteristically pinned to the dislocation. We locally determine the piezoelectric tensor and identify piezoelectric coupling as
the driving force for the observed phenomena, explaining, for example, the orientation of the domain wall with respect to the
edge dislocation. Furthermore, an atomic model for the dislocation core is derived.
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D islocation-type crystal defects are a typical feature of
epitaxially grown thin films since they compensate misfit
strains introduced by the lattice mismatch between film and
substrate. In case of perovskite type ferroelectric thin films the
formation of regular edge dislocation (ED) networks with mesh
spacings determined by the lattice mismatch could be
observed."” It was pointed out that these networks lead to a
degradation of (ferro-)electric properties (phase transition
temperature,">* piezoelectric,” and dielectric response®) in a
several nanometer thin layer at the interface. This so-called
dead layer plays a crucial role in size effects* and limits the
applicability of ferroelectric thin films in various applications,
for example, actuators and capacitors. Furthermore, dislocations
pin ferroelastic and ferroelectric domain walls (DW), thus
reducing their mobility.5™® They can also play a crucial role in
the exchange bias effect by providing locally uncompensated
spins.” Generally, two separate regions divided by a certain
transition zone can be distinguished when studying disloca-
tions: (i) The core region as a material state of its own with
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different atomic coordination including broken or recon-
structed bonds.'® (i) The surrounding region with a strained
original bulk structure, defining the characteristic mechanical
properties of the dislocation, e.g. the long-range strain field.
Within the surrounding region, one can additionally distinguish
the transition region close to the core, where strain can be very
large affecting electronic and electric properties in a nonlinear
fashion.'® To obtain the spatially resolved lattice structure at
EDs, aberration-corrected HR(S)TEM (high-resolution (scan-
ning) transmission electron microscopy) studies are required,
which are particularly demanding at perovskites due to the
weakly scattering O atoms. Thus only a relatively small number
of high-resolution investigations is available for EDs in cubic or
tetragonal perovskite structures; for example, the core structure
in SrTiO; was inferred by a combination of EELS (electron
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energy loss spectroscopy) and HRTEM,'! and the decay of the
polarization far away from an ED in a layered SrTiO;/
PbZr,,Tig3O; system has been worked out by Jia et al.'* Up to
now no unit-cell-wise resolved strain and polarization map
around an ED, including possibly nonlinear electromechanical
coupling, has been reported. Here and in the following the
phrase nonlinear refers to deviations from standard linear
piezoelectric coupling with constant coupling tensors, such as
occurring at strain-driven phase transitions or domain walls.
The lack of information about the core structure and the
surrounding limits, for example, the accuracy of phase field
models' for explaining the dead-layer effect, the development
of domain engineering techniques,14 and the understanding of
exchange bias in the presence of EDs.

In the following, we will present HRSTEM structure analysis
of edge dislocations (ED) found in BiFeOj thin films. Bulk
BiFeO, (Figure 1b) is pseudocubic (denoted by “pc” in the
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Figure 1. (a) HAADF-STEM overview of epitaxial SrTiO;ISrRuO;|
BiFeO; thin film. The BiFeO;|SrRuO; interface is not straight; i.e., it
contains a large number of steps and misfit dislocations. Note that the
contrast change within the SrTiO; is a thickness effect. (b)
Rhombohedral BiFeO; unit cell. The polarization points into
(111),-direction appearing as (110),. in projection. (c) High-
resolution HAADF-STEM of 2 perpendicular EDs (indicated by
Burgers loops) formed at the BiFeO,ISrRuO; interface. In the upper
right corner a HAADF STEM simulation and the projected structure
of BiFeOj; are depicted.

following) rhombohedral perovskite (rhombohedral angle a =
59.35° ~ 60°, pseudocubic lattice constant ayo = 3.96 A)"
with a number of interesting properties (large spontaneous
terroelectric polarization P; = 90—100 mC/ cm?, multiferroism,
polymorphism).'® Furthermore, depending on the lattice
mismatch to the substrate and the associated strain, thin film
configurations are reported to deviate from the bulk structure;
for example, a pseudotetragonal monoclinic phase with a
particularly large aspect ratio (c/a = 1.2) has been identified for
large compressive strains as produced by LaAlO; sub-
strates."” ™' We will focus on dislocation pairs, a configuration
frequently observed in our film and particularly suited for
investigating strain-polarization coupling. We proceed with a
short overview on the experimental details before discussing the
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atomic model for the ED core and analyzing unit-cell-wise
strain and polarization maps of the surrounding region.

Structure Determination. An approximately 65 nm thick
layer of BiFeO; was epitaxially grown in (001),. orientation on
a SrRuO; buffer layer (a = 0.393 nm, = 35 nm) on top of a
SrTiO5(001) single crystal substrate (a = 0.3905 nm) by pulsed
laser deposition (670 °C at 100 mTorr of O,). High-pressure
reflection high-energy electron diffraction (RHEED) indicated
layer-by-layer growth mode followed by step flow growth mode
without any island formation. The samples were slowly cooled
to room temperature in 1 atm of oxygen at a rate of 5 °C/min.
The film thickness was sufficient to generate a large density of
misfit EDs (see Figure la). The samples for TEM were
prepared in cross-section geometry; they were cut parallel to
the (001) planes of the SrTiO; substrate and mechanically
ground to a thickness of about 20 m, followed by final liquid
nitrogen-cooled ion milling under grazing incidence until
electron transparency. The cooling effectively minimized
possible damage of the BiFeOj; thin film. A specimen thickness
between 35 and 50 nm was measured by using the EELS based
t/2 method.* Hi%h-resolution high-angle annular dark-field
(HAADF) STEM?* images of BiFeO; in [001]-direction were
acquired at the aberration-corrected TEAM 0.5 microscope”>
(300 kV acceleration voltage, see Supporting Information, part
I for details). We used a convergence angle of ~19 mrad
yielding a small probe size (60 pm) to resolve strong Bi
columns (Z = 83) and weak FeO columns (Z = 26, 8). At a
HAADF collection angle between 80 and 300 mrad the light
pure O columns were not visible above the background. To
determine the projected Bi and FeO atomic column positions,
we used a maximum-likelihood fitting procedure™ (see
Supporting Information, part I for details): A 2D-Gaussian
plus background is fitted to each atomic column starting with
the strong Bi columns and taking into account previously fitted
columns. Thus Bi columns are fitted before and independent
from FeO neighbors, whereas the FeO column fits take into
account previously determined neighboring Bi ones. Dynamic
scattering simulations (see Supporting Information, part II and
inset in Figure 1c) show that for the particular case of 40 nm
BiFeO; imaged at 300 kV this approach is sufficient to take into
account the effect of intercolumn scattering of the confined
STEM probe in the fitting procedure. Depending on resolution,
sample region, and column type, a fit precision ranging from 1
pm (Bi column) to 15 pm (FeO column) corresponding to eq
(106) in ref 24 could be achieved. Additional systematic errors
are introduced by the scanning coils and the sample drift during
imaging (up to ~S0 pm characteristic shift of scanning lines in
x-direction >*) and residual zone axis misalignments or
aberrations.

Dislocation Core. The first example, depicted in Figure Ic,
contains a pair of two perpendicular misfit dislocations
(highlighted by Burgers loops) at a distance of ~3.4 nm, a
configuration which effectively decreases the mechanical energy
(see further below) of a total dislocation with B = B; + By, =
(0,1,—1)"agge pointing in to the direction of the rhombohedral
distortion (a similar ED onfiguration exists PbTiO;%). In
principle the possible core structures can be classified
corresponding to the type of the glide plane (FeO,/BiO) and
the dissociation order of the dislocation. Due to fluctuations in
the observed core contrasts and the missing oxygen signal, it
was not possible to identify ED core structures with absolute
certainty. However, the statistic of observed ED cores (3
examples are displayed in Figure 2a) in combination with data
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Figure 2. (a) Three examples of experimentally observed ED core
contrasts and one simulated contrast (blue frame) based on the
structure displayed in b. The substituted Bi is visible as bright contrast
at the Fe position. (b) Proposed core structure based on computing
the Bi and Fe positions from the indicated red framed experimental
image and filling in the missing O. Due to the removal of one O the
indicated Fe?* are only 5-fold coordinated as opposed to the normal 6-
fold coordination. The transparent rectangles indicate the pseudote-
tragonal distortion of the unit cell.

from structurally related ED cores in SrTiO;'" suggests a likely
core structure (Figure 2b) with the following properties: The
ED symmetrically dissociates into two half units around a
centered BiO-plane. The glide plane is FeO,. Furthermore, the
original Ti position at the ED center is substituted with Bi. We
now infer the oxygen positions by filling the corresponding sites
in the perovskite lattice with one exception: The oxygen pair at
the ED core is replaced with a single O atom because the site is
too small for 2 large O*~ ions (Figure 2b), which is inline with
oxygen deficiencies reported in case of the SrTiO; ED.'"** In
spite of the good agreement between experimental and, based
on the proposed structure, simulated HRSTEM image (Figure
2a, for details of the simulation see Supporting Information,
part II) we reiterate that the oxygen positions can only be an
estimate particularly neglecting structure changes along z in our
case. Note that the aforementioned removal of the O atom
would likely lower the valence of the two adjacent Fe atoms
from Fe* to Fe**, with corresponding implications for the Fe
spin state, band structure, and so forth. Additional measure-
ments (e.g., by means of EELS) and ab initio calculations could
potentially further elucidate the ED core properties including
the O positions. Directly adjacent to the core highly strained

perovskite unit cells are observed. In particular pseudotetrag-
onally distorted unit cells (c/a = 1.08—1.09) form, with the
long side aligned parallel or perpendicular to the Burgers vector
at opposing sides of the ED (indicated by transparent
rectangles in Figure 2b). To analyze the lattice structure at
further distance we compile unit-cell-wise strain and polar-
ization maps.

Strain and Polarization Maps. From the measured
column positions the 2D displacement field u(Rg;,.f) = Ry; —
Ry is determined, with reference positions Rg; s being
extrapolated by repeating a pseudocubic BiFeOj; unit cell over
the whole field of view. Now, engineering strain £(R) and rigid
lattice rotation Q(R) follow from the usual definitions (see
Supporting Information, part III). Finally, we use the Fe
displacement g (Ry;er) = Rpe — Ry — (0.5,0.5) "aggo from the
unit cell center as a measure for the 2D or projected electric
polarization P(R) = V!Z*5;,(R), where Z* is a Born effective
charge tensor (BEC) and V. is the volume of the unit cell
(Vidz* ~ —166 mC/(cm* A), see Supporting Information,
part III for details). First, we note the mean polarization in the
undisturbed region indicated by a dashed box in Figure 3a
equals 89 + 15 mC/cm® with an angular error of 5.6°, if
assuming that the total polarization points along (111),. and
taking into account a certain systematic error of the BEC used
here (see Supporting Information, part III). That agrees well
with the reported values for the (pseudocubic) rhombohedral
bulk symmetry and demonstrates the accuracy of the
determined positions. The relative error of the strain within
the dashed box is 3%, which corresponds well to the value
obtained from error propagating the Bi position error noted
previously. The corresponding strain (and polarization) maps,
depicted in Figure 3, show highly strained regions in the
vicinity of the EDs and almost homogeneous BiFeO; further
away. The compression/tension dipoles in €., (g,,), typical for
EDs,”® are observed at ED; (EDy) and are accompanied by a
large rigid lattice rotation of some unit cells in between the two
EDs (max. 5° anticlockwise). The polarization field (Figure 3a)
reveals a rotation with the same sense but much larger. Indeed,
a nanodomain of approximately 2 X 4 agpo in size, where in-
plane polarization rotates rather abruptly about 45° into
[010],-direction, is formed in between the EDs (see orange
and red (blue) unit cells in Figure 3a (b)). By comparison with
the strain map those domains could be identified as the above-
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Figure 3. Experimental ¢, (color), P (arrows with length encoding the magnitude) (a) and €y (b) in the vicinity of 2 EDs. The dashed box in the
top left corner in part a indicates the region evaluated for the bulk polarization. The experimental P (a) indicates the formation of a pseudotetragonal
nanodomain between ED; and EDy;, where polarization points into [OTI]PC—direction. Note the scanning error artifacts in the experimental results,

ie., straight horizontal line artifacts in €, and P.
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mentioned pseudotetragonal BiFeO, with a giant ¢/a ratio.'®
The local appearance of this pseudotetragonal phase within a
strained rhombohedral surrounding is a consequence of large
tensile (compressive) strains in the x(y)-direction driving the
lattice surrounding the ED toward a critical point, where a
second-order structural phase transition occurs. This is one
example of nonlinear behavior that we attribute to the
particular large strains around EDs. Below we will present
experimental data showing characteristic coupling between EDs
and DWs, which we will also explain by nonlinear coupling
effects between strain and polarization in the vicinity of the
EDs.

We will now gain further insight into the electromechanical
coupling by comparing the previously obtained strain and
polarization maps to finite element solutions of the piezo-
electric-coupled system of linear elastic strain and dielectric
partial differential equations, obtained from minimizing the
effective total energy G = 1/20;¢; + 1/2D;E; + b;&;E, (Einstein
summation convention, s & stress, e

~

~

= strain, D = dielectric
displacement, E = electric field, piezoelectric tensor b, and
dielectric tensor & have been taken from literature, see
Supporting Information, part IV for details of the computation
including the applied boundary conditions). Already this simple
model reproduces characteristic experimental findings and
hence provides insight into the important mechanisms: The
strain field solution of the purely elastic problem (b;; = 0)
(Supporting Information, Figure 2) agrees very well with the
piezoelectrically coupled solution and resembles qualitatively
the experimental strain maps. Indeed, the conclusion that the
elastic energy is the leading term in the free energy; that is, the
piezoelectrically induced polarization reads P,y & D ~ be (with
P = P, + P,,4), holds for a large class of ferroelectrics, and is
used within the constrained theory of ferroelectrics.”” The
deviations to the experimental strain, consisting mainly of a
strong reduction of the range of the elastic strain field, stem
among others from the above-mentioned formation of
nanodomains not considered within the phase field simulations.
Considering that the largest components of the piezoelectric
tensor for rhombohedral BiFeOj are the ones linking €, and P,
as well as &, and P, (see Supporting Information, part IV), it is
useful to rotate the Cartesian basis 45° anticlockwise into the
direction of the BiFeO; rhombohedral distortion to discuss the
piezoelectric coupling: We first note that the rotated strain €
in direction of the projected spontaneous polarization P, (c-axis
=~ [011] gc) reveals two oppositely aligned strain dipoles (Figure
4a). This coupling effectively decreases the mechanical energy
which can explain the observed dislocation pair arrangement.
Evaluating the induced polarization field P 4, we furthermore
note that the piezoelectric coupling in the region between the 2
EDs forces the total polarization into the same direction
observed experimentally in the pseudotetragonal nanodomain
(Figure 3a). The calculations also predict smooth rotations of
P,4 including some characteristic planes with more abrupt
changes (gray lines in Figure 4b), which mainly follow the shear
strain (e,) variations. With literature values for the piezo-
electric tensor (Supporting Information, part IV), however,
these induced polarization variations are well below the
spontaneous bulk value (IP,4l < IP| and P =~ P,). Therefore
these planes with large polarization rotation are suppressed by
the spontaneous polarization P, which is inline with the minor
variations in P observed in Figure 3a. Surprisingly, however,
they show up as a real DW pattern of P (with rather abrupt
polarization rotations compared to the simulation) in the

1413

a.l :
c-direction '
Q.e
4 9 .
B £ 'y
. LSS ¢
LA AT L o s
PSS S v !
PV VI -
PPl il sl S a7 i i gl P g Fd '
L LAl LB P
PP -
Ll lrsrrr) e
PP B AP AP 7 AP 2 i | R e
P 5 W G G Ol P S o e o o o
P e er - -
e, - - o A o e
ava NSoEle =t
4154 It e
B

AN !} AANANN
am J / I\\\\

Ll 24§ LS

Figure 4. Simulated (a) ¢, and (b) &,, P4 (colored arrows). Contrary
to the other figures the magnitude of P,4 is here color-coded (0 = dark
red, 1 mC/cm? = bright yellow) and clearly couples to the lattice shear
&, Three planes of rather abrupt polarization changes are indicated by
gray lines.

subsequently investigated configuration of 2 EDs (Figure Sa).
Here, we identify three DWs (classified according to the DW
plane and the approximate polarization rotation angle): one
109° in the [011],-direction (visible as 90° in-plane rotation),
one 180° in the [001],-direction, and an exceptional (possibly
charged) tail-to-tail (tt) 109° in the [001],-direction. They
originate from EDy in striking agreement with the DWs
occurring in the piezoelectrically induced polarization (see
Figure 4b). The agreement between calculated piezoelectrically
induced and experimentally observed domain pattern suggests
that the characteristic ED strain fields are the driving force
behind the observed DW-ED coupling; we return to that point
further below. Contrary to the first example no nanodomains
could be observed in the region between the two EDs. Indeed,
when performing within the red framed region indicated in
Figure 4b a linear fit of the dependency of P, from the &, -strain
component (Figure Sb inset), we obtain 364 + 56 mC/cm” for
that piezoelectric tensor component, which agrees well with the
literature value (see Supporting Information, part IV). Here we
emphasize that determining the slope of the P(g) curve
required a large strain interval (0—0.1) such as present only in
the vicinity of the ED. At larger distance to the ED both
systematic and statistical errors in particular of the polarization
prevented an evaluation of the piezoelectric tensor. The large
noise also prevented a potentially very interesting measurement
of nonlinearities (the relative fit error of a possible quadratic
component in the displayed data was around 80%) or smaller
piezoelectric tensor components as well as higher-order
couplings, such as flexoelectricity.”®

We now give a possible explanation why domain walls occur
in the latter system contrary to both simulations (Figure 4) and
the first example (Figure 3) investigated. As already mentioned,
the occurrence of the pseudotetragonal phase in the first
example suggests that the strained structure around EDs in
BiFeO); generally is close to a structural phase transition. There,
coupling constants like the piezoelectric tensor can be
drastically increased, ie. IPy4 =~ IPJ, especially during
nonequilibrium conditions at growth. Taking into account
that the nonequilibrium at growth may relax to different

dx.doi.org/10.1021/nl304229k | Nano Lett. 2013, 13, 1410—1415
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metastable equilibrium states, different stress and depolarization
compensation routes may be statistically realized. One could be
the observed formation of nanodomains, another one the
formation of domain walls.

The orientation of the 109° DW parallel to the Burgers
vector of the ED is also observed in another configuration
shown in Figure 6. Here, a straight 109° DW contains a step
traced by a system of two collinear EDs with a distance of ~6.3
nm. This last example represents a DW pinning mechanism,
which is in principle independent from the misfit introduced by
the interface and can therefore attenuate the DW mobility
within bulk in general. Similar to the previous example, one also
observes an exceptional (possibly charged) head-to-head (hh)
109° DW in [001],-direction. Noting that in both cases these
energetically unfavorable DWs are short, we conjecture that
they are locally stabilized by the strain of the EDs. We finally
mention that the above shown examples represent the key
characteristics from a small number of similarly coupled EDs
analyzed in detail (see Supporting Information, part V), which
are, however, insufficient for a statistical evaluation of the
observed structures (e.g., the distance between the EDs).
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Summary. We applied a dedicated model-based HAADF
structure analysis to epitaxial BiFeO; thin films containing
(coupled) misfit edge dislocation (ED) and domain walls
(DW) to analyze details of strain-polarization coupling in the
presence of strong anisotropic strain. We derived a particular
BiFeO; ED core structure characterized by a replacement of Fe
with Bi and the removal of one O column. Both effects have a
large impact on the local spin arrangement and hence the
exchange bias stimulated by ED defects. Within the highly
strained region close to the ED a variety of structures attributed
to nonlinear strain-polarization coupling was observed. The
local formation of pseudotetragonal BiFeO; nanodomains
within the strained rhombohedral matrix suggests critical
behavior close to EDs in BiFeO;. We quantitatively determined
the largest piezoelectric tensor component directly from the
HAADF data and identified a piezoelectrically driven pinning
or growth mechanism of 109° (and 180°) DWs parallel (and
45° inclined) to the Burgers vector of the ED. Furthermore,
locally confined and possibly charged head-to-head and tail-to-
tail DWs coupled to EDs have been observed. To which extend
the observed nanodomains, morphotropic phase boundaries
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http://pubs.acs.org/action/showImage?doi=10.1021/nl304229k&iName=master.img-005.jpg&w=384&h=186
http://pubs.acs.org/action/showImage?doi=10.1021/nl304229k&iName=master.img-006.jpg&w=349&h=163

Nano Letters

and DWs around EDs transfer to other materials depend on the
particular strain-dependent phase diagrams, crystal symmetries,
and the resulting piezoelectric coupling and have to be analyzed
by further studies. From a broader perspective we showed that
misfit EDs in BiFeO; exert a short-range (ED-ED and ED-
nanodomain coupling) and long-range (ED-DW coupling)
influence on the ferroelectric thin film which both lead to a
reduction of overall ferroelectric properties of the thin film.
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