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Dislocations in ferroelectrics play important roles in ferroelectricity, piezoelectricity, and dielectricity.
However, the intrinsic charge-lattice coupling mechanism in ferroelectric crystals containing dislocations
is still not well understood. Here, we report a large local polarization inhomogeneity of ~100 puCcm—2
induced by a single a[001] dislocation in the PbZrq,Tigg03/SITiO3 film/substrate heterostructure, the ten-
sile region (~120 uCcm~—2) and the compressive strain region (~21 wCcm~2) around the dislocation forms
a butterfly-like area. This study reveals the dramatic effects of dislocations on local polarization and pro-
vides a strategy to manipulate the polarization magnitude and orientation of local polarization by defect

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Dislocations are one-dimensional defects that commonly exist
in crystalline materials [1]. Such a widely existing defect may al-
ter the chemical composition and stoichiometry of a material, thus
drastically influencing certain properties such as low-field magne-
toresistance in magnetic films [2], electronic conductors and ionic
conductors [3-5], current densities in superconductors [6,7], and
spin-polarized current in topological insulators [8]. In ferroelec-
tric materials, due to the intrinsically strong lattice-charge cou-
pling, dislocations play crucial roles in determining the ferroelec-
tric properties. For example, it was reported that the piezoelec-
tric [9] and dielectric responses [10] and phase transition temper-
atures [9,11,12] are significantly degraded by dislocations due to
the formation of a ferroelectric interfacial deadlayers. The influence
of dislocations on polarization is not localized, e.g., the interfacial
dislocations can alter the polarization magnitude over an extended
volume [13]. Even if a dislocation is located in the substrate out-
side the ferroelectric layer, that dislocation can still interact with
the ferroelectric dipoles and suppress the polarization of the fer-
roelectric layer far away from the interface [14]. Furthermore, the
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dislocations can interact the domain walls [15] and reduce their
mobilities [16-18], as shown by the strong pinning for 90° ferroe-
lastic domain walls [19] and weak pinning for 180° ferroelectric
domain walls [20].

In these oxide materials, the effects of dislocations are mainly
manifested by the possible nonstoichiometry at these defects and
the presence of strain and/or strain gradient. It is generally be-
lieved that the electrical activity of dislocations is governed by the
elemental segregation and the associated nonstoichiometry around
dislocation cores [21,22], which generates the spatial charge zone
[23,24]. In fact, in addition to elemental segregation, local strain
and strain gradients may play equally important roles in determin-
ing electrical activity via piezoelectric and/or flexoelectric effects.
In view of the large strain gradient [13] around dislocations, the
effect of flexoelectricity on dielectric/ferroelectric materials cannot
be ignored [13,25,26]. For example, in a paraelectric SrTiO3 (STO)
low-angle bicrystal, an anomalously large polarization of approxi-
mately 28 ;£ Ccm~2 was detected near dislocation cores, which can
be attributed to the flexoelectric effect [25]. Additionally, the vari-
able tetragonality near dislocation cores has a crucial influence on
polarization [27-30]. Therefore, the influence of a specific disloca-
tion on the polarization in ferroelectric thin films remains unclear.
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Fig. 1. Atomically resolved high angle annular dark field (HAADF) images of dislocations near the interface. These dislocations are distinguished by the burgers vectors
denoted as (a) a[100], (b) a[101], and (c) a[001] respectively. The dislocation cores are labeled by ‘T". Polarization direction is denoted by blue arrows in each figure, the

dashed green lines in (a) and (b) denote the 90° domain walls.

The difficulties in studying dislocation effects are mainly as-
sociated with the structural characterization at the atomic level
and the strong lattice-charge interactions. In addition, disloca-
tions with different Burgers vectors exhibit distinct properties due
to their strong structural dependency. For example, in the same
perovskite material PZT, dislocations with a[100], a[110] Burgers
vectors [11,19] show extinct properties. Nevertheless, advances in
aberration-corrected electron microscopy techniques, especially the
negative spherical aberration technique [31], annular bright field
(ABF) technique [32,33] and integrated differential phase-contrast
(iDPC) technique [34,35], enable direct visualization of all atoms,
including oxygen atoms at and near dislocations, allowing us to
quantitatively measure the local polarization and strain distribu-
tions and revealing the effects of dislocations on polarization. Also,
we can easily determine the Burgers vectors of specified disloca-
tions by the atomically resolved images.

Here, we characterize the dislocations in PbZrg,TipgO3 (PZT)
films on an STO substrate using atomically resolved ABF imag-
ing and quantitative image analysis, energy dispersive X-ray spec-
troscopy (EDS), and phase field simulations. We find that for a[001]
dislocations, the out-of-plane polarization is notably enhanced up
to ~120 uC/cm? in the tensile strain zone over a region of a few
nanometers, whereas there is a substantial suppression in polar-
ization of ~21 wC/cm? in the compressive strain region. This large
inhomogeneity in polarization around the dislocation can be at-
tributed to the acutely altered tetragonality (strain effect) rather
than the flexoelectric effect (strain gradient effect). In contrast,
the a[101] and a[100] dislocations and the triggered in-plane fer-
roelastic domains induced large strain in PZT and PZT/STO inter-
face separately. Our study precisely correlates the Burges vectors
of dislocations with their effects on local polarization, revealing
the underlying mechanism, and this study provides a reliable in-
terpretation/prediction of the effects of dislocations in ferroelectric
devices (e.g., domain wall pinning). The ability to tune polariza-
tion in terms of both orientation and magnitude by controlling the
Burgers vectors through introducing different dislocations may also
provide strategies to create emergent polar structures, such as a
topological polar vortex, an antivortex, and skyrmions.

The atomically resolved high-angle annular dark field (HAADF)
of the scanning transmission electron microscopy (STEM) images
in Fig. 1 shows three typical dislocations near the interface of the
PZT thin films. These dislocations are distinguished by the Burg-
ers vectors denoted as a[100], a[101], and a[001] in Figs. 1(a)-1(c),
for which the cores are denoted by a yellow ‘T" symbol. The geo-
metric phase analysis for each dislocation in Fig. S1 suggests that
the former two are associated with ferroelastic domains that are

consistent with previous observations [11,18,36-41]. However, no
ferroelastic domain is generated around the dislocation of a[001]
in Fig. 1(c), indicating that the properties of dislocations are highly
dependent on the structure. The structures of the dislocation cores
are shown in Fig. S1 in the Supplemental Material.

To reveal the effects of the a[001] dislocation on the polar-
ization distribution, we record the corresponding ABF image in
Fig. 2(a) from which all the atoms, including the oxygen of PZT, are
visible. Once the atoms are accurately positioned, the bond length,
lattice constant and polarization are mapped (see Supplemental
Material for the detailed calculation method). The substantial in-
homogeneity of out-of-plane polarization shows a butterfly shape
with enhanced polarization along the two wings. From the bond
length mapping of TiO, and PbO sublattices in Supplemental Ma-
terial Fig. S2, both TiO, and PbO planes contribute to the polariza-
tion enhancement, but the latter has a larger contribution than the
former. The profiles in Fig. 2(c) illustrate that the polarization en-
hancement in the tensile strain zone reaches ~120 uCcm~2, which
is 114% greater than that of the local spontaneous polarization (~56
uCcm~2) in the region 8 unit cells away from the core. On the left
side of the dislocation core with compressed strain, the polariza-
tion is substantially suppressed by 62%. The in-plane component of
polarization is also measured in Fig. S3, from which no substantial
in-plane polarization is observed, revealing that the trend to form
a ferroelastic domain does not occur. Furthermore, there is a bent
180° domain wall across the a[001] dislocation, as highlighted by
the yellow dashed lines in Fig. 2(b), indicating a possible domain
wall pinning effect, which was also reported in previous studies
[20,42].

According to the literature, local polarization enhancement can
be induced by elemental segregation [3,43-46], strain caused by
c lattice changes [14,15,47,48] and strain gradients [25]. To deter-
mine the effect of elemental segregation on polarization, we per-
formed EDS analysis. The results in Fig. S4 indicate a uniformly el-
emental distribution, meaning that there are no significant effects
from elemental segregation. In view of the broken translation of
symmetry and large deformation of the lattice near the disloca-
tion core, the occurrence of strain and strain gradients is inevitable,
and both can considerably influence the polarization. In the math-
ematica expression, strain can be considered as the 15 deviation
of the lattice constant (x’), and the strain gradient is proportional
to the 2" deviation (x”). Based on Landau-Ginzburg-Devonshire
(LGD) theory [30],
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Fig. 2. Quantitative image analysis of a[001] type dislocation. (a) The atomically resolved annular bright field (ABF) image of the same a[001] type dislocation. (b) The
calculated polarization at out-of-plane and (c) profiles of out-of-plane polarization at the highlighted region in (b). Two yellow lines in (b) are the 180° charged domain wall
and 180° domain wall identified by the Pb-O and Ti-O bond length mapping in Supplemental Material Figure 2.
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Fig. 3. LGD and flexoelectricity calculations. (a) The map of out-of-plane lattice constant. (b) The calculated polarization from the LGD theory. (c) The calculated strain
gradient and flexoelectricity along the out-of-plane direction. The profiles denoted by arrows and dashed gray rectangle in (a-c) are shown in (d) and (e).

where x3 = (¢ — ap)/ap; xm = (a — ap)/ap; a and c are in-plane and
out-of-plane lattice parameters, respectively; a, represents the lat-
tice parameter of specified material at room temperature; s; and
Qjj are elastic compliances and electrostrictive coefficients, respec-
tively. In our calculation, a, is averaged from the a and c data of a
uniform region, the other constant values of Q; and s;; are adopted
from [30], and the effect of strain can be quantitatively estimated
using the unit-cell level bond length values. Fig. 3(a) displays the
out-of-plane lattice constant of both the Pb-Pb and Ti-Ti bonds
for comparison. The result calculated from LGD theory in Fig. 3(b)
shows that the magnitude distribution has a butterfly shape simi-
lar to that of the lattice constant in Fig. 3(a) and the polarization
in Fig. 2(b), suggesting that strain may play an important role in
polarization enhancement.

The effects of strain gradient, also known as the flexoelectric
effect [49], may play important roles in determining the local po-
larization around the dislocations in oxides because they usually
have a large flexoelectric coefficient, and there is a high strain gra-
dient [13] near the cores of dislocations. The out-of-plane strain
gradient- and flexoelectric effect-induced polarization mapping is
shown in Fig. 3(c). The profiles in Figs. 3(d) and 3(e) show that the
flexoelectric effect has a small influence on polarization, and these
effects are limited to a size region encompassing two unit cells
around a dislocation core, which is substantially different from the
significant flexoelectric effect reported for STO [24]. Thus, the flex-
oelectric effect minimally contributes to the butterfly-like polariza-
tion enhancement zones. The above results support the conclusion
that strain instead of strain gradient is the main reason for this

large enhancement. However, it should also be noted that although
the tetragonality in Fig. 3(a) shows the same trend as the polariza-
tion distribution in Fig. 2(b), the values calculated from LGD theory
are not in quantitative agreement with the polarization, indicating
that either the strain effect is not the sole mechanism or the LGD
theory cannot precisely describe this system.

To further validate the experimental calculations, we performed
a phase field simulation under conditions mimicking the experi-
ments. Due to the lack of trustworthy flexoelectric coupling co-
efficients for PZT(20/80) in the literature, we choose their val-
ues based on our experience from other perovskite dielectric and
piezoelectric materials, such as SrTiO3 and BaTiO3 [49], setting
f11=1V, f15=1V, and fy4=1V for a qualitative comparison. Fig. 4(a)
shows the strain-induced out-of-plane polarization around a sin-
gle a[001] dislocation. The polarization is enhanced in the ten-
sile strain region (the right side of the dislocation core) and is re-
duced in the compressive region. This simulation is in good agree-
ment with the experimental results in Fig. 2(b). In contrast, the
strain gradient-induced polarization in Fig. 4(b) is small and has
different enhancement and suppression behaviors from those of
strain-induced out-of-plane polarization, further confirming that
the main factor leading to polarization enhancement is strain
rather than the strain gradient. However, it should be noted that
the maximum polarization is smaller while the extending region is
larger than that of the experimental results. This difference is likely
a result of the underestimation of strain-induced structural dis-
tortion in the simulation, i.e., the structural distortions are larger
near the dislocation cores, and thus, polarization inhomogeneity is
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Fig. 4. Phase field simulation. (a) The out of plane polarization without considering the influence of flexoelectric effect and (b) the distribution of the polarization only

caused by flexoelectric effect.

expected to be more significant in the experiments than in the
simulations.

The dislocation and breaking of the associated translational
symmetry greatly affect the ferroelectric material properties; even
a single dislocation has many nontrivial influences. The a[100] and
a[101] dislocations commonly exist in the thin film due to the lat-
tice mismatch. But the a[001] dislocation are rare to be found,
which we surmise it may result from the fluctuation of growth pa-
rameters during the growth processes. The highly dependent na-
ture of the physical properties on the structure requires that the
properties are correlated to the atomic structure for each dislo-
cation, thus indicating the significance of studying materials from
the unit cell level using electron microscopy. Moreover, from the
lattice and measured bond length data, a deflected 180° domain
wall, which is denoted by a dashed line in Fig. 2(b), can be iden-
tified. This finding may elucidate the mechanism of domain wall
pinning by dislocations. That is, the compressive strain zone may
be more ready to switch due to the suppression of polarization,
while the tensile strain zone is more difficult to switch by exter-
nal fields because of the enhanced polarization, which requires a
large amount of bound polarization charges; thus, a larger field
is required to drive the domain pass though the dislocation core,
leading to domain wall pinning. In fact, the 180° domain wall pin-
ning by dislocations was observed during ferroelectric switching
[20].

In summary, we characterized dislocations with different Burg-
ers vectors in the ferroelectric material PZT. Dislocations of a[100]
and a[101] are more likely symbiotic with ferroelastic 90° domain
walls [50], while dislocations of a[001] cause a strong inhomo-
geneity of out-of-plane polarization around the dislocation core. By
comparing the calculation results of LGD theory and the flexoelec-
tric effect, we find that the local polarization enhancement near
this single dislocation is dominated by strain rather than a strain
gradient. The mechanism elucidated in our experiment can help us
understand the impact of lattice-charge interactions at the atomic
scale, thus providing new insights for manipulating local polariza-
tion or even creating novel topological polar structures via defect
engineering.
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