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ABSTRACT
Most perovskite oxides belong to the Pbnm space group, composed of an anisotropic unit cell, A-site antipolar displacements, and oxy-
gen octahedral tilts. Mapping the orientation of the orthorhombic unit cell in epitaxial heterostructures that consist of at least one Pbnm
compound is often needed for understanding and controlling the different degrees of coupling established at their coherent interfaces and,
therefore, their resulting physical properties. However, retrieving this information from the strain maps generated with high-resolution scan-
ning transmission electron microscopy can be challenging, because the three pseudocubic lattice parameters are very similar in these systems.
Here, we present a novel methodology for mapping the crystallographic orientation in Pbnm systems. It makes use of the geometrical phase
analysis algorithm, as applied to aberration-corrected scanning transition electron microscopy images, but in an unconventional way. The
method is fast and robust, giving real-space maps of the lattice orientations in Pbnm systems, from both cross section and plan-view geome-
tries, and across large fields of view. As an example, we apply our methodology to rare-earth nickelate heterostructures, in order to investigate
how the crystallographic orientation of these films depends on various structural constraints that are imposed by the underlying single crystal
substrates. We observe that the resulting domain distributions and associated defect landscapes mainly depend on a competition between the
epitaxial compressive/tensile and shear strains, together with the matching of atomic displacements at the substrate/film interface. The results
point toward strategies for controlling these characteristics by appropriate substrate choice.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0180998

I. INTRODUCTION

Transition metal perovskite oxides, with the chemical formula
ABO3, consist of a pseudocubic structure composed of a central
B-site transition metal cation octahedrally coordinated with six
oxygen atoms (face-centered positions) and eight A-site cations
situated at the corner-sharing positions. In the ideal cubic struc-
ture, the B–O–B bond angle between the transition metal and the
neighboring oxygen atoms is 180○. However, depending on the

relative sizes of the A-site and B-site cations, the system may lower its
symmetry, adopting additional atomic displacements and/or octa-
hedral rotations,1 which may ultimately modify this bond angle.
Common examples of distorted perovskites are the orthorhombic
and rhombohedral lattices. The orthorhombic lattice is character-
ized by in-phase octahedral tilts about the longest orthorhombic
axis and out-of-phase tilts about the two perpendicular pseudocu-
bic (PC) axes. While, out of six possible space group settings, Pnma
is the conventional one, here, we choose the Pbnm setting (where
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Pnma axes a, b, c are swapped to the order c, a, b), which is
commonly used since it gives a conceptual advantage where Pbnm
cORT corresponds to the long orthorhombic axis. In comparison,
the rhombohedral lattice belongs to the R3c space group and has
out-of-phase rotations about all three PC axes. In Glazer notation,
the octahedral tilt patterns of these two structures are, respectively,
described as a−a−c+ and a−a−a−.2–4 In conjunction, the B–O–B
bond angle becomes modified. The physical properties of these
oxides are, in turn, influenced by the geometry of this bond, as it
regulates the orbital overlapping between the 2p and d electronic
levels of the oxygen and transition metal, respectively.5–8 Tuning
this structural parameter is, therefore, a common strategy for tai-
loring their physical properties.9–12 This is often done by growing
epitaxial heterostructures, where the bond characteristics are modi-
fied due to a biaxial strain imposed by the lattice mismatch from the
underlying single crystal substrate.13–15 The characteristic length-
scale associated with this strain effect can be rather long (of the
order of tens of nanometers), after which it may be partially relieved
through the incorporation of lattice defects in the film.16,17 Over a
shorter length-scale range (a few unit cells), this bond angle can be
more drastically modified by engineering an epitaxial and coherent
interface between two perovskite materials with dissimilar B–O–B
bond angles.10,18–20 In this scenario, however, other interfacial phe-
nomena such as charge transfer, polar discontinuities, and orbital
reconstructions, among others, may also affect the behavior of the
heterostructures and, therefore, need to be considered to understand
the physical properties of the engineered systems.21–25 In addition
to this, a symmetry mismatch between two neighboring epitaxial
oxide layers may also affect the structural properties of the system,
spanning over a length-scale intermediate to the two aforemen-
tioned contributions.26–31 An example of this occurs in compounds
with Pbnm symmetry: the constraint imposed on the deposited film
depends on the orientation of the lattice with respect to the underly-
ing substrate. For instance, when the substrate is cubic, the unit cell
is shear strained when the long orthorhombic axis (cORT) is oriented
perpendicular to the interface with the substrate (“out-of-plane”),
whereas this shear strain does not develop when cORT lies in the
substrate plane (“in-plane”).32,33 As the resulting physical properties
of the deposited films may depend on their precise crystallographic
orientation and associated structural domain morphology,27,28,34–36

identifying and controlling these structural parameters is paramount
to properly tailoring their physical properties. For instance, this
is particularly relevant for engineering improper ferroelectricity in
Pbnm systems, where an out-of-plane cORT axis is required.37–40

Moreover, depending on the crystallographic orientation, distinct
multidomain configurations may be present in the films, which can
ultimately affect their defect landscape and physical properties.

The crystallographic orientation of Pbnm systems can be
assessed from the characteristic half-order reflections appearing in
x-ray diffraction (XRD) or electron diffractograms.41–43 However,
these techniques do not provide real-space information about their
domain characteristics. For this purpose, here, we describe an effi-
cient methodology to map the distribution of Pbnm domains and
associated boundaries in real space, using scanning transmission
electron microscopy (STEM). Our technique is based on the geo-
metrical phase analysis (GPA) algorithm, as commonly used to map
strain fields in high-resolution (S)TEM images.44–46 While GPA is
known to be useful for mapping polarization textures in ferroelectric

samples—thanks to the large difference between the a/c parameters
in tetragonal systems47,48 it has not yet been exploited to map Pbnm
domains, because the three PC lattice parameters are all of similar
length in this structure. Despite this fact, here, we show that GPA
is still suitable to map the distribution of Pbnm domains, by apply-
ing specific (and unconventional) virtual aperture settings. After its
demonstration, we employ our method on a series of orthorhombic
(Pbnm) rare-earth nickelate heterostructures grown under different
epitaxial constraints. This particular oxide family has been widely
studied, because it displays a bandwidth-controlled metal–insulator
transition (MIT) that is directly regulated by the Ni–O–Ni bond
angle.6,14,49,50 We propose that the orientation of the crystallographic
structure and the resulting domain distribution is set by an energy
competition between three contributions: two elastic terms related
to epitaxial strain (one component from the normal strain and the
other from the shear strain) and an interfacial term that depends on
the coupling of octahedral rotations and/or atomic displacements at
the interfaces. The methodology described in this work, and all the
main conclusions, can be directly transferred to any Pbnm system,
as well as other systems presenting similar structural distortions or
other additional reflections in the Fourier transform patterns of their
atomic resolution STEM images.

II. METHODOLOGY DESCRIPTION
The Pbnm crystal structure of NdNiO3 is displayed in Fig. 1,

viewed along the [001]ORT (or cORT) zone axis, panel (a), and the
[110]ORT zone axis (aPC or bPC), panels (b) and (c). Note that the PC
lattice parameters relate to the orthorhombic parameters as follows:

aPC = bPC =

√

(a2
ORT + b2

ORT)/2,

cPC = cORT/2.

Each of the orthorhombic compounds studied here has PC
lattice parameters that are very similar to each other, when in its

FIG. 1. Pbnm crystal structure viewed along the (a) [001]ORT (cORT) and [(b) and
(c)] [110]ORT zone axes. The orthorhombic and pseudocubic unit cells are indi-
cated with black and yellow squares, respectively. The magenta arrows indicate
the A-site antipolar displacements. The lower panels show (left) the FT patterns
obtained from each corresponding domain type in high-resolution STEM images
and (right) the associated features seen in the GPA antipolar motion maps when
the yellow circles are used as virtual apertures. The pink arrows in the FT dia-
grams point to the half-order reflections characteristic of each specific Pbnm zone
axis and lattice orientation.
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unstrained state (cPC within 0.1%–0.2% of aPC). This Pbnm struc-
ture presents an a−a−c+ tilt pattern, which means that the oxygen
octahedra rotate in-phase (+ sign) and out-of-phase (− sign) about
one and two PC axes, respectively. To partially compensate the
oxygen octahedral tilts, additional A-site (rare-earth, here Nd) dis-
placements appear,3,4 which run perpendicular to the cORT axis
direction, as shown by the arrows in Figs. 1(b) and 1(c). These A-
site displacements are commonly referred to as antipolar motion
displacements (or X5

− mode) and are coupled with the octahedral
tilts through a trilinear energetic term.51,52 Depending on the ori-
entation of the Pbnm unit cell, these cations can be either displaced
vertically or horizontally with respect to the film/surface interface,
as in Figs. 1(b) and 1(c), respectively. It is these octahedral tilts
and A-site displacements that, in the orthorhombic lattice, double
the symmetry length compared to the PC lattice along the direc-
tion parallel to cORT (i.e., cORT = 2cPC). In the Fourier transform
(FT) patterns shown in the bottom row of Fig. 1, this leads to
the appearance of additional Bragg reflections at half-order peak
positions, as compared to the primary PC reflections. (Example half-
order peaks are indicated by pink arrows.) For comparison, Fig. S1
of the supplementary material presents the selected area electron
diffraction (SAED) patterns from a representative Pbnm rare-earth
compound recorded on the equivalent [110]ORT and [001]ORT zone
axes.

Identifying the reciprocal space positions of these spe-
cific half-order reflections in XRD or electron diffractograms,
therefore, allows the Pbnm crystallographic orientation to be
determined.17,53,54 Moreover, when appropriate aperture settings are
chosen (see the yellow circles in the FT patterns of Fig. 1), the GPA
of the STEM images detects these antipolar motion displacements
as parallel and narrow fringes in the shear (exy) and rotation (rxy)
strain maps when the crystal structure is viewed along the [110]ORT
zone axis [see the bottom panels of Figs. 1(b) and 1(c)]. (Note that
we do not show the rotation maps in this article because they are
equivalent to the shear strain ones.) Therefore, the presence and ori-
entation of these fringes can be used to retrieve the orientation of the
orthorhombic unit cell at each image region.

We now describe, in detail, the reasons behind the appear-
ance of these fringes. We consider a deposited film consisting of
several domains with distinct crystallographic orientations. When
the acquired high-angle annular dark field (HAADF) image con-
tains at least two of these domains, multiple half-order reflections
will be present within its associated FT pattern. A possible strat-
egy to map the spatial distribution of these domains is generating
inverse FT images from each set of half-order reflections (each one
linked to a particular orientation).55 An example of this is shown
in Fig. 2, where we display several inverse FT images generated
using distinct virtual apertures from a high-angle annular dark
field (HAADF) STEM image acquired from a NdNiO3 thin film
grown on (001)-oriented LaAlO3. Note that, in this case, two distinct
domains are present in the image (see the insets), each one generat-
ing distinct arrangements of half-order reflections in their associated
FT patterns that are like those shown in Figs. 1(a) and 1(b) for the
equivalent orientations. Figure 2(b) displays a reconstructed image
generated by selecting the (001)PC spots in the FT pattern and per-
forming an inverse FT. The resulting image consists of horizontal
parallel fringes that relate to the out-of-plane spacing of the lattice.
The same process is repeated in Fig. 2(c); this time selecting only the

FIG. 2. (a) Atomic-resolution HAADF STEM image acquired from a NdNiO3 thin
film deposited on a (001)PC-oriented LaAlO3 single crystal substrate. The insets
show a magnified view of the film on either side of the image, with an overlaid
illustration of the NdNiO3 unit cell projected along the corresponding zone axis
(indicated in the upper label). The boundary separating both domains is indicated
with a white line. (b)–(d) Inverse FT images generated by using different virtual
apertures, indicated with yellow circles in the FT patterns that are included in the
insets. A wavy pattern is seen in the left side of panel (d), as correlated with the A-
site AM displacements of its domain. (e) and (f) Antipolar motion maps generated
with GPA using different aperture sizes. Narrow vertical fringes appear in the left
side of panel (e) due to the wavy pattern observed in panel (d).

(
1
2 01) and ( 1

2 01) sets of reflections. Since we have selected two sets
of reflections, the reconstructed image consists of the summation of
the two individual patterns generated from each set of reflections.
Nevertheless, it is clearly seen that the resulting chessboard-like pat-
tern is only present in the left-side region, which corresponds to
a [110]ORT zone axis and so is responsible for generating the two
selected reflections in the FT pattern. This methodology enables us
to correlate specific reflections in the Fourier space with its corre-
sponding real-space area, thus allowing us to map the distribution of
domains with distinct crystallographic orientations. However, since
a similar pattern is obtained when the cORT axis is oriented in-plane
and out-of-plane (not shown here), these two orientations are not
discriminated when using this methodology.

The strategy to overcome this limitation is to combine this
chessboard pattern with the one generated using the (001)PC set
of reflections. For this, we employ the GPA. The spatial resolution
of the generated maps depends on the virtual aperture size, which
for classical strain mapping should only include one reflection in
order to avoid artifacts. In contrast, in order to achieve our goal,
we go against this paradigm. Specifically, we center our reciprocal
masks on the (100)PC and (001)PC spots and use an aperture radius
larger than 1/(2cPC) such that the ( 1

2 01)PC or (10 1
2)PC reflections

(if present) are included within the aperture. Note that, since we
employ GPA to map orthorhombic domains instead of evaluating
strain fields, the same contrast features are obtained regardless of
the reference area. Therefore, when the substrate is not viewed in
the HAADF image, in general, we simply use the whole film image
as a reference. In order to illustrate this process, in Fig. 2(d), we first
display the inverse FT image of the NdNiO3 sample generated using
a large virtual aperture that selects both (001)PC and ( 1

2 01)PC reflec-
tions. Now, instead of straight lines such as in panel (b), the fringes
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follow a wave-like pattern in the left-side area. The same pattern is
also obtained by summing the filtered images obtained in panels (b)
and (c). When we now apply these large virtual aperture settings
to the GPA, the wavy features are translated as local (occurring at
each PC unit cell) shear (exy) and rotation (rxy) deformations with
alternating signs along the cORT direction. As a result, in the regions
where the lattice is viewed along the [110]ORT zone axis, the resulting
shear and rotation maps consist of narrow and parallel fringes ori-
ented perpendicular to the cORT axis. This outcome is seen in the left
domain of Fig. 2(e), which shows the antipolar motion map made
using this method. Note that the fringes appearing in the antipo-
lar motion maps do not correspond to real strain deformations, as
they relate to the intrinsic antipolar motion displacements of the
A cations. Therefore, from now on, we will refer to these maps as
antipolar motion maps. In accordance with the principle behind
our methodology, reducing the aperture radius below 1/(2cORT)

(as conventional for GPA) makes these fringes disappear, as shown
in Fig. 2(f). It should be remarked that, even though these fringes are
not present in domains viewed along the cORT zone axis, we can still
distinguish the Pbnm symmetries from the other perovskite lattices,
e.g., cubic, tetragonal, and rhombohedral, because this cORT zone
axis still presents some specific and characteristic half-order reflec-
tions in the associated FT pattern, as displayed in Fig. 1(a). These
reflections arise from the projection of the antipolar displacements
of the A-site columns. As a result, the atomic columns are elongated
along either the [101]PC or the [101]PC direction in an alternat-
ing pattern, giving rise to additional peaks corresponding to the
{1/2 0 1/2}PC family of planes.

In the following, we apply our method to a series of rare-
earth nickelate heterostructures in order to unravel correlations
between distinct epitaxial constraints and their resulting domain
distributions. We note that various studies use A-site antipolar
displacements as a proxy for measuring orthorhombic orienta-
tion/distortion, by quantifying the displacements through real-space
tracking of cation column positions.54,56–58 From the A-site posi-
tions, Meley et al. further calculated virtual shear strain maps to
give fringes analogous to those presented here.59 In comparison,
the adapted GPA that we present here (and that we first applied
in Fowlie et al.60) is more akin to the GPA-based method used to

visualize longer-range (many unit cell) charge ordering in
La0.6Sr2.4Mn2O7 Ruddlesden–Popper compounds in the support-
ing information of Zheng et al.61 Critically, by working in Fourier
space and by removing the need to identify each A-site column, this
method is both fast and easily capable of handling images contain-
ing large numbers of atomic columns. We find that it is also robust
to moderate scan noise and distortions. Indeed, taking advantage
of these factors, on other systems, we regularly apply the tech-
nique to low-quality, low magnification (640 kx nominal) 8k × 2k
pixel images containing ∼60 000 A-site columns. In our case, we
apply the method using the freely available DigitalMicrograph plu-
gin FRWRTools. Since, even for large, 16 megapixel scan images,
the calculation is performed in a few tens of seconds, we can inte-
grate its use into the workflow at the microscope, for instance using
it to identify domain boundaries or interesting defects, as described
later and in the supplementary material. From inspection of exy noise
and from consideration of the STEM-GPA analysis by Zhu et al.,45

we estimate that the limit of detectability will be projected antipolar
displacements of ≲±2 pm—well below that of the X5

− mode in typ-
ical Pbnm perovskite oxides. Recently, Goodge et al. introduced the
“phase lock-in” approach as a fast algorithm for the real-space char-
acterization of structural defects in crystalline materials, as applied
to perovskite oxides.56 We show how adapted GPA also gives real-
space visualization and insights into common defects present in
Pbnm materials.

III. MAPPING Pbnm DOMAINS IN NdNiO3 THIN FILMS
We now use the methodology described in Sec. II to study

the distribution of Pbnm domains in NdNiO3 thin films grown on
(001)PC-oriented LaAlO3, (LaAlO3)0.3–(Sr2AlTaO6)0.7 (LSAT) and
SrTiO3, as well as (110)ORT-oriented [≡(001)PC-oriented] NdGaO3
single crystal substrates. All the studied films have an approximate
thickness of 15–20 nm. As the different substrates impose varying
degrees of epitaxial strain on the NdNiO3 films, in Table I, we display
the calculated strain tensors for NdNiO3 growth on each of them, for
the three possible film orientations. Strain tensors were determined
using the methods described in the section “Strain state calculations”
of the supplementary material.

TABLE I. Strain tensor components associated with the crystallographic deformation of the NdNiO3 unit cell when grown on
LaAlO3, LSAT, SrTiO3, and NdGaO3 for the three possible film orientations. aPC and bPC are parallel to the substrate surface,
and cPC is perpendicular to it.

Film orientation LaAlO3 LSAT SrTiO3 NdGaO3 (Pbnm, cORT∣∣bPC)

cORT∣∣aPC exx = −0.47% exx = 1.65% exx = 2.55% exx = 1.53%
eyy = −0.40% eyy = 1.73% eyy = 2.63% eyy = 1.22%

exy = 0% exy = 0 exy = 0 exy = 0

cORT∣∣bPC exx = −0.40% exx = 1.73% exx = 2.63% exx = 1.45%
eyy = −0.47% eyy = 1.65% eyy = 2.55% eyy = 1.30%

exy =0% exy = 0 exy = 0 exy = 0

cORT∣∣cPC exx = −0.47% exx = 1.65% exx = 2.55% exx = 1.45%
eyy = −0.47% eyy = 1.65% eyy = 2.55% eyy = 1.22%
exy = −0.14% exy = −0.07% exy = −0.07% exy = −0.07%
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To evaluate the domain distribution in these systems, we have
recorded high-resolution HAADF STEM images of the film cross
sections, as shown in the left panels of Fig. 3, and then applied
our GPA-based approach to generate their corresponding antipolar
motion maps, as shown in the right panels of the same figure.

Considering the strain values presented in Table I, one could
expect that compressive strain will favor an in-plane cORT axis ori-
entation, whereas tensile strain will stabilize the out-of-plane cORT
direction, since, in both cases, this would minimize the normal
strain. First looking at the compressive case of the NdNiO3/LaAlO3
system, its results are in agreement with expectations. In its antipo-
lar motion map, shown in the right panel of Fig. 3(a), we identify
two different kinds of contrast, both corresponding to domains with
the cORT axis oriented in-plane but with this axis either perpendicu-
lar (vertical fringes) or parallel (no fringes) to the viewing axis. This
outcome is in agreement with previous reports,32,42 with cORT of the
film orienting in-plane in order to minimize epitaxial strain. The
two different lattice orientations that are observed for this cORT in-
plane configuration result from the equivalence of aPC and bPC in
the LaAlO3 substrate such that domains are equally likely to grow
with cORT parallel to aPC or bPC of LaAlO3. While these basic orienta-
tions can also be found with XRD, the STEM-GPA analysis allows us
to visualize the domain sizes, which are observed to be rather small
(from tens to hundreds of nanometers). The domains are separated
by abrupt vertical boundaries, which have an approximate width of

one PC unit cell, ∼0.4 nm. As we will show later using plan-view
imaging, these boundaries run along the [110]PC direction. There-
fore, in the cross section, they sometimes appear to be slightly wider,
owing to a projection effect as they are consequently angled by 45○

to the incident electron beam.
We now turn to the tensile strain scenario, as applied by

the other three substrates. First looking at the results acquired on
the NdNiO3/SrTiO3 system in Fig. 3(b), in its antipolar motion
map, we observe only one kind of contrast—horizontal fringes.
This corresponds to an out-of-plane cORT orientation, as expected
for the strain state. However, when we repeat the analysis on the
NdNiO3/LSAT heterostructure, as shown in Fig. 3(c), the scenario
is more complex. Strikingly, despite the imposed tensile strain, all
three possible crystallographic orientations are found to co-exist in
the same film, with most domains actually having an in-plane cORT
axis. While a similar multidomain configuration has been reported
in other Pbnm systems,42 we point out the ease with which our
GPA-based technique directly samples the spatial distribution of
the domains. To help interpret these results, we further note that
the contrast observed in the LSAT substrate area of the antipolar
motion map of Fig. 3(c) is similar to that of the background noise
(as observed in the vacuum region above the lamella). This occurs
because the intensity of the (100)PC reflections almost vanishes in the
LSAT substrate since both A-site and B-site columns present similar
brightness.

FIG. 3. HAADF images (left) and associated antipolar motion maps (right) acquired from NdNiO3 films grown on (001)PC-oriented (a) LaAlO3, (b) SrTiO3, and (c) LSAT single
crystal substrates. The orange arrow points to a twin (or possibly antiphase) boundary. (d) HAADF image (left) and associated antipolar motion map (right) acquired in NdNiO3
films grown on (110)ORT-oriented NdGaO3. (e) Illustration showing the evolution of the lattice orientation and associated domain distribution with epitaxial normal strain.
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While the tensile strain imposed on this film may make the
observed mixture of domain orientations appear unlikely, the full
set of imposed strain values in Table I provides a possible explana-
tion. If cORT is oriented out-of-plane, a finite exy shear deformation is
imposed. This occurs because [110]ORT and [110]ORT of the film are
now constrained to be parallel to the a and b axes of the cubic LSAT
substrate, i.e., they are orthogonal, which is not the case in the free-
standing Pbnm crystal structure. Therefore, even if the tensile strain
is smaller when cORT is oriented out-of-plane, this is counterbal-
anced by the ability to relax the exy shear strain by, instead, orienting
cORT in-plane. Evidentially, this leads to a competition between the
growth of either cORT orientation when the tensile strain is applied
by a cubic substrate. Comparison with the results of growth on cubic
SrTiO3, which applies a greater tensile strain and for which only
cORT out-of-plane is observed, indicates that the complete epitax-
ial orientation transition from in-plane to out-of-plane cORT axis
occurs at a non-zero tensile strain value. Moreover, the fact that all
three possible orientations co-exist in the same film indicates that
this transition is not abrupt but gradual, with the nucleation energy
for all the three crystallographic orientations being similar. These
results point to the importance of considering more than just the
applied compressive/tensile strain to Pbnm film growth in determin-
ing resultant film orientation, which could be interesting to study
further by recourse to first-principles calculations, as, for instance,
was made by Meley et al. on strained LaVO3 films.59

Such additional considerations come to the fore in the last
NdNiO3 film studied in this section, which was grown on (110)-
oriented NdGaO3; see Fig. 3(d). As can be observed in its antipolar
motion map, we only observe one domain in this film, with the ver-
tical fringes indicating a solely in-plane cORT axis orientation, even
though NdGaO3 imposes similar tensile and shear strain values to
the LSAT substrate, which demonstrated a mixed domain configura-
tion. The difference here is that the NdGaO3 substrate and NdNiO3
film share a Pbnm symmetry; as a result, the substrate imprints its
crystallographic orientation onto the NdNiO3 film because of the
structural couplings established at the film/substrate interface. This
coupling has been observed in other systems where the substrate and
the film similarly present the same Pbnm symmetry.27,31,42

The mechanism behind such an imprinting of substrate sym-
metry and hence orientation onto the film is understood to be
the minimization of local structural mismatch at the interface, in
terms of the key orthorhombic distortions of octahedral tilt pattern
and A-site displacements. Therefore, in addition to the consid-
erations of epitaxial normal and shear strain, an additional term
linked to the structural couplings at the interface (interfacial energy)
may also need to be considered for understanding film orientation.
Calculating this interfacial cost for the systems studied here is a non-
trivial task; however, we mention that the phenomenology of such
a Pbnm/Pbnm interface is studied with second-principles model-
ing in Alexander et al.58 Interestingly, we could not find any lattice
defects in this film, which we attribute to its monodomain nature
resulting from the uniform lattice orientation. Note that this differs
to the NdNiO3/SrTiO3 system. While, in the latter system, we also
observe an out-of-plane cORT axis orientation, the film may contain
twin boundaries separating domains with reversed tilt patterns. For
example, the crystallographic defect observed in Fig. 3(b), which is
indicated with an orange arrow, could be one of these twin bound-
aries. The zig-zag pattern of the A-site cations (antipolar motion dis-

placement also linked to the a−a−c+ tilt pattern) is inverted on either
side of this boundary, which is precisely what we would expect when
aORT and bORT are swapped. However, we cannot rule out either the
possibility of this boundary being an antiphase boundary—where
the atomic structure jumps by cORT/2 along the cORT axis—as on this
structural projection it would present the same behavior for the A-
site and B-site sublattices. No such twin (or antiphase) boundaries
are observed in the NdNiO3/NdGaO3 system, stemming from its
monodomain configuration that is driven by the substrate symme-
try. In comparison, the cubic substrate of the NdNiO3/SrTiO3 sys-
tem has no such influence, such that the film can nucleate domains
with aORT parallel to either in-plane unit cell diagonal of the sub-
strate. In addition to locating twin/antiphase boundaries, we point
out that our methodology is also well-suited for identifying charac-
teristic stacking faults where the antipolar zig-zag displacements are
locally suppressed. Figure S2(a) of the supplementary material shows
an example, where a stacking fault that is barely noticeable in the raw
HAADF-STEM image is rendered obvious using our methodology
(even at low STEM magnifications), as the width of the fringe gen-
erated in the associated exy strain map increases by a factor of two at
the fault. As shown in the inset, a closer inspection of the HAADF
image reveals that the zig-zag displacements are canceled at this
location.

Beyond such planar defects, we note that other defects are also
present in the rare-earth nickelate films shown in Fig. 3. While, in
most of the cases, these correspond to Ruddlesden–Popper faults,
the most common defect observed in rare-earth nickelate het-
erostructures,62 some misfit dislocations are also identified in the
film grown on SrTiO3. A more detailed discussion about the cor-
relation between lattice orientation and defect landscape is given in
Sec. IV.

To summarize this section, as illustrated in the chart of Fig. 3(e),
we observe that the crystallographic orientation of Pbnm films
grown on substrates with cubic cation sublattices (i.e., LaAlO3,
LSAT, and SrTiO3) is determined by an energetic competition
between in-plane normal and shear strain. Under compressive
strain, the cORT axis is oriented in plane, and it changes to an
out-of-plane orientation as tensile strain is increased beyond a non-
zero value, with both orientations co-existing near the orientation
transition. Usefully, our GPA-based approach readily identifies the
location of domain boundaries, even when they are difficult to detect
visually in the associated HAADF images, such as the apparent
twin boundary in Fig. 3(b). The different types of domain bound-
aries may, in turn, present novel functional properties arising from
the structural couplings that need to be established to connect the
octahedral tilt patterns between the neighboring domains.

IV. DOMAIN DISTRIBUTION IN Nd1−xLaxNiO3
SOLID-SOLUTION THIN FILMS

Given the strong apparent effect of an otherwise subtle com-
petition between tensile and shear strain on the film orientation
and domain landscape, it is interesting to study this balance fur-
ther. However, experimentally, it is challenging to gradually modify
the applied epitaxial strain by changing substrates. Therefore, we,
instead, investigate this energetic competition by introducing a cer-
tain fraction of La onto the A-sites of the film, through a series of
Nd1−xLaxNiO3 solid-solution thin films deposited on (001)-oriented
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LSAT single crystal substrates. By progressively increasing the La/Nd
ratio, we can gradually change both strain components, all the
while maintaining a tensile strain state. Specifically, here, we ana-
lyze two films having relative La concentrations of x = 0.1 and
x = 0.3 deposited on LSAT substrates and later compare two other

films, both with x = 0.4, deposited on LSAT and NdGaO3 substrates,
respectively. We do not go beyond this La content because, above
x = 0.4, orthorhombic and rhombohedral phases co-exist in the
same film, as previously reported.60 Figures 4(a) and 4(d) present the
HAADF images of the films with x = 0.1 and x = 0.3, respectively.

FIG. 4. Plan-view HAADF image acquired in (a) a Nd0.9La0.1NiO3 and (d) a Nd0.7La0.3NiO3 solid-solution thin film grown on LSAT. Their associated antipolar motion maps
are presented in (b) and (e), respectively. (c) and (f) Orthorhombic domain distribution maps obtained from the antipolar motion maps displayed in (b) and (e). Each contrast
feature, as all shown in (g), is indicated with a different color. The gray areas correspond to the LSAT regions.
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Unlike the previous analyses made using cross section views, the
STEM samples have been prepared in a plan-view geometry, which
offers both a larger overview of the domain distributions, while also
being free of the stereological limitations of a cross section sample
with regard to the sampling of domain sizes.

As before, we apply our GPA-based approach to map their
orthorhombic domain distributions. The antipolar motion maps are
presented in panel (b) for x = 0.1 and panel (e) for x = 0.3. These
maps clearly reveal the same contrast features linked to the A-site
antipolar displacements as before. Given the large field of view of the
input images, this is a clear demonstration of the robustness of our
methodology. Because of the change in sample geometry, domains
with parallel fringes now correspond to cORT in-plane. No fringes
are observed for cORT out-of-plane, because the cORT axis is now par-
allel to the viewing axis. Usefully, however, as shown in panel (g),
the residual contrast for the cORT out-of-plane domains is different
from that of the LSAT substrate, whose similar atomic numbers for
the A- and B-sites give it a different color on the antipolar motion
map, as described previously. This allows the two to be discrimi-
nated in the antipolar motion maps. The presence of isolated regions
of the LSAT substrate in the images likely relates to damage induced
by the ion milling process during STEM specimen preparation, as it
may entirely remove the film in these areas because of the film’s low
thickness (15–20 nm). To facilitate the interpretation of the antipo-
lar motion maps, we have colored the areas belonging to the distinct
contrast features with different colors representing Pbnm domains
of the three possible orientations, or substrate area. The resulting
sketches are shown in Figs. 4(c) and 4(f) for the x = 0.1 and x = 0.3
cases, respectively. Even though we see the co-existence of domains
with either in-plane or out-of-plane cORT axis orientation in both
films, a clear evolution of their proportions is identified when com-
paring them. While most domains present the in-plane cORT axis
(magenta and red colors) in the x = 0.1 film (like in the pure NdNiO3
thin film), the opposite situation is found in the x = 0.3 film, with
most domains being oriented with the cORT axis out-of-plane (green
color).

To understand this evolution, we have calculated the strain
tensors for pure NdNiO3—using it as a close proxy for the
x = 0.1 film—and for an Nd0.7La0.3NiO3 single crystal constrained
to an LSAT (100)PC-oriented substrate. Table II displays the resul-
tant exx, eyy, and exy values for the epitaxial growth of NdNiO3 and

TABLE II. Strain tensor components associated with the crystallographic deformation
of the NdNiO3 and Nd0.7La0.3NiO3 unit cells, when grown on LSAT with the two basic
possible film orientations. (Note that cORT∣∣bPC gives the same values as cORT∣∣bPC,
except with exx and eyy exchanged.) For Nd0.7La0.3NiO3, we have used the lattice
constants of bulk Nd0.7La0.3NiO3 single crystals that were measured by Medarde
et al.63

cORT orientation NdNiO3 Nd0.7La0.3NiO3

cORT∣∣aPC or cORT∣∣bPC

exx = 1.65% exx = 1.32%
eyy = 1.73% eyy = 1.45%

exy = 0 exy = 0

cORT∣∣cPC

exx = 1.65% exx = 1.32%
eyy = 1.65% eyy = 1.32%

exy = −0.07% exy = −0.37%

Nd0.7La0.3NiO3 on LSAT. Comparison of these values implies that,
as La concentration increases in a Nd1−xLaxNiO3 solid solution, the
tensile strain will decrease, while, for the cORT∣∣cPC orientation, the
shear strain will increase. Given our hypotheses in Sec. III, whether
considering applied tensile strain or applied shear strain, one would,
therefore, expect a decrease in the fraction of cORT axis out-of-plane
when x is increased.

In contrast, Fig. 4 shows that, experimentally, we find the oppo-
site. However, the situation here is a bit more complex because, as
we observe all three possible crystallographic orientations in both
films, their epitaxial strain is probably close to the crossover point
and, hence, the domain distribution may be very sensitive to any
structural modulation. Moreover, we believe that the key to under-
standing the observed and surprising domain evolution is to con-
sider not only the average tensile strain, but the difference in strain
when swapping the cORT axis from in-plane to out-of-plane. While in
both cases (necessarily), exx does not change when going from cORT
axis in-plane to out-of-plane, eyy decreases by 0.08% for the NdNiO3
case but a much larger 0.13% for the Nd0.7La0.3NiO3 case. This is
because the shape of the pseudocubic unit cell is almost cubic for
bulk NdNiO3 but becomes more distorted for both decreasing and
increasing sizes of the A cation.6 Note that this does not imply that
atomic displacements within the unit cell are minimal for NdNiO3.
As the La content increases, the difference between pseudocubic
lattice parameters increases and the angle between [110]ORT and
[110]ORT (which is related to the difference between aORT and bORT)
departs farther from 90○. Thus, while the energy cost associated with
shear strain favors cORT in-plane more strongly for x = 0.3 than for
x = 0.1 (≅NdNiO3), the cost due to normal strain, counter-
intuitively, favors cORT out-of-plane more strongly for x = 0.3 than
for x = 0.1. Our observation that there are more domains with cORT
out-of-plane in the case of x = 0.3 indicates that the latter effect is the
stronger of the two. In addition, to predict the domain distribution
in each film, we should also consider the interfacial term associated
with the structural couplings, as the amplitude of the structural dis-
tortions linked to the Pbnm structure decreases with La content x,
although this goes beyond the scope of this work.54

Beyond giving a detailed overview of the domain distributions,
the plan-view images and antipolar motion maps also enable a direct
analysis of the domain boundary orientations, which could not be
achieved in the cross section data given the projection effect on these
vertical boundaries. This is demonstrated in Fig. 5(a), which presents
an amplified view of the HAADF image of the Nd0.9La0.1NiO3 film
shown in Fig. 4(a) and its corresponding antipolar motion map. It
is seen that the boundaries separating domains with an in-plane
cORT axis orientation run along the [110]PC direction, as previously
stated. In addition to the domain boundaries, lattice defects, specif-
ically Ruddlesden–Popper faults (RPFs), are also observed in the
data. In the antipolar motion map, these faults are seen as straight
dark or bright lines, each of which is associated with a structural
shift of the lattice by half a PC unit cell along the [111]PC direc-
tion. RPFs are commonly observed in rare-earth nickelates.16,17,62,64

In Fig. 5(a), several RPFs are indicated with red arrows; it is seen that
they coincide with the domain boundaries.

Given the observed coincidence of RPFs with domain bound-
aries, it could be suggested that the density of lattice defects will
depend on the domain distribution. In order to study this hypoth-
esis, Figs. 5(b) and 5(c) show the comparison of the cross-sectional
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FIG. 5. (a) Amplified view of a central region of the HAADF plan-view image and associated antipolar motion map displayed in Fig. 4(a), which was acquired from a
Nd0.9La0.1NiO3 solid-solution thin film deposited on (001)PC-oriented LSAT. The red arrows point to RPFs present in the film, which tend to be localized at the boundaries
between domains. (b) Cross-sectional HAADF image and associated antipolar motion map acquired from a Nd0.6La0.4NiO3 solid-solution thin film deposited on (001)PC-
oriented LSAT. The red arrows similarly point to RPF defects, while the orange arrow points to a twin (or antiphase) boundary. (c) Cross-sectional HAADF image and
associated antipolar motion map acquired from a Nd0.6La0.4NiO3 solid-solution thin film deposited on (110)ORT-oriented NdGaO3. cORT is oriented along the in-plane direction,
evidencing that the orientation of the lattice rotates by 90○, despite the similar strain values imposed by LSAT and NdGaO3.

HAADF images and antipolar motion maps from films grown with
the same Nd0.6La0.4NiO3 (x = 0.4) composition but on two dif-
ferent substrates, LSAT and NdGaO3, respectively. Following the
tendency of the x = 0.1 and x = 0.3 films shown in Fig. 4, the film
grown on LSAT is primarily composed of domains with cORT out-
of-plane. As indicated by the red arrows in Fig. 5(b), many RPFs
are again observed at the domain boundaries. A twin (or antiphase)
boundary is also seen, as indicated by the orange arrow. This high
density of defects contrasts strongly with the data recorded from
the Nd0.6La0.4NiO3 film grown on [110]ORT-oriented NdGaO3, as
shown in Fig. 5(c). As for the pure NdNiO3 grown on this sub-
strate shown in Fig. 3(d), the film has a monodomain nature with
an in-plane cORT axis. Tied to this monodomain nature, it con-
tains no apparent lattice defects. This absence of lattice defects, as
compared to the solid-solution film grown on LSAT, is found even
though the two films have been grown under the same conditions
and have a similar lattice parameter mismatch with the substrate.
Therefore, we speculate that the presence of the RPFs in the films
grown on LSAT is linked to elastic strain that accumulates at the
domain boundaries, which is, in turn, associated with the anisotropy
in the Pbnm structure and the structural mismatch (of the octahe-
dral tilts and A-site antipolar displacements) between neighboring
domains. Our finding, therefore, shows that the defect landscape of
nickelate films can be controlled by choosing an appropriate sub-
strate, one that either minimizes or enhances the density of domains.
Such a strategy is of interest because, on the one hand, improving
the crystal quality of films by decreasing the density of RPFs is key to
achieving and enhancing the superconducting properties of reduced
(infinite-layer) nickelate films,65 while, on the other hand, promot-
ing the presence of RPFs can be of interest in some scenarios, such
as improving their electrocatalytic properties.16,64

V. GENERALITY OF ADAPTED GPA FOR VISUALIZING
PERIODIC DISTORTIONS

Throughout this paper, we have focused on mapping Pbnm
domains imaged along the [110]ORT/[010]PC zone axis, making use

of the X5
− antipolar mode. This mode consists of A-site displace-

ments parallel to [010]ORT, lying within the (100)ORT plane; there-
fore, our method can equally be applied to visualizing this mode
by creating parallel fringes for domains oriented on the [100]ORT
zone axis as shown in Fig. S2(b) of the supplementary material.
On the corresponding [110]PC axis, this allows such a domain to
be readily distinguished from the other two possible orthorhom-
bic orientations of [010]ORT and ⟨111⟩ORT, which do not show
fringes. However, even in reciprocal space, these other two possi-
bilities have strong similarities, and distinguishing them from each
other requires analysis of more subtle features, such as observation
of closely spaced A-site dumbbells and/or non-orthogonality in the
PC lattice of ⟨111⟩ORT, or a low-angle first-order Laue zone ring that
exists for ⟨111⟩ORT but not [010]ORT.58

Going beyond Pbnm, our method should also be applicable
to other space groups that give superlattice reflections associated
with periodic structural distortions. One example is the orthorhom-
bic Cmcm space group (having aORT ≈ bORT ≈ cORT ≈ 2aPC),
whose a0b+b− rotation set also has the X5

− mode, just at low
amplitudes.3,4,52 Likely more interesting, however, is using it to
detect other periodic distortions occurring beyond the scale of the
unit cell, such as charge ordering in antiferroelectrics. Commonly,
this is measured using tracking of individual atomic columns;61,66,67

however, if the atomic displacements are periodic such that they
generate (1/n) additional reflections in the FT patterns that can be
included in the virtual aperture (n being a real number), the dis-
placements can be visualized as parallel fringes using this adaptation
of GPA (as, indeed, demonstrated in the supporting information of
Zheng et al.61). In Fig. S3 of the supplementary material, we demon-
strate this utilization by visualizing similar atomic displacements as
those observed by Jiang et al.66 that generate (1/3) periodic reflec-
tions along the (101)PC. In our case, these distortions are observed
when reducing a SmNiO3 film grown on NdGaO3.68 Such an order-
ing is seen in the exy map, by virtue of being analogous to a lattice
shear. If, instead, there is a systematic lattice expansion or contrac-
tion beyond the scale of the unit cell, this will also be visualized but,
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instead, within exx and/or eyy maps, as demonstrated in Fig. S4 of
the supplementary material using a plan-view sample of SrCuO2+δ.69

These periodic distortions are not readily obvious in standard GPA
maps, thereby illustrating how the inclusion of (1/n) superlattice
reflections within the GPA mask gives a powerful ability to identify
subtle periodic variations in an atomic structure.

VI. SUMMARY
In summary, we have presented an efficient tool to map the

lattice orientation in Pbnm epitaxial heterostructures and their cor-
responding defect landscape, by using an adaptation of GPA. We
have exploited our method to map the domain distributions found
in a series of rare-earth nickelate heterostructures. This has, in turn,
allowed us to identify that the orientation of the orthorhombic
unit cell depends on a competition between in-plane normal and
shear strain and also interfacial energy (mismatch of orthorhom-
bic distortions from substrate to film). While only an in-plane cORT
axis is observed in compressed films, split between the domains
of the two possible orientations, the three possible in-plane and
out-of-plane cORT lattice orientations are identified in the ten-
sile cases. Further work could be envisaged where these various
effects are studied theoretically using first- or second-principles
simulations. Given that Pbnm is the most common space group
for perovskite compounds, our method can, therefore, be widely
applied to investigating strain and coupling effects on epitaxial het-
erostructures, bringing insights that will help in the overall quest for
engineering novel systems with enhanced functionalities, ranging
from unconventional superconductors to electrochemical catalysts.
Finally, we emphasize that our approach is fast and robust and is
not only suitable for studying the crystallographic orientation of
Pbnm systems but also for visualizing any kind of atomic displace-
ments (or spacings) that generate (1/n) additional reflections in the
Fourier-transform patterns (n being a real number).

SUPPLEMENTARY MATERIAL

The supplementary material contains Selected Area Electron
Diffraction (SAED) patterns obtained from an example orthorhom-
bic Pbnm single crystal substrate, examples where we apply our
adaptation of GPA to visualize other lattice distortions or defects,
and methods used to calculate the strain state of the epitaxial films
on different substrates.
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NOMENCLATURE

FT Fourier transform
GPA Geometrical phase analysis
HAADF High angle annular dark field
LSAT (LaAlO3)0.3–(Sr2AlTaO6)0.7
ORT Orthorhombic
PC Pseudocubic
RPFs Ruddlesden–Popper faults
STEM Scanning transmission electron microscopy
TEM Transmission electron microscopy
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