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Vacancy-ordered transition metal oxides have multiple similarities to classical ferroic systems includ-

ing ferroelectrics and ferroelastics. The expansion coefficients for corresponding Ginzburg-Landau-type

free energies are readily accessible from bulk phase diagrams. Here, we demonstrate that the gradient and

interfacial terms can quantitatively be determined from the atomically resolved scanning transmission

electron microscopy data of the topological defects and interfaces in model lanthanum-strontium

cobaltite. With this knowledge, the interplay between ordering, chemical composition, and mechanical

effects at domain walls, interfaces and structural defects can be analyzed.

DOI: 10.1103/PhysRevLett.109.065702 PACS numbers: 81.30.Bx

The properties and functionality of correlated oxides are
intrinsically controlled by the oxygen stoichiometry that
directly couples to the oxidation state of a transition metal,
induces structural and metal-insulator transitions [1], and
governs magnetic and transport properties [2]. A distinc-
tive feature of nonstoichiometric oxides is the tendency
for the formation of vacancy-ordered phases [3–7]. These
ordering processes strongly affect electronic, transport,
structural, ferroic, magnetic, and ionic properties of oxides,
and hence are directly relevant for applications. For early d
elements, the formation of oxygen vacancies at low non-
stoichiometries is followed by the (irreversible) formation
of crystallographic shear phases [8], directly involved in
the functionality of the memristive and electroresistive
electronics [9–11]. For mid- and late-3d elements, univer-
sal is the (reversible) ordering of the oxygen vacancy and
formation of brownmillerite type structures [12,13]. This
transition is induced by temperature and is associated with
significant lowering of ionic conductivity and changes in
magnetic properties due to cation transition from octahe-
dral to tetrahedral coordination.

The transition from the disordered to the ordered phase
induced by oxygen partial pressure, temperature, or other
stimuli is an example of a symmetry lowering transition,
analogous to ferroic (ferroelectric, ferromagnetic, ferroelas-
tic) and antiferroic transformations. Oxygen vacancy order
can thus be considered as an equivalent of a ferroic or
antiferroic order parameter. In that case, we could expect
vacancy-ordered compounds to support a variety of topo-
logical defects including antiphase and twin domain bounda-
ries. In classical ferroics, the physical and ionic properties of
these interfaces are different from the bulk and approach that
of high-symmetry phase [14–18], and ferroic order is
strongly affected by the presence of defects and interfaces

[19–22]; similar phenomena can be expected to occur in
vacancy-ordered oxides. The presence ofmoving boundaries
combined with the difference in molar volumes and unit cell
shape between ordered and disordered phase will lead to
ferroelastic behavior, potentially including high strains and
superplasticity [23]. Finally, the presence of several compet-
ing interactions (e.g., polarization and vacancy ordering or
ferroelasticity and vacancy ordering) can give rise to mor-
photropiclike behavior.
These considerations necessitate the development of

mesoscopic phase-field type models for the description of
oxygen vacancy dynamics and ordering [7,24–29], similar
to the Ginsburg-Landau-Devonshire (GLD) type theory
for ferroelectrics that is now actively used for modeling
ferroelectric phenomena in nonuniform systems [30–32].
Previously, phase-field models have been extensively used
to model phase ordering phenomena [30]. However, while
bulk free energy expansion terms can be readily obtained
from thermodynamic phase diagrams [28], the gradient and
interfacial terms that describe the structure and properties
of topological defects, surfaces, and interfaces remain
generally unknown.
Here, we demonstrate that structural information ob-

tained by high-resolution (scanning) transmission electron
microscopy (STEM) can be used to directly obtain these
parameters, as well as to explore more subtle effects as-
sociated with domain wall behavior in the vicinity of
surfaces and interfaces. While the imaging studies of va-
cancy ordering phenomena have been reported for several
decades [33–35], recent advances in high-resolution im-
aging [36–40] make possible direct mapping of atomic
structures and local strains on the atomic level, opening
pathway to systematically probe the ferroic physics of
vacancy-ordered systems.
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As a model system, we have chosen the ðLaxSr1�xÞCoO3

solid solutions. These materials are broadly explored as
perspective cathodes for solid oxide fuel cells, driving sig-
nificant effort at understanding ionic properties and for-
mation of vacancy-ordered phases [41–43]. Furthermore,
the link between oxygen nonstoichiometry and electronic
properties is well studied [44]. Finally, formation of
vacancy phases in these materials, albeit not the structure
of topological defects, was repeatedly established [6,45].

Here we explore vacancy-ordered structures in
ðLa0:5Sr0:5ÞCoO2:5 films grown on NdGaO3 substrate by
pulsed laser deposition. Micrographs were recorded using
VG HB603U dedicated cold field emission gun STEM
operated at 300 kVand equipped with Nion aberration cor-

rector to give the probe size of�0:7 �A. Shown in Fig. 1(a)
is an example of the ordered phase in the LSCO, illustrat-
ing the presence of the antiphase boundary. Clear modula-
tion of atomic spacings is observed inside LSCO, which is
directly related to vacancy ordering in the brownmillerite
structure (see e.g., Ref. [12]), where longer spacings
correspond to oxygen-depleted CoO layers, and shorter
spacings correspond to stoichiometric CoO2 layers (see
Supplementary Materials [46]). At the boundary, stoichio-
metric and depleted layers switch places, indicating a
1=2 u:c: shift of the vacancy-ordered supercell. To quantify
the phase ordering phenomena, we use an approach origi-
nally developed for TEM image analysis of ferroelectric
materials [36,47] and subsequently adapted for STEM
[21,39,40]. Here, the atomic positions are determined with
subpixel 3–10 pm precision (using NGO atomic spacings
as an internal calibration standard) by direct fit of atomic

column intensities and interatomic spacings can then be
visualized, as shown in Fig. 1(b).
To describe the phase ordering process and the behavior

of lattice parameters in the vicinity of the defects, we ex-
tend the phase-field approach suggested by Khachaturyan
(Ref. [48]) and introduce the free energy density in the
parent cubic phase as:

f ¼ �

2
c2�2 þ c

kBT

2
Sð�Þ þ g

2
cðr�Þ2 � 1

2
sijkl�ij�kl

þ ukl�kl � wð�;�ijÞ: (1)

Here the first term governs interaction between vacancies,
favoring the ordering of vacancies for �< 0. Sð�Þ ¼
ðð1� �Þ lnð1� �Þ þ ð1þ �Þ lnð1þ �ÞÞ is the configura-
tional entropy of the system with the concentration of
vacancies c. The order parameter, �, defines the relative
occupation numbers for the sublattices (two sets of
alternating planes), �na ¼ cð1� �Þ=ð2NaÞ and �nb¼
cð1þ�Þ=ð2NaÞ), so that the total occupation is constant,
�na þ �nb ¼ c=Na, Na is the stoichiometric concentra-
tion of oxygen. Values� ¼ �1 correspond to the complete
ordering of vacancies in either sublattice ‘‘b’’ or ‘‘a’’,
while � ¼ 0 corresponds to the complete disorder (with
equal occupation of the two sublattices). Coupling constant
�< 0 and the gradient coefficient g > 0; i.e., the vacancies
tend to order and the corresponding boundaries have posi-
tive correlation energy. �ij is the stress, sijkl is elastic com-

pliances tensor, and uij is tensor of elastic strains. The term

ukl�kl originates from the Legendre transformation re-
quired to account for mechanical boundary conditions.
The coupling between the order parameter � and the

stresses �ij is defined by wð�;�ijÞ that can be represented

as series in order parameter

wð�;�ijÞ ¼ �ij�ijcþ Bij�ijc
2�2: (2)

The first term in Eq. (2) is the chemical expansion of the
lattice due to the appearance of vacancies (�ij is the elastic

dipole tensor), the second one is chemical striction due to the
ordering of vacancies [49]. Note that the term linear in � is
zero, as follows from translation symmetry of the sublattices.
Symmetry of the striction tensor Bij is determined by the

local symmetry of the vacancy site, which could be differ-
ent from the global symmetry of the media [50]. Here, we
assume the tetragonal symmetry of Bij, with tetragonal

axis along z axis. Finally, we note that free energy of the
system is F ¼ R

h
0 fdzþ �

2 ð�2ð0Þ þ �2ðhÞÞ, where the last
term �

2 ð�2ð0Þ þ �2ðhÞÞ is the contribution of surface or

interface energy. � is extrapolation length,. whose geomet-
rical sense is described in, e.g., Ref. [51]. The length
depends on the surface/interface state and is poorly known
for ferroics and can be estimated as 1–100 nm [36].
The free energy Eq. (1) can be used to analyze the

ground state of the system, as well as the structure of topo-
logical defects and interfaces. The structure of thin film on
rigid substrate is defined by tetragonality t ¼ ðc� aÞ=a ¼
ðu33 � u11Þ=ð1þ u11Þ that can be found as
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FIG. 1 (color online). (a) STEM image (low pass-filtered) of
antiphase boundary in vacancy-ordered LSCO and (b) atomic
spacing map. (c) two examples of the fit of the antiphase
boundary profiles in each row (squares: experimental points,
lines: tanh fits); the corresponding lines on the map in Fig. 1(b)
are highlighted by the arrows of a matching color and
(d) variation of the domain wall width (black) and derivative
of the wall position (red; related to the wall angle) vs the distance
from interface.
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t � s12 � s11
s11 þ s12

um þ
�
B33 � 2s12B11

s11 þ s12

�
c2�2: (3)

Film-substrate misfit strain is um. In comparison, in a
freestanding films t � ðB33 � B11Þc2�2.

For the case of antiphase domain boundary (APB) in the
bulk, the strain and stress distributions are nonzero and the
order parameter profile along x axis can be derived as

�bulkðxÞ ¼ �b tanh

�
x� x0
Lb
C

�
: (4)

Where �b � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�3ð�cþ kBTÞ=kBT
p

is bulk (equilib-
rium) value of order parameter, x is a coordinate, x0 is
the position of APB, and Lb

C is bulk correlation length. The

analytical expressions for stress and strain components are
given in the Supplementary Materials [46].

The order parameter in the single-domain regions of
LSCO becomes z dependent in the vicinity of the NGO
interface. The dependence can be obtained from the solu-
tion of 1D problem with boundary conditions �ðz ¼ 0Þ �
�@ð�ðz ¼ 0ÞÞ=@z ¼ 0 and �i3ðz ¼ 0Þ ¼ 0; it is:

�SDðzÞ � �b

�
1� 1

1þ ffiffiffi
2

p
�=LCð0Þ

exp

�
�

ffiffiffi
2

p
z

LCð0Þ
��

(5)

Where the amplitude �SDðzÞ becomes close to the bulk
value �b at distances z > Lb

C; z-dependent wall width

LCðzÞ is insensitive to the boundary condition and approxi-
mate expression is valid 1

LCðzÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�cþkBT�2Bij�ijð0;zÞ

�2g

q
(see

Suppl. Mat.)
Then the order parameter of domain wall approaching

the interface can be analyzed using the perturbation
method [52]. In this case, the 2D problem is solved with
the boundary conditions�ðx; 0Þ � �@ð�ðx; 0ÞÞ=@z ¼ 0 and
�i3ðx; 0Þ ¼ 0. The APB profile is then

�ðx; zÞ � �SDðzÞ tanh
�
x� x0
LCðzÞ

�
(6)

As anticipated Eq. (6) at jx� x0j � 10LC it transforms
into Eq. (5), �ðx; zÞ ! ��SDðzÞ, and thus describes the
order parameter z behavior far from the APB.

These behaviors are illustrated in Fig. 2(a) that shows
the contour map of the order parameter �ðx; zÞ calculated
in the vicinity of the APB-surface junction. Figs. 2(b)
shows the contour map of the vacancy concentrations
�naðx; zÞ and �nbðx; zÞ calculated in the vicinity of the
junction. It is seen from the Figs. 2(a) and 2(b) that APB
broadens approaching the junction. The broadening re-
gion of about 10 lattice constants originates from elastic
stress contribution 2Bij�ijð0; zÞ into LCðzÞ. Corresponding
contour maps for the strain fields u11ðx; zÞ and u33ðx; zÞ are
shown in Figs. 2(c) and 2(d). Strains are minimal at the
APB-surface junction. u11ðx; zÞ adopt constant minimal
value at the wall plane, and increases and saturates far
from the wall. u33ðx; zÞ tends to the constant bulk value
ubulk33 far from the junction.

Figure 3(a) shows profiles of the order parameter �
and strain fields far away from the interface z ¼ 0. It is
seen that� profile is tanh-like, u33 is constant, u11 has a dip
at the APB. Approaching the interface z ¼ 0, � and
u33ðx; zÞ strongly depend on extrapolation length � as
demonstrated in Figs. 3(b) and 3(c). The smaller � is, the
wider the interface region where � and u33 changes, i.e.,
the stronger their gradient. Surface values u33ðz ¼ 0Þ=ubulk33

and �ðz ¼ 0Þ=�b depends on the extrapolation length �
far away from the APB as shown in Fig. 3(d). The
surface values monotonically increase and saturate as �
increases.
This derivation allows analyzing the structure of the

antiphase boundary in Fig. 1. Here, we estimate the
local width of the boundary by fitting the profile to
the functional form of Eq. (5). Two examples of the fits
with different t values are given in Fig. 1(c); experimental
data behavior is well described by the fitting function.
Figure 1(d) shows the dependence of the fit parameter t
on the distance from the interface; the dependence is non-
monotonic. However, when compared with the plot of
dx0=dx (proportional to tangent of the wall angle with
respect to a normal to interface, such that dx0=dx ¼ 0
when the wall is oriented along the said normal), it is clear
that the width is the smallest when the wall is vertical and
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FIG. 2 (color online). (a) Contour map of the order parameter
�ðx; zÞ calculated in the vicinity of the APB-surface junction.
(b) Contour map of the layer-averaged vacancy concentration
(�naðx; zÞ for ‘‘even’’ planes 0, 2, 4, etc., and �nbðx; zÞ for ‘‘odd
planes 1, 3, 5, etc.) calculated in the vicinity of the APB-surface
junction. Strain field u11ðx; zÞ=ubulk33 (c) and u33ðx; zÞ=ubulk33

(d) calculated for natural boundary condition @ð�ðx; 0ÞÞ=@z ¼ 0
and elastically free interface �i3ðx; 0Þ ¼ 0. Parameters Lb

C ¼ 4a,
B11=B33 ¼ 0:4; lattice constant is a. Color bars to each plot
indicate the corresponding value of the �ðx; zÞ and strains, which
are dimensionless.
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increases steeply as the orientation deviates from
90 degrees.

Similar approach can be extended to analyze the order-
ing behavior at the interfaces. Figure 4(a) shows a typical
HAADF image of a near interface region of a LSCO/
NGO film. Figure 4(b) shows the dependence of the lat-
tice parameter (averaged over 10 images of LSCO/NGO
interface) on the distance z from the interface. To fit the
data, spacing profiles calculated for individual images were
approximated with an exponential decay function; average
of the fits of all profiles is shown as a black line. The
local difference between the spacings of the stoichiometric
and depleted layers is a measure of the degree of vacancy
order. Comparison of the experimental Electron Energy
Loss spectra (EELS) profiles to theoretical simulations
suggest that experimentally observed profile widths are
very close to the simulated ones. While partial cation
intermixing cannot be completely excluded, it should
be limited to the one layer immediately at the interface
(See Supplementary Materials Fig. S2, [46]). Thus the
value of LC obtained can be viewed as a (close) upper
estimate.

In accordance with Eq. (5) approximate expression
for the order parameter distribution in the near-surface

gradient region is �ðzÞ � �bð1� 1
1þ ffiffi

2
p

�=LC
expð�

ffiffi
2

p
z

LC
ÞÞ.

From the average of the corresponding exponential
decay fits, �ðzÞ ¼ 0:787ð1� 0:5 expð� z�1

1:1 ÞÞ, we extracted
the fitting parameters: LC ¼ 1:6 lattice constants,

�b ¼ 0:8 angstroms and h�i ¼ 1:1 lattice constants (only
average is determined since � may vary between
dissimilar locations). Estimating LSCO ordering tempera-
ture as TO ¼ 1000 K and �c ¼ �kBTO, and using

LC � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�2g=ð�cþ kBTÞ
p ¼ 1:6 lattice constants, T ¼

300 K (kB ¼ 1:3807� 10�23 J=K), we can estimate the
gradient coefficient g in Eq. (1) as g ¼ 1:9� 10�39 Jm2.
This constitutes first direct measurement of the d interfa-
cial terms controlling topological defects and interface
structure in vacancy-ordered oxides. Notably, the gradient
energy density gc� 10�12 J=m in chemically ordered
system is comparable to that in ferroelectrics, �P2

S �
10�12 J=m, and in ferroelastics, v�2

S � 10�12 J=m
[15,53,54].
To summarize, high-resolution scanning transmission

electron microscopy data is used to analyze the structure
of the antiphase boundary (APB), APB-interface junction,
and interfaces is vacancy-ordered LSCO. The numerical
analysis of the atomic displacement profiles allows
corresponding gradient and interfacial terms in free
energy expansion to be derived. This in turn provides
information for phase-field modeling of the vacancy
ordering phenomena and phase separation in inhomoge-
neous systems under chemical, mechanical, and electrical
stimuli, and is likely to have broad applicability for
modeling of solid oxide fuel cell and memristive materials,
as well as understanding basic physics of these materials.
The proposed approach is universal and can be applied
to other vacancy-ordered systems.
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