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An Unconventional Transient Phase with Cycloidal Order
of Polarization in Energy-Storage Antiferroelectric PbZrO,

Xian-Kui Wei,* Chun-Lin Jia, Hong-Chu Du, Krystian Roleder, Joachim Mayer,

and Rafal E. Dunin-Borkowski

Antiferroelectric-based dielectric capacitors are receiving tremendous attention
for their outstanding energy-storage performance and extraordinary flexibility

in collecting pulsed powers. Nevertheless, the in situ atomic-scale structural-
evolution pathway, inherently coupling to the energy storage process, has not
been elucidated for the ultimate mechanistic understanding so far. Here, time-
and atomic-resolution structural phase evolution in antiferroelectric PbZrO;
during storage of energy from the electron-beam illumination is reported. By
employing state-of-the-art negative-spherical-aberration imaging technique, the
quantitative transmission electron microscopy study presented herein clarifies
that the hierarchical evolution of polar oxygen octahedra associated with the
unit-cell volume change and polarization rotation accounts for the stepwise
antiferroelectric-to-ferroelectric phase transition. In particular, an unconven-
tional ferroelectric category—the ferrodistortive phase characteristic of a unique
cycloidal polarization order—is established during the dynamic structure
investigation. Through clarifying the atomic-scale phase transformation pathway,
findings of this work unveil a new territory to explore novel ferrodistortive phases
in energy-storage materials with the nonpolar-to-polar phase transitions.

critical components for many electrical
power systems, e.g., portable/wearable elec-
tronics and collection of fluctuating energy
sources. With adoption of different design
strategies, e.g., polymorphic nanodomain,!?!
chemical doping! and structure sand-
wiching,Pl the recoverable energy density has
been improved from =5 to over 150 ] cm™3
in the past decade.>®! Among the dielectrics,
antiferroelectric-based capacitors serve as an
important group of energy-storage materials,
where the energy density stored through
the antiferroelectric—ferroelectric (AFE-FE)
phase transition can be expressed as
U, = IE dP with respect to the applied elec-
tric field E and the induced polarization P
(Figure 1a).”! Nevertheless, with regard to
the concrete structural evolution,®% the ulti-
mate mechanistic understanding has never
been elucidated so far from experiments.
This seriously hinders the development

Benefit from the ultrafast charging/discharging rates, high
voltage endurance, superior reliability and broad operating tem-
perature,l' dielectric-based electrostatic capacitors are becoming
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of new materials for energy storage and
conversion.

Exploring the emergence of a net polarization from the
nonpolar matrix plays a key role in understanding the energy-
storage process. Compared with other characterization tech-
niques, in situ transmission electron microscopy (TEM) holds
the promise of exposing the atomic-scale structural information.
However, such a dynamic study is also challenged by a number
of practical difficulties. i) A strong electric field is required
to activate the phase transition, which is up to =220 kV cm™!
for pure PbZrO;.1% Being close to the strength of dielectric
breakdown, the field may directly destroy the specimen. ii) It
has been reported by in situ selected-area electron diffraction
(SAED) and X-ray diffraction studies that the AFE-FE transi-
tion completes instantly at the critical switching field.''13]
This implies that possible intermediate phases are simply con-
cealed during the transition process. iii) Nucleation of the FE
phase, reverse piezoelectric effect and domain reorientation(']
under electric field set obstacles to acquire atomically resolved
structural data. iv) To accurately analyze the structural change,
tracking the evolution of intricate structural order parameters,
e.g., the cationic displacement order and antiferrodistortive
(AFD) oxygen octahedra,®!>1% poses a high demand on the
detection technique and quality of the collected data.

As a prototypical energy-storage material, PbZrO; undergoes
an AFE-paraelectric (PE) phase transition at T¢ = 506 K[!l
around which an FE rhomhohedral (FER) phase appears
in a narrow (=20 K) temperature window.'®2% With small
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Figure 1. a) The double electrical hysteresis loop of typical AFEs along with the schematic capacitor geometry for energy storage. The blue area denotes
the recoverable energy-storage density U.. b) The antiparallel Pb shifts (black arrows) and AFD order induced buckling of oxygen chains (colorful
solid lines) in AFE PbZrO; viewed along the [001]q direction. c) Lattice parameter (\/Zap, \2 b,) evolution as a function of electron-beam irradiation
time from a thin region of interest of PbZrO; viewed along the [001]5//[001], direction. d,e) Evolution of lattice tetragonality (\/Zap/\/Z b,) and volume

(V= \/Zap x V2 b, x ¢;) as a function of irradiation time, respectively.

amount of chemical doping, additional structural phases can
be introduced into the phase diagram, e.g., AFE tetragonal
phase in PbZr,_,Ti,O3 (PZT, x = 0.03) and (Pb;_,Sr,)ZrO;
(0 <y <0.27).12124 The existence of FE monoclinic (FEy) phases
in the phase diagram of PZT (0 < x < 1) further complicates
the phase constituents of PbZrO; near the transition tempera-
ture.l”>2°1 As T¢ is approached from the PE side, the PbZrO;
also exhibits complex structural features, e.g., an incipient FE
state arising from competition of polar clusters with elastic
anomalies,”® and covalent bonding of disordered Pb with
neighboring oxygen.”?8l The complexity of structural poly-
morphs highlights the necessity of clarifying the phase-change
route for understanding the energy-storage process.

Here, we employ the illumination electron beam, as an external
driving force?31 to consecutively excite and characterize the
phase transitions of PbZrO; crystal in an aberration-corrected
TEM. By using the negative spherical-aberration imaging (NCSI)
technique,?233 we simultaneously resolve the evolution of oxygen
octahedra and cationic displacement order at seconds-level time
and atomic resolution. Our simulation-based quantitative study
reveals that the AFD-ferrodistortive (FD) transition of oxygen octa-
hedra breaks the spatial inversion symmetry, and creates a novel
cycloidal polarization order in the “AFE” orthorhombic lattice.
Associated with successive volume change and polarization rota-
tion, the FE-FD phase further transforms to a FE,; phase and then
to the FE phase. Our time- and atomic-resolution TEM study pro-
vides a novel insight to understand the phase-transition pathway
in PbZrOj;-based energy-storage materials.

The AFE orthorhombic phase of PbZrO; has lattice
parameters of ag = \/2aP, bo = 2\/2ap, and co = 2¢, (ap by,
and ¢, are pseudocubic cell parameters).*¥l Apart from the
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characteristic antiparallel Pb displacements in pairs along the
[100]o//[110], direction, the AFD oxygen octahedra rotating
along the [210]o//[100], and [210]o//[010], axes are mani-
fested by buckling of oxygen chains along the [100], and [010]o
directions (Figure 1b). Using dark-field imaging, morphology
of the AFE PbZrO; crystal is characterized and the inherent
translation boundaries are clearly seen (Figure S1, Supporting
Information). In our in situ experiments, a series of atomic-
resolution images were recorded along the [001]o//[001], direction
under the NCSI conditions.

By fitting and mapping the atom-column peak positions
using a 2D Gaussian function (see the Experimental Section),
we measured the lattice parameters from the atomic-resolution
images and subtle lattice changes were identified during the
phase transitions. Compared with the typical AFE phase, ag =
0.5896 nm and bo/2 = 0.5890 nm (t < 0 s) (Figure 1c), a con-
stant ag and a reduced bg/2 by =—0.22% characterize an inter-
mediate phase at t > 0 s. Continuous irradiation transforms the
intermediate phase into a pseudocubic phase, where the lat-
tice parameters are reduced to \/Zap = 0.5865 nm and V2 b, =
0.5846 nm and then increased again. Accordingly, the lattice
tetragonality defined as T} = N/ZaP/\/Z b, increases from 1.001
in the AFE phase to =1.003 in the intermediate and pseudo-
cubic phases (Figure 1d). Meanwhile, the unit-cell volume,
V= \/Zap x V2 b, x ¢, (constant ¢, = 0.4113 nm), reduces from
0.1428 to 0.1410 nm? via the intermediate phase and then
increases to 0.142 nm? (Figure 1e). The structural changes indi-
cate that the phase transitions are of first orders.

From the intermediate phase zone (Figure 1c), our analysis
on the displacement behavior of oxygen columns in image #1
reveals a particular region of interest, which is featured by a

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Atomic-resolution TEM image (#1) of AFD-FD phase boundary (empty red arrows) with annotation of antiparallel Pb displacements
(yellow arrows). The oxygen displacement behaviors are indexed by (+, 0, —) signs at the edges and colorful solid lines on the image. The black arrows
mark row (x)- or column (y)-based net displacements of oxygen in the AFE orthorhombic unit cell (black dashed rectangles). b,c) The FD, and FD,
component maps measured from the atomic-resolution image (#7) of the intermediate phase (see Figure S1 in the Supporting Information) and com-
pared with the AFD, and AFD, maps of the AFE phase. The white solid lines denote regions showing an evident AFD, order. The oxygen displacements

range from about —18 to 18 pm along both directions.

boundary of the AFE phase (left side) with the intermediate
phase (right side) (Figure 2a). Referring to the oxygen atoms
locating at the neutral sites (red solid lines), horizontal chains
of oxygen atoms displacing along the y direction clearly mani-
fest the AFD order of the AFE phase. While in the intermediate
phase, the oxygen atoms originally locating at the neutral sites
also exhibit buckling behaviors on every other row. Analogously,
vertical chains of oxygen atoms displacing along the x direc-
tion also show distinct behaviors between these two phases.
Nevertheless, the characteristic antiparallel Pb displacements
are maintained throughout the entire region and their unit-cell
sizes appear to be the same.

Specifically, the displacement behaviors of oxygen are
indexed by symbols of +, —, and 0 along the orthogonal
x/[100]o and y/[010]o directions. Along the y direction, it is seen
that the displacement sequences are changed from (+, 0, —, 0)
and (-, 0, +, 0) in the AFE phase to (+, 0, —, +) and (-, 0, +, -)
in the intermediate phase, which give rise to the FD, compo-
nent. At the orthorhombic unit-cell scale, the net displacement
of oxygen is separately created along the odd- and even-column
(Oo and Oe) atoms, but the alternation in direction cancels
each other out (y-direction black arrows in Figure 2a). Along
the x direction, the alteration of (-, 0, +, 0) in the AFE phase
to (-, 0, +, +) in the intermediate phase results in an overall
net displacement of oxygen atoms, which gives rise to the
FD, component. This indicates a clear AFD-FD transition of
oxygen octahedra during the phase transition and a net polari-
zation is expected to develop along this direction in the inter-
mediate phase.

Based on the 2D Gaussian fitting to intensity peaks of oxygen
columns, the displacement behavior of oxygen in image #7 is
calculated and mapped over an area of =9 x 9 nm? (Figure S1,
Supporting information). Along the x direction, it is seen
that the FD, component prevails but mixes with the AFD,
component (Figure 2b). Meanwhile, a reversal of net oxygen
displacement seems to occur in the upper-right corner region
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without destroying the antiparallel Pb order. Along the y direc-
tion, a complex texturing of the FD, with the AFD, component
is also discernible from regions marked by white solid lines
(Figure 2c). Comparison of the x- and y-component maps sug-
gests that the AFD,-FD, transition initiates the AFE-FE phase
transition. Furthermore, it is noticed that the net displacements
of oxygen may also occur along the y direction inside the inter-
mediate phase (Figure S2, Supporting information).

To quantify structural details of the intermediate phase, itera-
tive image simulations associated with comparison to the exper-
imental image were performed on a local region of image #7
with a uniform FD,, and FD, distribution (Figure 3a,b). Relative
to the centrosymmetric atomic sites in the cubic phase (see the
Experimental Section), the atomic displacements in the experi-
mental image are extracted by averaging along x and plotted
along the y direction, and are taken as targets for the image
simulation. It is seen that the antiparallel displacement of Pb
atoms, with a magnitude of =25 pm, is well retained along the
x direction, and the small displacement along the y direction
is well within the measurement error (Figure 3c,d). With res-
ervation of antiparallel Zr displacement in pairs along the x
direction, the displacement along the y direction is increased
from 1 to =8 pm (Figure 3e,f).

Pertinent to the AFE-FE transition, the critical atomic dis-
placements occur to the oxygen atoms. Compared with the
AFD, component, every other two rows of oxygen atoms, origi-
nally locating at the neutral positions, clearly displace toward
the positive the x direction, e.g., the Oe-x atoms (Figure 3g).
This leads to doubling of the AFE orthorhombic unit cell
along the by axis, i.e., the lattice parameters of the FD phase
are by = 2bg and d, = ap (assuming ¢, = co) (Figure S3, Sup-
porting information). For displacements along the y direction,
every-other-row oxygen atoms, originally locating at the neutral
sites, displace toward the negative direction, which maintains
the lattice periodicity of the AFE phase. The Oo atoms show a
similar behavior to that of Oe atoms along the x direction, but

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a,b) Atomic-resolution experimental (#7) and simulated (thickness = 9.9 nm; defocus = 8.0 nm) image of the FE-FD phase viewed along
the [001]o direction. The yellow arrows and dashed rectangles mark the antiparallel Pb displacements and the unit cell, respectively. c—h) Atomic
displacements of Pb, Zr, and Oe (even-column oxygen) of the FE-FD phase, plotted as a function of distance along the y direction (solid squares),
and compared with that of the AFE-AFD phase (empty circles), respectively. The Oo (odd-column oxygen) displacement is presented in Figure S4
of the Supporting Information. The pink solid lines in (g,h) highlight the FD oxygen displacements against the originally centrosymmetric positions

(cyan solid lines).

the atoms responsible for the FD order exhibit an opposite dis-
placement feature along the y direction (Figure S4, Supporting
information).

With respect to the AFE-AFD phase, an ideal unit cell of
the FD phase is illustrated along the [001], direction, where
the FD oxygen displacements are highlighted by blue arrows
(Figure 4a). In terms of the displacements of Pb, Zr, and O
atoms, the spontaneous polarization (Ps) of the FD phase is
calculated along the x and y directions based on a sliding unit

cell.! Tt is seen that both Pgy and Pgy exhibit sinusoidal wave
profiles and their mean values are (Pgx) = —2.8 1C cm™ and
(Psy) = 0 (Figure 4b and Experimental Section). This demon-
strates that breaking of spatial inversion symmetry by the
AFD-FD transition allows emergence of Pg in the intermediate
phase. Specifically, it is found that tails of the 2D polarization
vectors, composed of the fitted sinusoidal profiles, can be nicely
approximated by a curtate cycloid, which has a periodicity of
4bo along the y direction (Figure 4c; Figure S5, Supporting
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Figure 4. a) Illustration of an ideal unit cell of the FE-FD phase by properly adjusting positions of certain oxygen atoms (blue arrows) in the AFE-AFD
phase. b) Calculated (solid symbols) and sinusoidal-wave-fitted (solid lines) polarization profiles from the atomic positions shown in Figure 3c-h.
) 2D plot of polarization vectors based on the wavy profile fitting. Their tails are nicely approximated by a curtate cycloid (black dashed line) and
several phases (¢ =0, 7/2, and 7) of the fixed point (green circles) on the radius of the rolling circle is marked out (see more details in Figure S5 in the
Supporting Information). d) Atomic-resolution image (#9) of the FEy, phase recorded along the [001], direction. The insets are the simulated image
(thickness = 9.6 nm; defocus = 8.8 nm) and a magnified area with overlapping of the structure model. Pb: black; Zr: green; O: oxygen.
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Information). When structural defects appear, e.g., the transla-
tional boundaries,?>3% the commensurate relation of polariza-
tion with lattice will be broken in periodicity.

With further electron-beam irradiation, the FE-FD phase
transforms completely into the FE pseudocubic phase, in which
the oxygen octahedra are free of tilting or rotation (Figure 4d).
The atomically resolved TEM image (#9) shows that both O—
Zr/O-0O and O-Pb-O columns form zigzag chains along the
b, axis. Based on the available imaging conditions, our quan-
titative image simulation reveals that the FE phase adopts a
monoclinic symmetry. Referring to center of the unit cell, the
Zr atom and oxygen octahedron displace opposite to each other
by 7.9 and —12.1 pm along the g, direction. Meanwhile, the Zr
atom shift by =7 pm from the oxygen octahedral center along
the b, direction. Different from the monoclinic PbZr;_,Ti,O3
(x = 0.5),23 the monoclinic PbZrO; resembles the rhombo-
hedral BaTiO;*” in structure and has a polarization of Psy =
31.1 uC cm™2 and Pgy = 5.8 uC cm™2 (Figure S6, Supporting
information). The net polarization Pg = 31.7 uC cm™ is about
half of the FEy phase (55 uC cm™) of PbZrO; obtained by first-

principles calculations.3¥ Its rotatable polarization orientation
is illustrated in Figure S7 of the Supporting information.

In the ordinary FE phase zone (Figure lc—e), we have
observed the increase of lattice parameters and expansion of
unit-cell volume at ¢t > 60 s. The atomic-resolution TEM images
(#13 and #14 in Figure S8 in the Supporting Information)
indicate that this is ascribed to a first-order FEy—FEy phase
transition.’% In the virgin FE state of PbZrOs, the FEg phase
with a larger volume than the coexisting FEy, phase at nanoscale
further supports the transition tendency (Figure S9, Supporting
Information). These results therefore conclude a hierarchical
evolution of cationic and oxygen octahedral polarity in PbZrO,

www.advmat.de

(Figure 5a—d). It is noticed that the time-dependent change of
volume and polarization, including emergence, enhancement
and rotation of Pg,*Y well corresponds to the macroscopic
change of polarization and strain measured under application
of electric field (Figure S10, Supporting information).

By combining the ground-state energy of different struc-
tural phases*!! with our experimental observations, it is inter-
esting to note that the high-energy-state monoclinic phase
appears prior to the low-energy-state rhombohedral phase
(Figure 5e). Nevertheless, such a phase-transition route nicely
follows a monotonic increase of the polarization, where the Pg
ranges from =38 to 55 UC cm? for the FEy phase.}®#2 This
implies that the energy is stored in a very complicated manner.
Referring to the AFE orthorhombic phase, the 0.04-0.21 eV
energy gap with the FEy; and FEp phase indicates that about
10-57 J cm™ is stored during the phase transition, which well
agrees with the first-principles calculated value of =19 ] cm™ at
900 kV cm™ in PbZr0;.[

Clearly, the transfer and storage of electron-beam energy is
realized through the complex electron—specimen interactions
and the excited phase transitions.l?l Regarding the driving force
for the dynamic transition, the following experimental facts
indicate that this is governed by the charging effect, rather than
the heating effect. i) As frequently seen in our experiments,
the charging effect leads to a random motion of the specimen.
As a function of irradiation time, the unit-cell volume of AFE
PbZrO; continuously decreases (Figure S11, Supporting Infor-
mation). This is opposite to the heating effect that leads to
expansion of the unit-cell volume.[*?! ii) On being heated to
=T, the characteristic Pb displacements along [100], direction
are reduced to =17 pm. However, such a reduction in magni-
tude was not observed in the AFE-AFD and FE-FD phase of
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Figure 5. a—d) Hierarchical evolution of cationic (yellow arrows) and oxygen-octahedral (red arrows) polarity during the phase transitions in an
orthorhombic framework. The polarization is running around [100]o, along [1vT]g (or [1¥1]o with 0.25 < v < 0.5) and [201]o (or [201]o) direction
in the FE/FD, FE,;, and FEg phases, respectively. €) Ground-state energy of the orthorhombic (ortho), monoclinic (mono), rhombohedral (rhom),
and tetragonal (tetra) phases calculated by using different functionals,*'l i.e., the Ceperley-Alder—Perdew—Zunger (CA-PZ), Perdew-Wang (PW), and
Perdew—Burke—Ernzerhoff (PBE), respectively. The phase-transition pathway (orange, green, and blue) and the monotonic increase of polarization

(red) are denoted by dashed lines with arrows.
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PbZrOs. In addition, a reversed evolution sequence indicates
that the AFE phase of PbZrO; stems from a “commensurate”
FE-FD phase, rather than an “incommensurate” phase.*4 This
is also supported by observation of modulated phases near the
FE-AFE phase boundary in Sm-doped BiFeO;.[*’]

In summary, our time- and atomic-resolution quantitative
electron microscopy study provides an unprecedented insight
to comprehend the AFE-FE phase transitions in energy-
storage PbZrO; and derived compounds. More intriguingly,
our results establish an unconventional FE category—the
FD phase, which is characteristic of a cycloidal polarization
order and is distinct from the ordinary FEs and ZnSnOj-like
oxides.[**47] Analogous to various noncollinear spin structures
in magnets,*® a noncollinear polarization order was reported
for the first time in the unconventional FE materials. Our find-
ings offer a plethora of opportunities to explore novel polariza-
tion orders in many different kinds of dielectric materials.*! It
is also believed that our results may boost the study of energy-
storage nonpolar materials at multiple scales in the future.

Experimental Section

Sample Preparation: The PbZrO; single crystals were grown by
flux method with the PbO-B,0; mixture (soaking at 1050 K) used as
a solvent. Details about the cooling procedures and removal of the
residuals were presented elsewhere.l'] The lamella specimens were
prepared using an FEI Helios Nanolab 400s focused ion beam system.
To remove the contamination and the damaged layers, plasma cleaning
and NanoMill Model 1040 system operated at 500 V were used to clean
and mill the lamella samples. The lamella samples were heated above T
and then cooled at =9 K min™' to recover the AFE orthorhombic phase
from the FE phase at the thin edges.’®51

Electron Microscopy Imaging Experiments: The diffraction contrast
analysis and SAED experiments were carried out on an FEI Tecnai F20
microscope. The atomic resolution TEM study was performed on an FEI
Titan 80—-300 microscope, which is equipped with a Cs corrector for the
objective lens and is operated at an accelerating voltage of 300 kV. The
available point resolution was better than 80 pm and a dose rate of the
electron beam was =1.3 x 106 e nm™2 s7'. A 2k x 2k Gatan UltraScan
1000 CCD camera was used for the image acquisition and each frame
exposure time was 0.8 s. It is noted that the energy transferred from
the electron beam to the atom is inversely proportional to the atomic
number.?Z After the 60 s irradiation, the lattice parameters were found
to increase again with time. Apart from the FEM—-FER transition, oxygen
vacancies were also found in some local areas of the atomic-resolution
images.

Image and Polarization Quantification: After filtering the image in a
proper way,3 quantitative measurements of atomic column positions
were carried out by fitting the column intensities with 2D Gaussian
peaks on the basis of maximum likelihood estimation.’®l Structure
modeling, high-resolution image simulation and SAED simulation were
carried out using CrystalKit-MacTempas software package. The imaging
parameters used in image simulation are Cs = =12 um, A1 = 2.5 nm,
A2 = 30 nm, and B2 = 30 nm. With the structural models that lead to
the best matching of the simulated images with the experimental ones,
the polarization is calculated in terms of the formula Ps=; 35,2}, where
o; is atomic displacement with respect to the ideal position in the cubic
phase and z; is the effective charge for the element. The Born charges!*'l
are Z*p, = 3.56, Z*;, = 4.91, and Z*y = —2.82 for the FD phase and
Z%p, = 3.73, Z*%;, = 4.71, and Z*g = —2.81 for the monoclinic phase.

Definition of Lattice Coordinate Origin: Considering the fact that
most atomic columns in the FE-FD phase have displacements with
respect to their ideal positions in the cubic phase, it is not wise to
measure the relative displacements between different column types
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from the experimental image. Since the antiparallel Pb atoms, with
equal magnitudes, undergo the identical shift behaviors in the AFD
and FD phases (Figure 2a), the centrosymmetric lattice origin is
defined as follows: 1) With the calculated mean lattice parameter, ag,
the displacements of Pb along the [100]o direction is averaged with
respect to the image coordinate origin. 2) The obtained Pb-displacement
profile is linearly fitted and subtracted to fulfill the equal but opposite Pb
displacements with respect to their ideal positions in the cubic phase.
The linear background is taken as a reference for quantifying the net
displacements of Zr and oxygen columns from the experimental image.
Similar method is applied to quantify the atom-column displacements
along the [010]¢ direction. For the FE monoclinic phase (image #9), the
relative atom-column displacements are calculated by taking the Pb and
oxygen columns as references.’!
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