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ABSTRACT: Ruddlesden−Popper (RP) phases (An+1BnO3n+1, n = 1, 2,···) have
attracted intensive research with diverse functionalities for device applications.
However, the realization of a high-quality RP-phase film is hindered by the
formation of out-of-phase boundaries (OPBs) that occur at terrace edges,
originating from lattice mismatch in the c-axis direction with the A′B′O3 (n = ∞)
substrate. Here, using strontium ruthenate RP-phase Sr2RuO4 (n = 1) as a model
system, an experimental approach for suppressing OPBs was developed. By tuning
the growth parameters, the Sr3Ru2O7 (n = 2) phase was formed in a controlled
manner near the film−substrate interface. This higher-order RP-phase then
blocked the subsequent formation of OPBs, resulting in nearly defect-free
Sr2RuO4 layer at the upper region of the film. Consequently, the Sr2RuO4 thin
films exhibited superconductivity up to 1.15 K, which is the highest among Sr2RuO4 films grown by pulsed laser deposition. This
work paves the way for synthesizing pristine RP-phase heterostructures and exploring their unique physical properties.

KEYWORDS: Ruddlesden−Popper phase, out-of-phase boundary, Sr2RuO4 thin films, unconventional superconductivity,
pulsed laser deposition

The layered Ruddlesden−Popper (RP) phase
(An+1BnO3n+1, n = 1, 2,···) is a homologous series of

perovskite structures,1 consisting of n layers of ABO3
perovskite and an AO rock-salt monolayer stacked in an
alternating order along the c-axis direction. Compared to
conventional ABO3 (n = ∞) perovskite oxides, the RP-phase
offers an additional degree of freedom to tune dimensionality
and thus stimulate a variety of intriguing physical phenomena
and superior functionalities. Examples include the spin−
orbital-coupled Jeff = 1/2 Mott state,2 hybrid improper
ferroelectricity,3 anisotropic colossal magnetoresistance,4 and
significantly suppressed dielectric loss.5 These emergent
phenomena and functionalities are expected to provide a
basis for novel oxide-based electronic and spintronic device
applications.6

In comparison to simple ABO3 perovskites, synthesizing the
pure RP-phase in single-crystal form is more challenging. RP-
phases with the same elements and unequal n usually have a
similar thermodynamic energy landscape; during the growth of
RP-phase crystals, homologous RP structures can easily lead to
intergrowth.7,8 These obstacles can be overcome by epitaxially
growing the RP-phase thin films on A′B′O3 perovskite
substrates. Structural constraints from the substrate and
precisely monitored growth conditions can effectively suppress
secondary phases and stacking faults, thus facilitating a single-
crystalline RP structure.8−10 However, the difference in lattice

structure between the RP-phase film and ABO3 perovskite
substrate inevitably induces another spatially extended
structural defect, so-called out-of-phase boundaries (OPBs).11

OPBs are translational boundaries between adjacent crystal
regions that are misaligned by a fraction of a unit-cell
parameter.8 As depicted schematically in Figure 1a, when
A2BO4 (n = 1 RP-phase) thin films are grown on A′B′O3 (001)
substrates, the one-unit-cell-high terrace edge of the substrate
causes a fractional translation of the A2BO4 lattice along the c-
axis. This lattice translation cannot be accommodated in the
A2BO4 film because its c-lattice constant (12−13 Å) and half of
the lattice parameter (6−6.5 Å) are distinct from that of the
A′B′O3 substrate (∼4 Å). Consequently, an array of
dislocations nucleates at the terrace edge and propagates
through the entire RP-phase film, forming the OPB. Given that
a terrace structure is inevitable in atomically flat perovskite
substrate surfaces due to the vicinal cut of the substrate, the
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formation of OPBs is widely observed in RP-phase epitaxial
thin film growth.8

As an unavoidable modulation of the film structure, the OPB
has a significant impact on the physical properties of RP-phase
epitaxial films.12−18 The most representative example is
superconductivity in Sr2RuO4 (SRO214) thin films. The
superconducting critical temperature (Tc) of a bulk SRO214
single crystal is around 1.5 K.19,20 Despite the relatively low Tc,
SRO214 has been studied intensively and might be a
topological superconductor with potential application in
quantum computing.20−22 Recently, the debate over the nature
of the superconducting symmetry of SRO214 has intensi-
fied,23,24 and new experimental approaches are required to
clarify the underlying physics of this material.25−28 High-
quality SRO214 thin films with robust superconductivity could
lead to the development of Josephson junctions or spin-valve
devices with a well-controlled geometry, which is important for
detailed studies of the superconducting state.29,30 However,
superconducting SRO214 thin film growth is challenging
owing to the unconventional nature of the pairing symmetry
and the long in-plane superconducting coherence length (ξab ∼
66 nm).31,32 In particular, structural defects are considered to
be detrimental to the superconductivity of SRO214.33 SRO214
thin films are usually grown on perovskite-structured NdGaO3
or (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) substrates in which
high-density OPBs or mosaic tilts easily form.34−36 The
presence of such planar defects easily destroys the super-
conductivity,12,13,34,36 and so, achieving reproducible super-
conductivity in SRO214 thin films remains challenging.34−37

Here, using SRO214 thin films as a model system we
designed an experimental approach to suppress OPBs in RP-
phase films by pulsed laser deposition (PLD). We intentionally
induced a higher-order RP-phase (e.g., the A3B2O7 phase) near
the interface between the A2BO4 films and A′B′O3 substrate, as
depicted schematically in Figure 1b. These higher-order RP
stacking faults compensate for the unfavorable lattice trans-
lation near the terrace edge, thus suppressing the formation of
OPBs. Using this method, we obtained single-crystalline and
nearly defect-free SRO214 layers at the upper region of the
film. Consequently, the SRO214 thin films exhibited robust
superconductivity with a sharp resistive transition (ΔTc ∼ 0.1
K). We observed an optimized onset Tc of up to 1.15 K, which

is the highest value reported among homogeneous SRO214
thin films grown by PLD. Our work provides an approach to
overcoming the formation of OPBs in RP-phase films, thus
facilitating exploitation of the intriguing properties of the RP-
phase oxides and development of RP-phase-based functional
devices.
Epitaxial SRO214 thin films were grown on (001)-oriented

LSAT substrates by PLD. We investigated how the substrate
temperature (Tsub) affected the thermodynamic equilibrium of
the strontium ruthenate RP-phase (Figure S1 in the
Supporting Information), when other growth parameters
(oxygen partial pressure, laser fluence, and laser repetition
rate) were kept constant (see Methods in the Supporting
Information). At Tsub = 840 and 860 °C, the film structure
exhibited mixed SRO214 and Sr3Ru2O7 (SRO327) phases,
while Tsub = 880 and 900 °C gave SRO214 single phase with
epitaxial structure. On the basis of the phase modulation of
strontium ruthenate films according to the change in Tsub, we
employed two sets of growth parameters at different Tsub values
for deposition. For Condition A, we maintained Tsub = 880 °C
over the entire deposition period (Figure 2a, left panel). For
Condition B, we gradually increased Tsub from 840 to 880 °C
during deposition (Figure 2a, right panel).
Growth Conditions A and B produced distinct structural

characteristics in the SRO214 thin films. Figure 2b,c shows X-
ray diffraction (XRD) ω-2θ scans of the two SRO214 thin
films grown under Conditions A and B (denoted as Samples

Figure 1. Schematic illustrations of Ruddlesden−Popper (RP) oxide
films grown on A′B′O3 (001) perovskite substrates. (a) Single-phase
A2BO4. At the substrate terrace edges, the lattice translation along the
c-axis can induce an array of dislocations along the A2BO4 [101]
direction, named out-of-phase boundaries (OPBs). (b) A2BO4 thin
film with mixed A3B2O7 phase. The A3B2O7 intergrowth at the film−
substrate interface can compensate for the lattice translation at the
terrace edges and thus suppress OPB formation.

Figure 2. Structural characterizations of SRO214 thin films grown
under two conditions. (a) Tsub for growth Conditions A and B. For
growth Condition A, we maintained Tsub at 880 °C for the entire
growth period. For growth Condition B, we gradually increased Tsub
from 840 to 880 °C. (b) X-ray diffraction ω-2θ scans for SRO214
films grown under Conditions A and B (denoted as Samples A1 and
B1, respectively). Diffractions from SRO214 are labeled as (00l) and
diffractions from the (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) substrate are
indicated by asterisks. (c) ω-2θ scans of SRO214 (006) diffraction.
The SRO214 (006) peak from Sample A1 shows clear Kiessig fringes,
whereas the peak from Sample B1 becomes asymmetric. (d) Rocking
curves of SRO214 (006) diffraction for Samples A1 and B1. The full
width at half-maximum values are provided.
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Figure 3. Microscopic structure and electrical transport of Sample A1. (a) Large-scale annular bright field-scanning transmission electron
microscopy (ABF-STEM) image of Sample A1. The OPBs are indicated by white arrows. (b) An enlarged high-angle annular dark-field STEM
(HAADF-STEM) image near a representative OPB. The film−substrate interface is indicated by the dashed line. As indicated by the white arrow,
the OPB formed near the terrace edge. The zone axes for all images are [100]. (c) In-plane strain (εxx) map, derived from (b) by geometrical phase
analysis (GPA). The layered structure of the SRO214 thin film is disconnected at the OPB. (d) Temperature-dependent in-plane resistivity
[ρab(T)] curves for Sample set A. The residual resistivity ratio (RRR) values of these samples are provided.

Figure 4. Microscopic structure of Sample B1. (a) Large scale ABF-STEM image of Sample B1. The image does not show any signs of OPBs.
However, numerous darker and cloudlike areas of contrast appear near the film−substrate interface. (b) An enlarged HAADF-STEM image of Area
1 (indicated by the solid box in (a)). (c) Atomically resolved ABF-STEM image of Area 2 (indicated by the solid boxes in (a,b)). The ABF-STEM
images in (b,c) indicate that the upper region of Sample B1 is composed of a nearly defect-free SRO214 layer. (d) Atomically resolved ABF-STEM
image measured from Area 3 (indicated by the solid box in (a)). The film−substrate interface is indicated by the dashed line. A half-unit cell of
SRO327 phase accommodates the step-height of the substrate (indicated by a red box). The zone axes for all images are [100]. (e) εxx map of Area
3 converted by GPA. (f) Schematic thermodynamic phase diagram for SRO214 growth (adapted from ref 37, licensed under a Creative Commons
Attribution (CC BY) license). The lower Tsub facilitates the formation of mixed SRO214 and SRO327 phases. Therefore, the linearly increasing
Tsub during film growth results in SRO327 intergrowth near the interface and pure SRO214 phase at the upper region of the films.
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A1 and B1, respectively). For Sample A1, the wide-range ω-2θ
scan (Figure 2b) shows multiple diffraction peaks perfectly
indexed to the pure SRO214 phase with the (006) diffraction
peak showing well-defined Kiessig fringes (Figure 2c). These
results, combined with the reciprocal space mapping (RSM)
and the surface topography analysis (Figure S2a,b in the
Supporting Information, respectively), confirm a high-quality
epitaxial and pseudomorphic structure of Sample A1. In
contrast, the ω-2θ scan for Sample B1 (Figure 2b) shows
broad diffraction peaks compared to Sample A1. The (006)
diffraction peak (Figure 2c), RSM and surface topography
(Figure S2c,d in the Supporting Information, respectively)
exhibited an asymmetric double-peak feature, implying a
structural gradient along the c-axis direction, and degraded
film structure. Figure 2d shows the rocking curves of the
SRO214 (006) diffractions for Samples A1 and B1. Sample A1
exhibited a sharp and narrow rocking curve indicating good
crystallinity having a full width at half-maximum (fwhm) value
of 0.013°, which is comparable to the LSAT substrate (0.010°,
Figure S2e in the Supporting Information). Sample B1 also
exhibited a sharp rocking curve (fwhm ∼0.014°), but it was
buried in a broad shoulder. This shoulder had a 10-fold larger
fwhm value (∼0.144°) than that of Sample A1. We suggest
that the broadening observed in the rocking curve of Sample
B1 may be attributable to dislocations or mosaicity that disturb
the epitaxial structure of Sample B1.
The microscopic structure of the SRO214 films was

investigated by scanning transmission electron microscopy
(STEM). We first analyzed the annular bright-field (ABF)-
STEM image of Sample A1. As shown in Figure 3a, although
the XRD measurements indicated a high-quality epitaxial
structure, the ABF-STEM image revealed high-density OPBs
(marked by white arrows).12,13,34,36 Figure 3b shows an
atomic-resolved high-angle annular dark field (HAADF)-
STEM image from Figure 3a near the film−substrate interface
(indicated by a dashed line). At the terrace edge of the LSAT
substrate (indicated by a white arrow), the SRO214 film
exhibited a lattice translation by the height of a single ABO3
unit-cell (∼4 Å) along the c-axis direction.36 As a result, an
OPB emerged at the terrace edges of the substrate and
extended to the film surface. The OPB was inclined by 73°
from the (001) plane, corresponding to the SRO214 [101]
direction.12 Figure 3c shows an in-plane strain mapping [εxx,
converted by geometrical phase analysis (GPA);38 see
Methods in the Supporting Information]. Note that the
value of εxx in the OPB region was higher than 5%. This huge
local lattice defect breaks the continuity of the layered
structure of SRO214, resulting in suppression of the coherence
of Cooper pairs. Considering that the typical distance between
OPBs is comparable to the ξab (∼66 nm) of SRO214, the
superconductivity of Sample A1 should be affected by the
presence of OPBs.12,13,34,36

To understand how OPBs affect superconductivity in
SRO214 thin films, we measured the temperature-dependence
of the in-plane resistivity [ρab(T)] for three SRO214 thin films
grown under Condition A (denoted as Samples A1−A3). As
shown in Figure 3d, Samples A1−A3 exhibited low residual
resistivities at 2 K [ρab(2 K)] of 3.0, 4.6, and 4.9 μΩ·cm,
respectively, with high residual resistivity ratios [RRR =
ρab(300 K)/ρab(2 K)] of 46, 31, and 26. The thicknesses of
Samples A1−A3 were 58.0, 54.0, and 94.9 nm, respectively.
Note that the ρab of Sample set A was proportional to T2,
which is indicative of SRO214.39,40 Nevertheless, we only

observed a plateau or slight drop in ρab down to 0.4 K (inset),
indicating the absence of superconductivity or possibly
incipient superconductivity, at best. Given that Sample set A
exhibited no evidence of Ru deficiency according to Raman
spectroscopy measurements (Figure S3 in the Supporting
Information),41 we suggest that the high-density of OPBs is
responsible for the absence of superconductivity in Sample set
A.
In contrast to the high-density OPBs in Sample set A,

Sample B1 exhibited distinct structural defects. The ABF-
STEM image of Sample B1 did not show OPB-like contrast or
mosaic tilt (Figure 4a). Instead, the image exhibited a nearly
defect-free region at the upper region of the film. The enlarged
HAADF- and ABF-STEM images (Figure 4b,c, respectively)
confirm that the region labeled as Areas 1 and 2 was nearly a
perfect single-crystalline SRO214 layer. This high-quality
SRO214 region spanned over 500 nm, which is 1 order of
magnitude larger than ξab. In addition, Figure 4a shows
numerous dark-patches near the interface region. These
patches were shown to be the SRO327 phase on atomic-
resolution ABF-STEM images (Figure S4 in the Supporting
Information). Figure 4d shows the atomic-resolution ABF-
STEM image of Area 3, at the film−substrate interface of
Sample B1. A half-unit cell of SRO327 phase formed at the
down step region of the terrace edge (indicated by the red
box), while the SRO214 phase was grown on the upper step
region. The SRO327 phase accommodated the step-height of
the LSAT substrate (∼4 Å). Above the SRO327 phase, smooth
boundaries were formed and defect-free SRO214 layers could
be grown through the whole region, as depicted schematically
in Figure 1b. Figure 4e shows an εxx map of Area 3, converted
by GPA. At the terrace edge, tensile strain (red-colored) was
observed, similar to the Sample A1 (Figure 3c). However, the
huge tensile strain propagation did not occur in Sample B1 due
to the accommodation of the step-height by the SRO327
phase. Hence, the accumulated SRO327 phase at the film−
substrate interface plays a crucial role in the suppression of
OPB formation. The SRO327 intergrowth observed in the
STEM images was consistent with the XRD results shown in
Figure 2. The disarranged stacking sequence derived from
SRO327 intergrowth created a structural gradient in Sample
set B, inducing asymmetric and double-peak features of (006)
diffraction in the ω-2θ scan and a diffusive background in the
rocking curve. The defect-free SRO214 layers contributed to
the sharp peak in the rocking curve.
We now consider the origin of SRO327 intergrowth in

Condition B. The thermodynamic phase diagram of the
strontium ruthenate RP-phase is plotted schematically in
Figure 4f. For Condition B, we initiated the deposition at a
relatively low Tsub of 840 °C, which may have facilitated the
formation of a mixed SRO214 and SRO327 phase. As Tsub
increased, the pure SRO214 phase became more energetically
favorable (Figure S1 in the Supporting Information). Hence,
the gradual increase in Tsub during deposition could promote
the formation of a pure SRO214 phase at the upper region of
the film. The self-organized SRO327 phases interrupted the
periodic arrangement of layered structure, breaking the
continuous propagation of OPBs and allowing to the growth
of defect-free SRO214 layers above the intergrowth layer.
The defect-free SRO214 layers led to robust super-

conductivity. Figure 5a shows ρab(T) curves of Sample set B
(denoted as Samples B1−B7). As shown in Figure 5a,b,
Sample set B exhibited ρab(2 K) from 2.3 to 6.7 μΩ·cm with
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RRR values from 21 to 60. The thickness varied from 87.2 to
140.6 nm. In the low-T range, all of Sample set B showed
superconducting transitions (Figure 5b). The highest onset Tc
was 1.30 K (Sample B7), which is the highest value reported
among the superconducting SRO214 thin films. Despite the
notable Tc, the broad superconducting transition indicated
percolative superconductivity of Sample B7. To explore the
superconductivity of Sample set B further, we systematically
characterized the superconductivity of Sample B1. At zero
magnetic field, Sample B1 exhibited superconductivity up to
1.15 K, which represents the highest onset Tc among reported
homogeneous PLD-grown thin films,34,35 comparable to
molecular beam epitaxy-grown thin films.36 Moreover, the
superconducting transition width was within ΔTc ∼ 0.1 K,
which is the sharpest transition reported among epitaxial
SRO214 thin films and is close to the value for the high-quality
single crystals.42 These findings indicate homogeneous super-
conductivity throughout the SRO214 thin films. Figure 5c
shows the ρab(T) curves of Sample B1 under various external
magnetic fields (H) in the c-axis direction. The super-
conducting transition of Sample B1 shifted gradually with
increasing H. Figure 5d shows the ρab(H) curves of Sample B1
at T = 0.45 K. The upper critical fields (Hc2) are 0.15 and 0.80
T for H applied in the c- and a-axis directions, respectively.
Note that these Hc2 values are different from the bulk values of
0.08 and 1.50 T along the c- and a-axis directions,
respectively.31 Such substantial changes in Hc2 can be
explained by the dimensional crossover in the thin films
which can induce d-vector flipping parallel to the in-plane
direction,43 or a small field misalignment during the measure-
ment of in-plane Hc2 could be attributed.
We now discuss the variation in the Tc within Sample set B

(from 0.50 to 1.30 K; Figure 5b). The thickness of the defect-

free SRO214 layers (t214) was positively correlated with
superconductivity (Figure S5 in the Supporting Information).
This tendency can be understood as thickness-dependent
superconductivity, which is generally observed in super-
conducting thin films.44,45 As the film becomes thinner, the
reduced dimension and increased disorder usually degrade the
superconductivity. We speculate that the t214 varies from
sample to sample, resulting in the observed variations in
electrical transport and superconductivity. During the deposi-
tion of Sample set B, the microstructure may not be precisely
controlled by Tsub engineering due to the similarities in Gibbs
formation energies between SRO214 and SRO327 phases.7 In
addition, the high kinetic energy scale of PLD (∼100 eV)
provides a dynamic environment in which the intergrowth can
be randomly formed during deposition. Despite the difficulties
in control, the presence of the SRO327 phase ensures the Ru-
rich environment as well as suppression of OPBs, which are
both essential for superconductivity in SRO214 thin films.
Note that the SRO327 intergrowth at the film−substrate
interface was also reported previously for superconducting
SRO214 thin films.35,37 Therefore, we suggest that SRO327
intergrowth engineering could be effective for achieving
superconductivity in SRO214 films, and our thermodynamic
method could promote the comprehensive realization of
superconducting SRO214 films. Identifying experimental
approaches for improved control over SRO327 intergrowth
should be a target for future investigations.
In conclusion, we have successfully grown superconducting

SRO214 films by inducing SRO327 intergrowth near the film−
substrate interface. The intergrowth was controlled by Tsub
during growth and interface−intergrowth formation blocks
lattice translation at the terrace edges of the substrate, thus
suppressing OPB formation. The nearly defect-free SRO214
layers were formed above the intergrowth layers and facilitated
homogeneous superconductivity with a transition temperature
of 1.15 K and a sharp superconducting transition width of 0.1
K. A synthesis approach to inhibit OPB formation is key for
the development of versatile RP-phase-based oxide hetero-
structures and creates opportunities for the development of
novel functional devices.
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