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Abstract

Spontaneous polarization in displacive ferroelectric oxides originates from the

separation of positive charge centers from negative charge centers, which is induced

by the off-center displacements of cations and anions in unit cells. For hugely strained

ferroelectric oxides, understanding the correlation between the off-center

displacements and the strain level is a prerequisite for understanding the polarization

behavior. In the present work, the off-center displacements of atoms in nanometer

columnar PbTiO3 under a strong tensile strain of 13% along the c-axis direction are

quantified by quantitative high-resolution transmission electron microscopy. The

measured off-center displacement Ti-O (0.052 nm) is about 60% larger than the value

of unstrained bulk PbTiO3. The experimental results are confirmed by first-principle
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calculations, leading to a polarization of 122 C/cm2, providing the basis for

understanding the enhanced spontaneous polarization of highly strained displacive

ferroelectric oxides.

I．INTRODUCTION

Strain engineering realized by deliberately selecting different substrates and

controlling film thickness has been proven a powerful and accessible method to

manipulate the properties of ferroelectric oxide thin films [1-3]. For instance, a biaxial

compressive strain has been introduced to markedly enhance the ferroelectric

transition temperature and the remnant polarization in BaTiO3 [4], while the tensile

strain was found to induce room-temperature ferroelectricity in SrTiO3 [5]. Beyond

this conventional approach for controlling the horizontal strain, vertical strain

engineering via interfacial coupling between self-assembled components in the

vertically aligned nanocomposite (VAN) system has been developed recently [1,6].

Microstructure and physical properties of the VANs were demonstrated to be related

to the vertical strain state, which could be tuned by the selection of a suitable

secondary phase and the control of the grain morphology, the column aspect ratio,

and/or density distribution and so on [6-10].

PbTiO3 (PTO) is a representative perovskite ferroelectric oxide with strong

polarization-tetragonality coupling [11]. Thin films of PTO and PTO-based perovskite

ferroelectric oxides epitaxially grown on diverse substrates have shown abundant

ferroelectric phenomena and thus attracted tremendous research interests [12-21].

Recently, Zhang et al. implemented the concept of interphase strain to induce a large

negative pressure (i.e., tensile strain) in PTO epitaxial composite thin films via PbO

on the SrTiO3 (STO) substrate [22]. That PTO film demonstrated a super-tetragonality

and a great enhancement of the remnant polarization. The experimental results

stimulated research interest in fully understanding the underlying details of the

structural phenomenon, in particular the nanometer scale microstructure and the atom



positions in the highly strained unit cell. For displacive ferroelectric oxides,

polarization results from the formation of unit cell dipoles that are directly related to

the relative displacements of the cations from the oxygen anions in a unit cell. A

particular interest of research is to understand how these ions behave under very large

strain, whether the displacements of ions follow the polarization-tetragonality

coupling, and how the experiment results compare to theoretical calculations.

In the present study, we report on a systematic investigation of self-assembled

VAN thin films with embedded nanometer PTO columnar grains surrounded by the

PbO-type structural phase, prepared by pulsed laser deposition [23]. The atomic

structure and the strained state of both the PTO columnar grains and the surrounding

PbO-type structural phase are characterized by aberration-corrected (scanning)

transmission electron microscopy ((S)TEM). In particular, the negative spherical

aberration (CS) imaging (NCSI) technique [24] is used to simultaneously reveal the

positions of both cations and anions, guarantying picometer precision measurements

of the off-center displacements [25] for evaluating the unit cell dipole moments.

Combining the experimental measurements with first-principle calculations, the

relation between the greatly enhanced polarization and the strain state is explored.

II. RESULTS

Figure 1a shows a cross-sectional over-view of a PTO/LSMO (La0.3Sr0.7MnO3 )

film on the STO substrate. The interfaces of PTO/LSMO/STO are sharp and clearly

revealed. In the PTO film the visible vertical columnar contrast represents the feature

of microstructures. Figure 1b shows a selected-area electron diffraction (SAED)

pattern, which was recorded with the selected area aperture covering the PTO/LSMO

film, the Pt top protection layer, and part of the substrate along the [110] zone axis of

STO. The reflection spots were identified and some of them are indexed in the pattern.

In order to simplify the following discussion, we disregard the lattice (rhombohedral

or orthorhombic) distortion of the LSMO structure and describe it as a pseudo cubic



perovskite structure. In the diffraction pattern the fundamental spots of the LSMO

film layer (cyan arrows) overlap with those of the STO substrate (magenta arrows),

suggesting that the lattice parameter of the LSMO film is the same as that of the STO

substrate. However, the spots (indicated by white arrows) of the PTO film are well

separated from those of LSMO/STO, indicating a large difference in the out-of-plane

lattice parameters c. In addition, we note that the high index diffraction spots of the

PTO film show slight separation, as shown in Figure 1c, indicating the presence of

structural variation or phases separation. Taking the diffraction ring of the Pt top layer

as the calibration standard the lattice parameters of the film system were measured

and calculated. The c-lattice parameter for the PTO film is about 0.469 nm, which is

much larger than the bulk value (0.4154 nm). According to the separation between the

diffraction spots shown in Figure 1c, the in-plane lattice parameter a of the PTO film

is found with two values, a1= 0.395 nm and a2 = 0.384 nm.

Figure 2a shows a high-resolution high-angle annular dark field (HAADF) STEM

image of the PTO film layer and a part of the LSMO film layer, recorded along the

[100] direction of the PTO. In the PTO film layer, two types of column grains can be

clearly seen, denoted as type I and type II. The difference between the two types of

column grains lies in the contrast from the B-site (Ti) atomic columns showing much

lower intensities in columns II than those in columns I, as shown by the intensity

profile in Figure S1 [26]. The interfaces between the two types of columnar grains are

lattice coherent, indicating same out-of-plane lattice spacing. Considering the

separation between high index diffraction spots observed in Figure 1c, further

investigation of the microstructure was performed with fast Fourier transform (FFT)

of the image in Figure 2a. The inset to Figure 2a shows the resulting FFT diagram,

which is analogous to the diffraction pattern. On the diagram two types of numerical

apertures (yellow and pink circles) are used for selecting the reflections corresponding

to split of high index diffraction spots observed in Figure 1c. The two types of

selected reflections were then used respectively to perform inverse FFTs, resulting in

two images analogous to two dark field images as shown in Figure 2b and 2c. The



yellow areas in Figure 2b are formed from the reflections in the aperture of yellow

circles, corresponding to columnar grains I, which have the lattice parameter a1=

0.395 nm. Similarly, the pink areas in Figure 2c formed from the reflections in the

pink aperture correspond to columnar grains II, which have the lattice parameter a2=

0.384 nm.

Figure 3a shows a plan-view HAADF image, revealing the presence of two types

of structures, corresponding to the observed columnar grains in the cross-sectional

sample in Figure 2a. From the plan-view image, the type II columnar grains are

indeed surrounded by (or embedded in) the type I structure, which is imaged as

columnar grains when it is cut to the cross-section (Figure 2a). FFT was performed

for the two structures on the plan-view image and the results are shown in Figures 3b

and 3c, respectively. The evident difference in the FFT diagrams is marked by circles.

Specifically, the reflections denoted by the pink circles from structure II disappear in

the diagram from structure I, as indicated by the yellow circles. According to the

image contrast and Fourier transforms, we identify the two phases as PTO structural

phase (structure II) and PbO-type structural phase (structure I).

Chemical composition measurement using energy dispersion X-ray analysis

showed that the PbO-type phase also includes evidently Ti (Figure S2) [26].

According to the cross-sectional and plan-view images, the lateral dimension of the

PTO columnar grains is in the range of 3-5 nm. From investigations of the plan-view

samples the volume fraction of the PTO phase is estimated to be about 30%. Based on

the lattice parameters obtained from the diffraction analysis and those reported for the

bulk materials, both lattices of the two compounds in the film are under strains. In

particular the PTO subjects to a very large tensile strain (about 13%) along the c-axis

direction, leading to a very strong lattice tetragonality of c/a = 1.22 in comparison to

the value of c/a = 1.06 for bulk material.

To consider the coupling between the strain and the spontaneous polarization (PS)

in the PTO ferroelectric film, we quantified the off-center displacements of atoms,

which lead to the formation of unit cell dipoles and thus the macroscopic polarization.



For this quantification, we used the NCSI technique to record atomic-resolution

images, which reveal the positions of both cation and anion columns. Figure 4a shows

a high-resolution image of a PTO grain, recorded under the NCSI condition along the

[110] direction. Under the optimum imaging condition, the image of atomic columns

appear bright under dark background, as shown by the projected structure model

overlaid on the image (cyan: O; orange: Ti; purple: Pb). Comparison of the

experimental image to the simulated image was carried out for evaluating the effects

of the residual lens aberrations and unavoidable crystal tilt, as show in Figures S3-S5

[26] (see, also, references [2-6] therein). The simulated image, which shows the best

match to the experimental one, is considered to represent the experimental image.

Accordingly, the used parameters for the image calculation represent the imaging

conditions used in the experiment, which lead to the conclusion that local image

intensity maxima correctly represent the atomic positions. Therefore, based on the

determined positions of these intensity maxima the off-center displacements of the

Ti-atom columns were calculated with respect to the O-atom columns, which are

displayed as a vector map in Figure 4b, where the arrows denote the displacement

direction and the lengths of each arrow represent the magnitude of the displacements.

The scale bar indicates a measure of the displacement magnitude and the

corresponding polarization (or dipole moment) calculated according to the empirical

relation PS =  Ti-O [27], where  Ti-O is the Ti atom off-center displacements with

respect to O atoms and  is a constant. On average, the measured displacement Ti-O is

about 0.052 nm. Since the dipole direction is defined as starting from the negative

charge center to the positive charge center, the polarization in the image area points

upward. We have also observed the downward polarization in other columnar grains.

First-principle calculations were performed for the theoretical investigation of the

relation between c/a, the off-center displacements and the polarization [26] (see, also,

reference [8] therein). The results after relaxation and optimization of the structure

model show that the Ti atoms have an off-center displacement of 0.0516 nm with

respect to the neighboring O-atoms and PS = 122 C/cm2. The calculated Ti off-center



displacement agrees well with the experimental data (see Table S1) [26]. The

calculated polarization PS will be compared to the results estimated using the

empirical relation in the discussion part.

III. DISCUSSION

Our chemical composition investigation confirms the high-level solution of Ti

element in the PbO-type structure. Since we did not detect any other Ti-rich phase in

the film, the target stoichiometry of PbTiO3 also implies the high-level solution of Ti

in the PbO-type structured phase. Indeed, a PbO-TiO2 solution was reported and the

solubility of Ti can be as high as 80 at% [28]. The PbO-TiO2 solution with

stoichiometry of PbTi0.8O2.6was reported to have a similar tetragonal structure to PbO

with lattice parameters of a=0.3911 nm and c=0.4831 nm. From our experimental

results, the observed PbO-type structured phase in the present film is very close to

that reported solution phase. Therefore, in the following discussion of strain, we take

the lattice parameter of the PbTi0.8O2.6 phase as reference for the PbO-type structured

phase in the present film. Unfortunately, in the reported research [28] no atomic

structure was given. Therefore, the details about the atomic structure of the PbTi0.8O2.6

phase still need to be clarified.

Considering the lattice mismatches of bulk PTO, PbTi0.8O2.6 and STO, the strain

level of the PTO columnar grains is much higher than that of the PbO-type structural

matrix. This is well understandable considering that the columnar grains are

embedded in the matrix, which forms a continuous film and produce a strong

constraining force to the individually isolated PTO columnar grains. Meanwhile, the

PTO columnar grains also react to the constraining force and thus exert a lattice strain

on the matrix of the PbO-type structural phase. Reactions to the strain along the c-axis

and to the in-plane strain are also detected (Figure S6) [26], which is represented by

the splitting of the high index reflections in the electron diffraction pattern.

In coupling to the high strain of the PTO lattice and the strong tetragonality of the



unit cell, the enhanced off-center displacements of atoms have been measured on the

basis of quantitative determination of the cation and anion positions. Based on the

empirical equation PS =    Ti-O [27] and the experimentally measured off-center

displacements  Ti-O, the polarization PS of the PTO columnar grains has been

estimated. We note that the value of  was reported to be in the range from 2500

(μC/cm2)/nm to 2900 (μC/cm2)/nm for ferroelectric oxides [13,27,29,30]. Based on

the range of the  values the estimated PS is between 130 and 150 μC/cm2 for the

present nano-columnar grain, which is more than 60% higher than the value of bulk

PTO (about 80 μC/cm2). The coupling between strain and polarization has been

widely investigated [1-3,13,22,31,32]. In particular, the continuous change of

polarization with the tetragonality was experimentally characterized with respect to

the off-center displacements of ions in the PZT thin film [31], the tetragonality of

which is however in the range of tetragonality below 1.06. We note that there is still

some discrepancy between the theoretically calculated polarization (122 μC/cm2) and

the calculated value using the empirical relation (130-150 μC/cm2). The discrepancy

may be partially understood as the results of the uncertainty in the experimental

measurement of the atom displacements, which is about 0.005 nm leading to an

uncertainty of 15 μC/cm2 level [26] (see, also, reference [7] therein). In addition, our

first principle calculations showed that the Born effective charges for the highly

strained film is about 10% smaller than that for the low-strained film or bulk samples.

This reminds that the  values in the empirical relations may be overestimated by

approx. 10% for the highly strained film. Taking this factor into account, the

polarization values calculated using the empirical relation can be considered to be

smaller by 10%, leading to a polarization value in the range of 117-135 μC/cm2,

which fit well to the theoretically calculated value.

We note that the wide application of HAADF imaging to determine or estimate

the polarization under high strain states relies on the measured displacement of Ti (Ti)

from its centro-symmetric position (or the center of the surrounding Pb atoms located

on the corners of perovskite lattice as reference positions) following the equation:



PS[film] = PS[bulk]   Ti[film]/  Ti[bulk] =    Ti-O[bulk]   Ti[film]/  Ti[bulk] [22,32], where

Ti-O[bulk]/Ti[bulk] ≈ 2 for PTO [28]. By doing so, one has to assume a linear relation of

Ti-O with respect to Ti. However, it should be noted that the position of the peaks for

the Ti columns is highly dependent on the thickness in the [100] HAADF image,

which introduces additional artificial shift. The underlying reason for the artificial

shift of the thickness dependence is largely affected by its neighboring O atoms.

Therefore, for the estimation of the polarization one has to remove the artificial shift

from the simple measurement on a [100] HAADF image by comparison to image

simulations. Therefore, the present research, for the first time and on the atomic scale,

provides details for the relation between tetragonality and the off-center

displacements of atoms including oxygen as well as polarization under such a high

strain. It is important to note that the experimental results have been supported by

first-principle calculations based on both GPAW [33] and ABINIT [34].

We note that the strained PTO in the PbO-type matrix did not develop a similar

polarization as previously reported (PS = 236 C/cm2) [22] where only the off-center

displacements of the so-called Ti-atoms (actually influenced by the neighboring O as

mentioned above) were given, while the measured c- and a-lattice parameters (and

thus the tetragonality) for both films are almost the same. Considering the important

role of oxygen anions in determining the polarization, without positional details of the

oxygen atoms in the unit cell, it is hard to understand quantitatively the behavior of

the polarization. Therefore, the mechanism for such a high value of polarization [22]

remains unclear.

IV. CONCLUSION

In summary, the structural origin for the highly enhanced polarization of the PTO

columnar grains is characterized by means of atomic-resolution (S)TEM and

first-principles calculations. The enhanced polarization lies in the strong off-center

displacements of the atoms, which are directly revealed by imaging all the atoms

including oxygen and confirmed by first-principle calculations. The measured



displacement fits excellently to that obtained by calculations. The enhanced off-center

displacements are coupled with the huge strain in the PTO columnar grains, which is

induced by the surrounding lattice of the PbO-type structure matrix.
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Figure captions

FIG. 1. (a) Low-magnification over view of the PTO/LSMO thin film on the STO

substrate. (b) Selected area electron diffraction pattern recorded along the [110] zone

axis of the STO. Some of the diffraction spots are indexed, cyan: LSMO, magenta:

STO and white: PTO. The spot marked by the vertical arrow originates uniquely from

LSMO as a result of rhombohedral or orthorhombic distortion. (c) Enlargement of

part of the diffraction pattern, showing the splitting of high index reflections of the

PTO film.

FIG. 2. (a) High-resolution HAADF image of the PTO film layer, in cross-section

view along the [100] direction. Two types of columnar grains, type I and type II, are

clearly seen with intergrowth on the nanometer scale. The inset shows the fast Fourier

transform (FFT) diagram of the image. Circles indicate the numerical apertures used

for the inverse FFT to obtain the images shown in (b) and (c), which are analogous to

the dark field images.

FIG. 3. (a) High-resolution HAADF image of the PTO film layer, in a plan-view

along the [001] direction. The type II columnar grains are embedded in the type I

matrix. (b) FFT diagram of the type II columnar grain in image, leading to the

identification of the PTO structure. (c) FFT diagram of the type I matrix in image,

leading to identification of the PbO-type structure.

FIG. 4. (a) High-resolution NCSI image of a PTO grain, in a cross-sectional view

along the [110] direction. In the image all types of atomic columns are well revealed,

as denoted by the overlaid projected structure model (cyan: O; orange: Ti; purple: Pb).



(b) Map of the displacement vectors of Ti columns with respect to the middle point of

the line connecting two neighboring O-atoms, which also represent the unit cell dipole

moments. The arrowheads point direction of the displacements and the length of each

arrow represents the magnitude of the displacement.








