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Formation mechanism of Ruddlesden-Popper faults in 
compressive-strained ABO3 perovskite superlattices
Haoyuan Qi,*a,b Xiaodan Chen,a,c Eva Benckiser,d Meng Wu,d Georg Christiani,d Gennady Logvenov, 

d Bernhard Keimerd and Ute Kaiser*a

Ruddlesden-Popper (RP) faults have emerged as a promising candidate for defect engineering in epitaxial ABO3 perovskites.  
Functionalities could be fine-tuned by incorporating RP faults into ABO3 thin films and superlattices. However, due to the 
lattice expansion at AO-AO interfaces, it is generally believed that RP faults are only energetically favorable under tensile 
strain. Contrary to this common cognition, here we present that compressive strain must be regarded as an alternative 
driving force for creating RP faults. Unlike the conventional perovskite-to-rock-salt transition, the RP faults originated from 
Shockley partial dislocations bounded by stacking faults on the basal plane.  The edge-type partials gave rise to strain 
relaxation, facilitating the formation of RP faults under compressive strain. We envisage that our results will give new insights 
into the rational design and defect engineering in epitaxial-strained ABO3 perovskites. 

Introduction
Ruddlesden-Popper (RP) faults, a type of extended defects, are 
of great interest in the functionalization of epitaxial ABO3 
perovskites.1 By definition, RP faults are antiphase boundaries 
at which the perovskite phase changes locally to the rock-salt 
type.2 The structural perturbation offers a promising route for 
the rational design of the functionalities in epitaxial  ABO3-type 
perovskite, including magnetic transport,3 electrical 
conductivity,4,5 and catalytic performance.6,7   For instance, the 
saturation magnetization and magnetic hysteresis can be fine-
tuned via the incorporation of RP faults in (Pr,Sr)CoO3 thin 
films.3 And [LaO]-[LaO] RP faults have been found to 
significantly enhance the catalytic activity of  LaNiO3 in oxygen 
evolution reaction.6 To fully exploit the exciting opportunity of 
defect engineering and achieve structural control on the 
microscopic scale, it is an essential step to unravel all possible 
formation mechanisms of RP faults. 

To date, several mechanisms of RP fault formation have 
been reported, such as island coalescence3 and substrate 
imperfection.8,9 For instance, in a LaNiO3/LaAlO3 superlattice 
grown on a LaSrAlO3 substrate, RP faults have emerged directly 
from the first deposited layer due to atomic steps on the 
substrate surface (Fig. S1, ESI†).8 The density of RP faults in 

(Pr,Sr)CoO3 has been found to increase with the increasing 
deposition rate, which can be explained by a higher nuclei 
density and thus more nuclei boundaries.3 On the other hand, 
fluctuation of stoichiometry during epitaxy is another typical 
driving force of RP fault formation (Supplementary Fig. 1).9,10 
For example, during the growth of Sr-excess SrTiO3 thin films,10 
the excessive Sr cations must be accommodated by the 
formation of a SrO island on the fully coalesced SrO layer. To 
minimize the electrostatic repulsion between the neighboring 
Sr cations, the SrO island is displaced by  with respect 𝑎/2[111]
to the underlying crystal, giving rise to rock-salt type. The 
subsequent epitaxial growth results in an antiphase domain 
encompassed in RP faults on {100} planes. Interestingly, such 
antiphase domain type has been widely observed in epitaxial 
ABO3 perovskites, e.g., (Pr,Sr)CoO3,3 SmNiO3,4 LaNiO3,7,12 
BaSnO3,

13 regardless of the formation process. Due to the 
electrostatic repulsion,14 the AO-AO distance is larger than that 
of AO-BO2. As a result, the RP faults surrounding the antiphase 
domain lead to a local lattice expansion, thus facilitating the 
relaxation of tensile strain.3,7,13 Whereas it is typically believed 
that RP faults are energetically unfavorable under compressive 
strain and their formation should be substantially 
suppressed.3,7,13

Contrary to the common cognition, here we demonstrate 
that compressive strain is as well a primary driving force for RP 
fault formation. By using aberration-corrected high-resolution 
electron microscopy (AC-HRTEM), we determine the formation 
mechanism of RP faults in a compressively strained 
PrNiO3/PrAlO3 (PNO/PAO) superlattice grown on a LaSrAlO4 
(LSAO) substrate. The electronic and magnetic properties of this 
superlattice have been investigated in detail.15,16 Unlike the 
antiphase domain type seen in previous reports, the RP faults 
originated from Shockley partial dislocations which were 
bounded by stacking faults on the basal plane. Put differently, 
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instead of being as a rock-salt type perturbation (i.e., AO-BO2-
AO  AO-AO-BO2), the RP faults were formed via the removal 
of a BO2 layer (i.e., AO-BO2-AO  AO-AO), thus facilitating the 
relaxation of compressive strain. Our results present an 
alternative route of RP fault formation and may lend new 
insights into the rational design and defect engineering of 
epitaxial ABO3 thin films and superlattices. 

Methods
The PrNiO3/PrAlO3 superlattice was grown by pulsed laser 
deposition on a (001) LaSrAlO4 substrate. The superlattice was 
deposited by focusing a KrF excimer laser (248 nm wavelength) 
with a 2 Hz pulse rate and 1.6 J/cm2 energy density onto 
stoichiometric targets of PrNiO3 and PrAlO3. 4 unit cells of 
PrNiO3 was first grown, followed by 4 unit cells of PrAlO3. The [4 
u.c.//4 u.c.] PrNiO3/PrAlO3 bilayer structure was repeated 8 
times resulting in a total film thickness of ~250 Å. The deposition 
was carried out in 0.5 mbar oxygen atmosphere at 730°C. After 
deposition, the superlattice was annealed in 1 bar oxygen 
atmosphere at 690°C for 30 min. Standard cross-sectional and 
plan-view specimens were prepared for TEM investigations. 
Aberration-corrected high-resolution transmission electron 
microscopy (AC-HRTEM) imaging was conducted on an image-
side Cs-corrected FEI Titan 80-300 microscope operated at 300 
kV. The FEI Titan is equipped with a CEOS hexapole aberration-
corrector which corrects the geometrical axial aberrations up to 
the 3rd-order. AC-HRTEM images were acquired under negative 
Cs imaging conditions with spherical aberration coefficient Cs ~

. In order to optimize the defocus value and the  ―  15 µm
objective lens stigmator, the energy filter Gatan GIF Quantum 
965 camera was used to provide a c.a. 5-fold post-
magnification. A pixel size of 0.07  and a total dose of Å 1.4 ×

 were employed for image acquisition. Image 105 𝑒 ― /Å2

simulation was performed using the multi-slice approach in the 
QSTEM software. 

Results and discussion
Identification of Ruddlesden-Popper faults
Fig. S2 (see ESI†) illustrates the atomic structures of PNO 
(orthorhombic), PAO (rhombohedral), and LSAO (tetragonal). 
Both PNO and PAO can be described by a pseudocubic 
symmetry with lattice parameters of = 3.82 Å and 𝑎𝑃𝑁𝑂,𝑝𝑠𝑒𝑢𝑑𝑜

 = 3.76 Å, respectively. 17,18 The LSAO substrate 𝑎𝑃𝐴𝑂,𝑝𝑠𝑒𝑢𝑑𝑜

exhibits tetragonal symmetry with a = b = 3.75 Å and c = 12.65 
Å.19 Due to the in-plane lattice mismatch, when the PNO/PAO 
superlattice is epitaxially grown on the LSAO substrate, the 
superlattice is under biaxial compressive strain. Figure 1a shows 
the AC-HRTEM image acquired at the substrate-superlattice 
interface in [100] projection, with the growth direction parallel 
to [001]. Negative Cs imaging conditions have been applied with 
the spherical aberration coefficient Cs tuned to 15 µm and an  – 
overfocus of about 5 nm.20,21 Due to the tetragonal lattice 
symmetry of LSAO, the interface between LSAO and PNO could 
be readily identified. The clearly resolved atomic columns 

(bright spots) allow for precise determination of the atom 
positions and thus lattice parameters. Figure 1b presents the 
measured lattice parameters and , which are 𝑑001 𝑑010

expressed as functions of unit cells along the growth direction. 
The out-of-plane lattice parameter oscillates with a 𝑑001 

period of 8 unit cells till the superlattice surface (Fig. S3, ESI†), 
which is in good agreement with the 4 u.c. PNO/4 u.c. PAO 
bilayer structure. Due to the compressive strain induced by the 
substrate, the measured exceeds the bulk values of PNO 𝑑001 
and PAO. Within the error range (i.e., a standard deviation of 
1%), the in-plane lattice parameter  of the superlattice is 𝑑010

identical to that of LSAO, indicating pseudomorphic growth of 
the superlattice within the field-of-view (i.e., 17.6 nm × 17.6 nm, 
Fig. S3, see ESI†). 

Note that the lattice mismatch between PNO and LSAO 
amounts to 1.6 %. For perovskite thin films, high lattice 
mismatch and consequent strain relaxation would typically 
result in microstructural changes, including columnar domains, 
microtwinning, misfit dislocations, etc.22,23 As expected, we 
have observed a high density of planar defects within the 
superlattice (Fig. 2a). Plan-view image in [001] projection 
demonstrates that the defects are located exclusively on (100) 
and (010) planes (Fig. 2b).  

In order to reveal the nature of the planar defects, we 
probed the atomic arrangement across the defect plane (Fig. 
3a). Two planar defects in (010) planes are indicated by the red 
lines. Fig. S4 (see ESI†) presents the in-plane strain map 𝜀𝑥𝑥 
obtained by geometric phase analysis (GPA).24 The planar 
defects are clearly visible as a result of the local expansion of 

, i.e., distance between neighboring AO and BO2 layers. 𝑑020

However, due to the cubic symmetry observed in [100] 

Fig. 1 (a) AC-HRTEM image acquired at the substrate-
superlattice interface. The growth direction is along [001]. The 
atomic columns appear bright on a dark background. And the 
atomic model is inserted below. (b) Measured out-of-plane 
lattice parameter  and in-plane lattice parameter  as a 𝑑001 𝑑010
function of the number of unit cells along the growth direction. 
Each data point is averaged over 40 unit cells along the in-plane 
direction, and the error bar corresponds to the standard error.  
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projection, it is extremely challenging to distinguish the AO 
layers from the BO2 ones. In other words, the insignificant 
contrast deference between A- and B-site cations hinders 
further insights into the nature of the planar defects. This 
problem can be circumvented by fine-tuning the imaging 
parameters. 

 Figure 3b presents the AC-HRTEM image acquired at the 
same position as that of Fig. 3a with a slight underfocus. As 
shown by image simulation (Fig. S4, ESI†), when the defocus is 
adjusted to  1 nm, contrast reversal occurs, i.e., atomic –
columns appear dark on a bright background. Although the 
oxygen columns are no longer resolved, the contrast difference 
between Pr and Ni/Al is significantly enhanced, enabling 
straightforward identification of the A- and B-site cations. By 
comparing the experimental and simulated images (Fig. S4, 
ESI†), the planar faults have been identified as Pr-rich antiphase 
boundaries (Fig. 3c). Antiphase boundaries are described by a 
displacement vector , which denotes the relative shift 𝑹
between the two domains across the boundary.25 As shown in 
Fig. 3c, the projected displacement vector of the antiphase 
boundary is . The real displacement vector, however, 𝑎/2[011]
can be either  or , because the  𝑎/2[011] 𝑎/2[111] 𝑎/2[100]
component is parallel to the observation direction and thus 
invisible. In order to determine the real displacement vector, 
the planar defects in the PNO/PAO superlattice were 
investigated in a different projection. Fig. S5 (see ESI†) shows a 
plan-view AC-HRTEM image taken along the [001] direction. The 
grains across the planar defect were displaced by , 𝑎/2[110]
demonstrating the presence of a  component. By 𝑎/2[100]
combining the results from both [100] and [001] projections, 
the real displacement vector of the (010) antiphase boundary is 
therefore unambiguously determined as , which 𝑹 = 𝑎/2[111]
is termed as Ruddlesden-Popper (RP) faults.2 Due to the larger 
ionic size of Pr as compared to that of Ni or Al, the distance 
between two neighboring AO planes at the RP fault has 
increased to 2.23 Å, whereas the average AO-BO2 distance is 
1.88 Å (Fig. 3d).

Formation mechanism of Ruddlesden-Popper faults
In order to probe the formation process of the RP faults in our 
superlattice, we traced along the planar defects toward the 

LSAO substrate to their origin. Figure 4a presents the AC-HRTEM 
image acquired at the region where the RP faults were initially 
formed (see also Fig. S6, ESI†). GPA mapping along [010] 
revealed the presence of two edge-type dislocation cores and 
two RP faults (Fig. 4b). One defect plane (left) coincides with the 
dislocation core, whereas the other is displaced to the right. 
Interestingly, since the planar defects did not originate from the 
superlattice-substrate interface, atomic steps on the LSAO 
surface could be ruled out as the driving force of RP faults.8,9 
Furthermore, in the case of antiphase domain,3,7,10–13 the A- and 
B-site cation positions are exchanged across the RP faults 
without creating any dislocations. In other words, none of the 
reported scenarios could explain the presence of misfit 
dislocations at the origin of RP faults, suggesting a disparate 
formation mechanism of RP faults in epitaxial ABO3 perovskites.

To probe the correlation between the misfit dislocations 
and the RP faults at the atomic scale, a slightly underfocused 
image has been acquired at the same position (Fig. 4c and 4d). 
The A- and B-site cations are clearly distinguishable, enabling 
precise determination of the atomic structure at the 
dislocations cores (Fig. 4e). As shown in the magnified atomic 
model (Fig. 4f), the misfit dislocations (indicated by ) are ⊥
formed by the removal of a plane of B-site cations. Therefore, 
they are identified as edge-type Shockley partials with a Burgers 
vector of . The two partial dislocations are 𝒃1 = 𝒃2 = 𝑎/2[010]

Fig. 2 (a) Cross-sectional view image of the PNO/PAO 
superlattice with a thickness of 25 nm. The extended 
defects on the (010) plane are indicated by the red 
arrows. (b) Plan view image of the PNO/PAO superlattice 
showing a high density of planar defects on (100) and 
(010) planes.

Fig. 3 (a) AC-HRTEM acquired at the RP fault with bright-
atom contrast, i.e., overfocus of c.a. 5 nm. The red lines 
denote the boundary plane. (b)  AC-HRTEM acquired at the 
same position with dark-atom contrast, i.e., underfocus of 
c.a.  1 nm. The A- and B-site cations are readily –
distinguishable. (c) Atomic model presenting the A-site-
rich RP faults with a displacement vector R.  (d) Measured 
in-plane lattice parameter . The AO-AO distance 𝑑020

amounts to 2.23 , whereas the average AO-BO2 distance Å
is 1.88 .Å
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bounded with a (001) stacking fault. The projected 
displacement vector of the stacking fault is . Note that 𝑎/2[001]
the defects on (010) planes are in nature RP faults with a 
displacement vector of . Therefore, the actual 𝑹𝑅𝑃 = 𝑎/2[111]
displacement vector of the stacking fault is . 𝑹𝑆𝐹 = 𝑎/2[101]

 The assignment of every displacement vector around the 
dislocation core allowed insights into the formation process of 
the RP faults (Fig. 4g). During epitaxial growth, due to the lattice 
mismatch between the PNO/PAO superlattice and LASO 
substrate, two partial dislocations  were 𝒃1 = 𝒃2 = 𝑎/2[010]
formed to relieve the compressive strain by removing the B-site 
cations on the (010) plane. Since the dislocation energy is 
proportional to , the formation of two partial dislocations 𝑏2

instead of a perfect [010] misfit dislocation, i.e., 

 𝑎[010]→ 𝑎/2[010] + 𝑎/2[010]

(dissociation of perfect dislocation),
is energetically favorable and reduces the total dislocation 
energy by 50 %.25 However, if only the partial dislocations were 
present, each partial would hypothetically create an interface 
across which the A-site cations are in close vicinity (left panel in 

Fig. 4g). To avoid the formation of a high energy boundary, a 
stacking fault on the (001) plane was simultaneously created by 
removing the B-site cation (light green) and displacing the A-site 
cations (light blue) by . The half-unit-cell  𝑹𝑆𝐹 = 𝑎/2[101]
displacement along [100] and [001] directions could efficiently 
minimize the electrostatic repulsion between the A-site cations 
across the boundaries (middle panel in Fig. 4g). In the 
subsequent growth, the unit cells on the left and right were 
shifted towards the center, narrowing the gaps which were 
created by the partial dislocations. The linear combination of 
the partials and the stacking faults resulted in the formation of 
two RP faults, i.e., 

.𝑎/2[010] +𝑎/2[101]→ 𝑎/2[111]

It is worth noting that, initially, the RP fault planes coincided 
with the dislocations cores, and the separation between the 
two boundaries is only 1 unit cell. During subsequent epitaxial 
growth, another RP fault was introduced on the (001) plane (Fig. 
4e), shifting the boundary along [010] direction by 4 unit cells. 
On the other hand, in different regions of the specimen, the 
separation between two RP faults could remain 1 unit cell till 

Fig. 4 (a) Bright-atom AC-HRTEM image acquired at the origin of the RP faults. (b) In-plane strain map showing two misfit 𝜀𝑥𝑥 
discloation cores at the origin of the RP faults. (c) Magnified image from the boxed region in (a). (d)  Dark-atom contrast image 
recorded at the same position as in (c). (e) Atomic model derived from (d). (f) Atomic model of the origin of the RP faults.   𝒃1

and  denote the partial dislocations with the Burgers vector of .  represents the displacement vector of the 𝒃2 𝑎/2[010] 𝑹SF

(001) stacking fault, i.e., .  denotes the displacement vector RP fault, i.e., . (g) Formation mechanism of 𝑎/2[101] 𝑹RP 𝑎/2[111]
the RP faults via the creation of Shockley partials under compressive strain.
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the surface of the superlattice (Fig. S7, ESI†) or be as large as 10 
unit cells (Fig. S5, ESI†). The reason for different separation 
distances, however, remains elusive, which bears further 
scrutiny.

Lattice mismatch, strain, and Ruddlesden-Popper fault density
Since each RP fault contains one partial dislocation originating 
from the removal of one BO2 layer, the creation of RP faults 
facilitates the relaxation of the compressive stress.  Assuming 
that one RP fault pair could compensate the lattice mismatch 
over a certain number of unit cells , then the average spacing 𝑛
between each RP phase would be 

𝐿 = 𝑛𝑎′ep + 2∆ = 𝑛𝑎sub,#(1)

where𝑎′ep = 𝑎ep(1 + 𝑠).#(2)

 and  denotes the pristine lattice parameter of the 𝑎ep 𝑎sub

epitaxial layer and the substrate, respectively.  denotes the 𝑠
residual strain within the epilayer.  presents the amount of ∆
compensation provided by each RP fault, and the factor of 2 
takes into account that the RP faults are formed in pairs.25  For 
compressive strain, ,  and . 𝑎𝑒𝑝 >  𝑎𝑠𝑢𝑏 𝑠 < 0 ∆ < 0

The lattice mismatch can be expressed as 

𝑓 =
𝑎ep ― 𝑎sub

𝑎ep
 .#(3)

By combining Equation (1) to (3), the density of RP fault can be 
derived as a function of  and , 𝑓 𝑠

𝐷 =
2
𝐿 =

𝑓 + 𝑠
∆(𝑓 ― 1) .#(4)

As shown in Fig. 3d, the amount of compensation for each RP 
fault is , which is derived by the difference ∆ = ―1.53 Å
between AO-BO2-AO distance (3.76 ) and the AO-AO distance Å
(2.23 ). Equation 3 is not only valid for compressive strain but Å
also includes tensile strain scenario. However, a different 
compensation value  should be applied. In the case of ∆
antiphase domain type (AO-BO2-AO  AO-AO-BO2), the 
positive compensation originates from the difference between 
AO-AO and AO-BO2 distance, giving rise to a  of 0.35  In ∆ Å.
principle, the formation of RP faults might also be associated 
with edge-type dislocations, i.e., insertion of an additional AO 
layer (AO-BO2  AO-AO-BO2), resulting in a  of 2.23  ∆ Å.

Figure 5 illustrates the calculated RP fault density as a 
function of lattice mismatch  and strain  based on Equation 4. 𝑓 𝑠
Note that, by their definition, . And for compressive 𝑓 ∙ 𝑠 ≤ 0
strain, , because the lattice constant of the epitaxial 𝑓 + 𝑠 ≥ 0
layer can only be reduced to that of the substrate but not 
smaller ( , fully strained). Following the same reasoning, 𝑓 = ―𝑠

 under tensile strain. Consequently, only two octants 𝑓 + 𝑠 ≤ 0
are physically allowed (Fig. 5). Along the diagonal where  

,  the RP fault density  is zero because the epilayer is 𝑓 + 𝑠 = 0 𝐷
fully strained to the substrate, and no stress is released via the 
formation of RP faults. For a fixed strain value ,  increases 𝑠 𝐷
with  since more partial dislocations are required to fully 𝑓
compensate the increasing discrepancy between  and . 𝑎′ep 𝑎sub

Whereas, for a fixed , strain can be continuously relaxed via an 𝑓
increasing density of RP faults. By comparing Fig. 5a/5c with 5b, 
we see that the RP faults associated with partial dislocations 
could effectively compensate for the epitaxial strain, resulting 
in a lower fault density. Whereas due to the limited amount of 
compensation , the effectiveness of the antiphase domain ∆
type is significantly lower, which is evidenced by the increased 
RP fault density under the same mismatch and strain values. 
Interestingly, the insertion of additional AO layers under tensile 
strain (Fig. 5c) has not been reported so far, which warrants 
further investigations. 

Conclusions
In summary, the formation mechanism of RP faults in a 
compressive-strained PNO/PAO superlattice has been studied 
down to the atomic scale. We found that, due to the relatively 
large lattice mismatch between the superlattice and the 
substrate, misfit dislocations have formed during the epitaxial 
growth. Each perfect misfit dislocation immediately dissociated 
into two Shockley partials with a Burgers vector of . 𝑎/2[010]
The partials were bounded with a stacking fault. The 𝑎/2[101] 
dissociation together with the stacking fault gave rise to RP 
faults on the (010) planes. Unlike the previous understanding 
that the planar defects are energetically unfavorable under 
compressive stress, RP faults originating from partial 
dislocations could effectively compensate for the compressive 
strain exerted onto the epilayer. Our results present an 
alternative RP fault formation route and may pave the way for 
future studies on defect-property correlation and defect 

Fig. 5 Calculated RP fault density as a function of lattice mismatch  and strain . (a) RP faults originate from partial dislocations 𝑓 𝑠
(i.e., removal of BO2) under compressive strain. (b) RP faults as conventional antiphase domain boundaries. (c) RP faults are 
formed via partial dislocations (i.e., insertion of AO) under tensile strain.
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engineering in epitaxial oxide perovskites. Furthermore, with 
the recent advancements in the fabrication of high-quality 
halide perovskite epitaxial heterostructures,26,27 we envisage 
that the defect formation mechanisms found in oxide 
perovskites might be transferrable to their halide counterparts 
as well. Accompanied by the development of AC-HRTEM 
imaging of beam-sensitive halide perovskites down to the 
atomic scale,28  the potential of defect/strain engineering in 
halide perovskites may continue to unfold in the near future. 
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