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Recently, the bilayer nickelate La3Ni2O7 has been discovered as a new superconductor with 16 

transition temperature Tc near 80 K under high pressure1–3. Despite extensive theoretical and 17 

experimental work to understand the nature of its superconductivity4–29, the requirement of 18 

extreme pressure restricts the use of many experimental probes and limits its application 19 

potential. Here, we present signatures of superconductivity in La3Ni2O7 thin films at ambient 20 

pressure, facilitated by the application of epitaxial compressive strain. The onset Tc varies 21 

approximately from 26 K to 42 K, with higher Tc values correlating with smaller in-plane 22 

lattice constants. We observed the co-existence of other Ruddlesden-Popper phases within 23 

the films and dependence of transport behavior with ozone annealing, suggesting that the 24 

observed low zero resistance Tc of around 2 K can be attributed to stacking defects, grain 25 

boundaries, and oxygen stoichiometry. This finding initiates numerous opportunities to 26 

stabilize and study superconductivity in bilayer nickelates at ambient pressure, and to 27 
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facilitate the broad understanding of the ever-growing number of high temperature and 28 

unconventional superconductors in the transition metal oxides. 29 

Main 30 

Since the discovery of high transition temperature (Tc) superconductivity in cuprates30, the quest 31 

to discover layered oxides possessing electronic properties similar to those of cuprates has been of 32 

significant scientific interest31–33. In 2019, superconductivity was discovered in the infinite-layer 33 

nickelate via hole-doping the 3d9 (Ni+) configuration34, which shares related structural and d-34 

electron characteristics with cuprate superconductors. Surprisingly, the bilayer nickelate La3Ni2O7 35 

(LNO327), despite an electronic configuration of 3d7.5 (Ni2.5+), was shown in 2023 to be a 36 

superconductor with a Tc near 80 K under high pressure (>14 GPa)1–3. This discovery sparked 37 

enormous theoretical research into the mechanism of superconductivity in LNO327 (Ref. 4–16). 38 

In contrast to the rapid theoretical developments, the requirement of extreme pressure has limited 39 

many experimental techniques to study the superconducting phase of LNO327 (Ref.17–23). Therefore, 40 

there is a strong drive to stabilize superconductivity at lower, or ideally, ambient pressure. 41 

Recognizing the key impact of the structural transitions induced under high pressure in LNO327 42 

(Ref. 1,29), several routes have been proposed to stabilize superconductivity at ambient pressure 43 

through “chemical” pressure via cation substitution or applying compressive strain13–16. While 44 

stabilizing the A3Ni2O7 phase with cation substitution (such as A = Ba) is challenging24, the 45 

strategy of applying epitaxial strain on LNO327 thin films appears promising35–37, in analogy to Tc 46 

enhancements observed in cuprate thin films38,39. Here, we report evidence of superconductivity 47 

in LNO327 films at ambient pressure, achieved by applying compressive substrate strain.  48 

Superconductivity of LNO327 films 49 

We fabricated LNO327 films with varying strain states by depositing them on substrates having 50 

different in-plane lattice constants. The films were grown by pulsed laser deposition (PLD) (See 51 

methods for details) on (LaAlO3)0.3(Sr2TaAlO6)0.7(001) [LSAT(001)], LaAlO3(001) [LAO(001)], 52 

and SrLaAlO4(001) [SLAO(001)] substrates, and the films were capped with 1 unit cell of SrTiO3 53 

(STO). The in-plane lattice constants for LSAT(001), LAO(001), and SLAO(001) substrates are 54 

3.868 Å, 3.787 Å (pseudo-cubic), and 3.756 Å, respectively. Bulk LNO327 exhibits an 55 

orthorhombic Amam structure with a = 5.392 Å, b = 5.448 Å, and c = 20.5311 Å (Ref. 25), giving 56 
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a pseudo-tetragonal in-plane lattice constant [ap = (a2 + b2)1/2/2] of 3.833 Å. Figure 1a shows x-57 

ray diffraction (XRD) θ-2θ symmetric scans of the 5 nm-thick-films, showing the multiple (00l) 58 

diffraction peaks indexed to the LNO327 phase, along with substrates peaks. For LNO327 films 59 

grown on LSAT(001), LAO(001), and SLAO(001), the nominal in-plane misfit strain (εnominal) 60 

values are +0.9%, -1.2%, and -2.0%, respectively, assuming the LNO327 films are fully strained to 61 

the substrates. For convenience, we indicate compressive (tensile) strain with a minus (plus) sign.  62 

According to previous bulk LNO327 studies40,41, oxygen-deficient LNO327-δ (δ > 0.08) is insulating, 63 

while stoichiometric LNO327 is metallic. Note that all films in Fig. 1 were annealed in ozone prior 64 

to the transport measurements (see methods for details). The as-grown LNO327 films before the 65 

ozone annealing are insulating (Fig. 2a and Extended Data Fig. 1). Ozone annealed LNO327 films 66 

on LSAT(001) and LAO(001) exhibit metallic behavior at high temperatures, with a resistive 67 

upturn below approximately 40 K and no signs of superconductivity (Fig. 1b). While transport 68 

properties show dramatic effects of ozone annealing, XRD exhibited little difference (Extended 69 

Data Fig. 2). 70 

For the highest compressive strain, the ozone annealed LNO327 film on SLAO(001) (sample A1) 71 

exhibits a clear superconducting transition in the temperature-dependent resistivity ρ(T) with onset 72 

Tc (Tc, onset) at 42.4 K, and zero resistance below 2.2 K (Fig. 1b). Additional samples (A12-14) 73 

exhibited zero resistance. To confirm that the superconducting transition is reproducible, we 74 

synthesized a number of additional films on SLAO(001) substrates (Fig. 1c). We observed a 75 

superconducting downturn in ρ(T) in multiple samples, with Tc, onset varying from 26.2 K to 42.4 76 

K. To further confirm the presence of superconductivity, we performed two-coil mutual inductance 77 

measurements on a superconducting sample that reaches zero resistance (A12; Extended Data 78 

Fig. 3). A clear diamagnetic response was observed below zero resistance Tc, although the signal 79 

level is small due to the limited quality of the film. 80 

Role of ozone annealing 81 

To highlight the role of ozone annealing (See Methods and Extended Data Fig. 4), we show in 82 

Fig 2a that the film on SLAO(001) is insulating as grown, while after ozone annealing, the film is 83 

metallic above Tc, onset. We measured the time-evolution of ρ(T) after ozone annealing on sample 84 

A1 (Fig. 2b). Just after annealing, the film shows a superconducting transition. After 8 and 20 days 85 

(stored in a desiccator), the film exhibits higher resistivity, but still shows traces of 86 
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superconductivity near a similar Tc, onset to that of the film just after annealing. This indicates that 87 

the oxygen stoichiometry within the film is likely inhomogeneous, as reported in bulk LNO327 88 

(Ref. 22). After re-annealing the film with ozone, the superconducting transition and original 89 

resistivity were both recovered, illustrating the major role of reversible oxygen stoichiometry 90 

changes. 91 

To study the effect of ozone annealing on the valence state of Ni, the Ni L2-edge was investigated 92 

via x-ray absorption spectroscopy (XAS) before and after annealing for sample A1 using total 93 

electron-yield (TEY) detection (Fig. 2c). Given the nominal Ni valence of 2.5+ in LNO327, both 94 

XAS spectra for LNO327 can be interpreted qualitatively as a mixed valence state of Ni2+ and Ni3+. 95 

The XAS data before ozone treatment is consistent with a principal components fit of Ni²⁺: 55% 96 

and Ni³⁺: 45%. After ozone treatment, the best fit was Ni²⁺: 50% and Ni³⁺: 50%. This indicates that 97 

the Ni valence changed from ~2.45+ to ~2.5+ before and after ozone treatment, consistent with an 98 

increased oxidation state.  99 

Transport properties 100 

Figure 3a shows the temperature-dependent current-voltage measurements of sample A1. At 5 K, 101 

the current-voltage curves exhibit linear behavior and become increasingly nonlinear as the 102 

temperature decreases. The critical current density Jc at 150 mK is approximately 0.3 kA/cm2, 103 

comparable to the bulk reported LNO327 value of 0.85 kA/cm2 at 1.5 K and 16.6 GPa.33 Notably, 104 

zero resistance or non-zero Jc shown here requires adequate filtering of external radiation 105 

(Extended Data Fig. 5a, b). Additionally, a detailed examination of the ρ(T) curve reveals a two-106 

step superconducting transition, which is frequently seen in Josephson-coupled superconducting 107 

domains (Extended Data Fig. 5c). 108 

Next, we focus on the magnetic field response of superconductivity. Figure 3b-c display ρ(T) plots 109 

of sample A1 with magnetic fields up to 14 T applied perpendicular and parallel to the ab plane, 110 

respectively. We estimate the upper critical fields (𝐻𝑐,⊥ and 𝐻𝑐,||) based on Tc, 90% (defined as the 111 

90% of the resistance to the normal state near Tc, onset) to minimize the effect of inhomogeneity 112 

within the film. The extracted 𝐻𝑐,⊥ and 𝐻𝑐,||values are shown in Fig. 3d. We fit 𝐻c,⊥ and 𝐻c,||to the 113 

linearized Ginzburg-Landau form for a geometrically confined superconductor as 114 ACCELE
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where 𝜙0 is the flux quantum, 𝜉𝑎𝑏(0) is the zero-temperature Ginzburg-Landau coherence length, 117 

and 𝑑 is the superconducting thickness42. We obtained 𝜉𝑎𝑏(0) ≈ 1.8 nm, which is comparable to 118 

that of bulk LNO327 (Ref. 3). We found 𝑑 to be approximately 5.0 ± 0.1 nm, which reasonably 119 

matches the thickness of the film determined by scanning transmission electron microscopy 120 

(STEM) measurements. The temperature-dependent Hall coefficient RH (T) is shown in Extended 121 

Data Fig. 6, and is characterized by a sign change at 200 K from negative at high temperatures, to 122 

positive at low temperature. This is consistent with a multiband electronic structure involving both 123 

electron and hole Fermi surfaces, observed in band structure calculations and by angle-resolved 124 

photoemission spectroscopy17,21.  125 

The relatively low value of Jc of LNO327 compared to infinite-layer nickelates (Jc ≈ 170 kA/cm2, 126 

Ref. 34) or cuprates (Jc ≈ 1000 kA/cm2, Ref. 43), the sensitivity of the zero-resistance state, and the 127 

observation of two-step transitions suggest that our films are characterized by weak links between 128 

superconducting puddles or domains that are limited by crystalline quality, or that the 129 

superconductivity has an interfacial or filamentary origin26. The close match between the measured 130 

thickness of the film with the derived superconducting thickness d suggests the former scenario, 131 

at least in the vertical direction. 132 

Microscopic structure 133 

To better understand the nature of superconductivity in the LNO327 films, we investigated the 134 

microscopic structure of sample A1 by STEM. Figure 4a shows an annular dark field (ADF)-135 

STEM image along the [100] zone axis of the substrate. Occasional structural defects can be 136 

observed, leading to interruptions in the lateral connectivity of the LNO327 phase. Figure 4b-d 137 

display the enlarged ADF-STEM images of the regions indicated with solid white line boxes in 138 

Fig. 4a. The LNO327 film - substrate interface and LNO327 film - STO capping layer interface are 139 

indicated by white dashed lines. We marked the positions of La, Ni, Sr/La, and Al ions with colored 140 

circles. Region 1 (Fig. 4b) shows that the film consists of only the LNO327 phase, characterized by 141 ACCELE
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a bilayer nickelate structure (Lan+1NinO3n+1, n = 2), which is highlighted in blue color. In contrast, 142 

region 2 and 3 (Fig. 4c, d) exhibit extended structural defects, which are indicated by yellow 143 

dashed line boxes. Notably, alongside the LNO327 phase, there is also the presence of the La2NiO4 144 

(LNO214) phase (n = 1), which is marked in red. According to several recent bulk studies, LNO327 145 

can exhibit a complex stacking arrangement where single-layer (n = 1) and trilayer (n = 3) of NiO6 146 

octahedra alternate in a “1313” pattern44–46. However, we did not observe the specific “1313” phase 147 

across a number of STEM images taken in our LNO327 films. 148 

To obtain further insight into the relationship between structural inhomogeneity and 149 

superconductivity, we roughly estimated the volume ratio of Ruddlesden-Popper (RP) phases 150 

(Lan+1NinO3n+1 (n = 1, 2, 3, …, ∞ )) within the films by analyzing ADF-STEM images. We 151 

compared two samples, A1 and A4, both of which exhibit a superconducting downturn in ρ(T). 152 

Sample A1 shows zero resistance, while sample A4 does not and has a high residual resistivity at 153 

2 K (ρ(2 K) ≈ 0.2 mΩ·cm) (Fig. 1c). For sample A1, the film consists of LNO327 and LNO214, 154 

while sample A4 contains not only the LNO327 and LNO214 phases but also the La4Ni3O10 (LNO4310) 155 

(n = 3) phase (Extended Data Fig. 7). The presence of LNO4310 or LNO214 phases leads to a 156 

reduction in the LNO327 ratio, which correlates with a broadened superconducting transition and 157 

the failure to reach zero resistance. While superconductivity was recently observed in bulk 158 

LNO4310 under high pressure47, sample A1 does not appear to contain LNO4310 phase across several 159 

STEM images with a field of view of 10s of nm scale. Additionally, the lack of apparent LNO4310 160 

Bragg peaks in the XRD scan serves as further evidence supporting superconductivity in our case 161 

originating from the compressively strained bilayer nickelate. 162 

Correlation of structure and Tc, onset 163 

To understand if there is a correlation between the lattice constants and Tc, onset in LNO327 films, 164 

we extracted lattice constants from XRD results. In particular, the strain state of the film sample 165 

A1 was measured using synchrotron x-ray reciprocal space mapping (RSM) (Extended Data Fig. 166 

8). The extracted in-plane lattice constant of LNO327 film is 3.77 Å, and the strain state of the film 167 

corresponds to in-plane misfit strain ε = -1.6%. Extended Data Figures 8, 9 show XRD results of 168 

both representative superconducting and non-superconducting films. The in-plane and out-of-169 

plane lattice constants are obtained from the (1117) and (006) Bragg peaks of LNO327, respectively. 170 ACCELE
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We plotted the Tc, onset versus lattice constant with references of the bulk LNO327 and La2PrNi2O7 171 

under high pressure (Fig. 5a,b)1,27,28. The relationship between the in-plane lattice constant and Tc, 172 

onset is well-aligned between bulk samples under pressure and our thin films. The LNO327 films 173 

with smaller in-plane lattice constants have higher Tc, onset, and the LNO327 films with in-plane 174 

lattice constants larger than 3.79 Å did not exhibit a superconducting transition. This suggests that 175 

the short in-plane Ni-O bond length is crucial for achieving superconductivity in LNO327. On the 176 

other hand, there seems to be an anticorrelation between Tc, onset and the out-of-plane lattice 177 

constant. This is a natural outcome of the different strain response to hydrostatic pressure versus 178 

epitaxial strain. However, it does suggest that superconductivity is robust to a wider range of c- 179 

lattice constant than previously reported. 180 

Challenges and outlook 181 

Much like the bulk LNO327 system, it is apparent that a central focus of future thin film studies 182 

will be to understand and control stacking uniformity and defects. We have observed the onset of 183 

superconductivity with increasing epitaxial compressive strain. Furthermore, our experiments thus 184 

far indicate that LNO327 films with a higher apparent ratio of the LNO327 phase exhibits a higher 185 

Tc, onset with zero resistance. In the thermodynamic phase diagram of RP nickelates, there is a 186 

narrow LNO327 growth window between that of LNO214 and LNO4310. However, it is already clear 187 

from the aforementioned “1313” stacking that even bulk materials may be considerably more 188 

complex 44–46. Thin film synthesis has even further opportunities to exploit the kinetics of growth, 189 

in addition to considerations of thermodynamic stability – we suspect that there is a complex 190 

interplay between kinetic, thermodynamic, and strain factors. For example, the formation of 191 

LNO214 and LNO4310 phases can lead to faster strain relaxation in the film, since bulk LNO214 and 192 

LNO4310 have larger in-plane lattice constants than that of LNO327 (ap = 3.862 Å for LNO214 and 193 

ap = 3.847 Å for LNO4310)48. Ultimately, we anticipate that the understanding and optimization of 194 

these competing factors will enable greater crystalline control, analogous to the progress recently 195 

made for infinite-layer nickelates and bulk LNO327. This initial stabilization of ambient pressure 196 

superconductivity in LNO327 films should facilitate a wide range of scattering and spectroscopic 197 

studies of this new high-Tc superconductor, to address the underlying question as to why so many 198 

different d-electron configurations in layered nickel oxides are superconducting1,34,47,49. 199 

 200 
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  310 

Main Figure Legends 311 

Figure 1 | Structural and electrical characterization of LNO327 films on various substrates. a, 312 

XRD θ-2θ symmetric scans of ozone-annealed LNO327 films on LSAT(001) (blue), LAO(001) 313 

(green), and SLAO(001) (red) substrates. The film on SLAO(001) was measured via synchrotron 314 

x-ray. Diffraction peaks of LNO327 are indicated with (00l). Diffraction peaks of LSAT(001), 315 

LAO(001), and SLAO(001) substrates are indicated with *, #, and ♦, respectively.  b, Resistivity 316 

versus temperature ρ(T) plots of the ozone-annealed LNO327 films. Zero resistance is observed in 317 

several samples, A1 and A12-14. c, ρ(T) plots of a number of ozone-annealed LNO327 films grown 318 

on SLAO(001). 319 

Figure 2 | Role of ozone annealing. a, ρ(T) plots of LNO327 grown on SLAO(001) before and 320 

after ozone annealing. b, Time-dependent ρ(T) plots of LNO327 films after ozone annealing. The 321 

vertical dashed line indicates Tc, onset. c, Ni L2-edge XAS of LNO327 films before and after ozone 322 

annealing. The red (blue) solid line shows the result of Ni2+:55 % and Ni3+: 45% (Ni2+:50 % and 323 

Ni3+: 50%) combinations of the calculated reference spectra (purple and green dashed lines for 324 

Ni2+ and Ni3+, respectively). 325 

Figure 3 | Transport properties of LNO327 on SLAO(001). a, Electric field (E) versus current 326 

density (J) curves at various temperatures. The inset graph shows the temperature dependent 327 ACCELE
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critical current density Jc. b-c, ρ(T) under various magnetic fields applied perpendicular (b) and 328 

parallel (c) to the ab plane. d, Solid circles represent the upper critical fields (𝐻c,⊥
90% and 𝐻c,||

90%) 329 

extracted by the Tc, 90%. Solid lines are Ginzburg-Landau fits. 330 

Figure 4 | Microscopic structure of the LNO327 film. a, ADF-STEM image of LNO327 on 331 

SLAO(001) along the [100] zone axis of the substrate. b-d, Enlarged ADF-STEM images for 332 

regions 1, 2, and 3, respectively, which are indicated with solid white line boxes in Fig. 4a. 333 

Extended structural defects are indicated by yellow dashed lines. 334 

Figure 5 | Tc, onset versus lattice constants. a-b, Tc, onset versus in-plane and out-of-plane lattice 335 

constants, respectively. The bulk LNO327 and La2PrNi2O7 results under high pressure from 336 

Refs.1,27,28 are plotted for comparison. 337 

 338 

Methods 339 

Sample preparation 340 

Polycrystalline La3Ni2O7 (Extended Data Fig. 10a) and single crystalline SrTiO3 were used as 341 

targets during the deposition process. The polycrystalline La3Ni2O7 target was synthesized from 342 

La2O3 and NiO powder, sintered 4 times: 1000 °C for 12 hours, 1100 °C for 48 hours, 1100 °C for 343 

24 hours, and 1200 °C for 24 hours. The La3Ni2O7 and SrTiO3 films were deposited by pulsed 344 

laser deposition with a KrF excimer laser (wavelength of 248 nm). Guided by the growth phase 345 

diagram of bulk Lan+1NinO3n+1 (Extended Data Fig. 10b)50,51, we first obtained LNO214, LNO327 346 

and LNO113 by varying oxygen pressure and substrate temperature (Extended Data Fig. 10c, d). 347 

During the La3Ni2O7 and SrTiO3 film growth, the substrate temperature was maintained at 740 °C 348 

and 620 °C, respectively, under oxygen partial pressure P(O2) of 100 mTorr. The pulse laser 349 

repetition rate during the deposition was 5 Hz for La3Ni2O7, and 2 Hz for SrTiO3. The laser fluence 350 

was 0.3 J/cm2 with a spot size of 5.1 mm2. The SrLaAlO4(001) substrates (MTI Corporation) were 351 

sonicated in acetone and IPA for 1 minute each. The films were annealed in a Samco UV1 ozone 352 

cleaner at 300 °C for ~2 hours at ambient pressure. Pure oxygen gas was supplied at a flow rate of 353 

500 sccm, producing an ozone concentration of approximately ~0.4 wt% at room temperature. We 354 

note that the combination of low ozone concentration and suitable annealing temperature is critical, 355 ACCELE
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as pure oxygen annealing at 1 atm does not induce metallic behavior in the films, while a high 356 

ozone concentration destabilizes the the LNO327 phase (Extended Data Fig. 4). 357 

XRD measurements 358 

The synchrotron XRD experiments were performed at room temperature at the Stanford 359 

Synchrotron Radiation Lightsource (SSRL) Beamline 17-2 with the photon energy of 15.0 keV or 360 

8.3 keV. Laboratory XRD data were measured using a monochromated Cu Kα1 source 361 

(λ = 1.5406 Å). All XRD plots have been recalculated and plotted based on λ = 1.5406 Å. 362 

STEM measurements  363 

To prepare cross-sectional lamellas, we used a standard focused ion beam (FIB) lift-out procedure 364 

using a Thermo Fisher Helios G4 UX FIB.   We performed STEM imaging in ADF mode using a 365 

Cs-corrected Thermo Fisher Scientific (TFS) Spectra 300 X-CFEG 300 kV with a probe 366 

convergence semi-angle of 30 mrad.  Inner/outer collection angles in ADF geometry were 49/200. 367 

Transport and mutual inductance measurements  368 

25 nm thick Au electrodes were deposited using electron beam evaporation and then electrodes 369 

were bonded to sample holders with aluminum wires by an ultrasonic wire bonder. 370 

Magnetotransport measurements were performed using 4He and dilution fridge cryostats. Home-371 

made low-pass resistor–capacitor filters with cut-off frequency ~ 100 kHz were used. The same 372 

setup as in Ref. 52 was used to perform 2-coil mutual inductance measurements of the LNO327 373 

films. 374 

XAS measurements 375 

 XAS experiments were carried out at T = 13.5 K at Beamline 13-3 of the Stanford Synchrotron 376 

Radiation Lightsource (SSRL). The absorption spectra were acquired in total electron yield (TEY) 377 

mode. The incident x-rays were aligned parallel to the film's normal, with polarization set to E//a 378 

(or b). XAS spectra were interpreted qualitatively as a mixed valence state of Ni2+ and Ni3+ (Ref. 379 
23,53, and principal component analysis was performed to fit the contributions of Ni²⁺ and Ni³⁺ in 380 

samples before and after ozone annealing, respectively. 381 
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Extended Data Fig. 1 | ρ(T) plots of LNO327 grown on LSAT(001) (blue), LAO(001) (green), 465 

and SLAO(001) (red) before ozone annealing.  466 

Extended Data Fig. 2 | Structural characterization of the LNO327 films before and after ozone 467 

annealing. a-c, XRD θ-2θ symmetric scans of LNO327 films on LSAT(001) (a), LAO(001) (b), 468 

and SLAO(001) (c) substrates before (red) and after (blue) ozone annealing. The scans of film on 469 

SLAO(001) were measured with synchrotron x-ray. Diffraction peaks of LNO327 are indicated with 470 

(00l). Diffraction peaks of LSAT(001), LAO(001), and SLAO(001) substrates are indicated with 471 

*, #, and ♦, respectively.   472 

Extended Data Fig. 3 | Diamagnetic response of a superconducting LNO327 film (sample A12). 473 

a, The raw resistance as a function of temperature at zero field (red) and 2 T (purple). Inset shows 474 

the resistance evolution across a wider temperature range. b, c, The real (Re(Vp)) and imaginary 475 

(Im(Vp)) components of the voltage in the pickup coil, measured as a function of temperature using 476 

two-coil mutual inductance. The drive coil current was set to 0.05 mA. d, e, Re(Vp) and Im(Vp) as 477 

a function of temperature with different drive currents. Increasing drive current diminishes the 478 

screening response. f, g, Re(Vp) and Im(Vp) as a function of temperature under different magnetic 479 

fields. As the magnetic field increases, the onset of diamagnetic responses shifts to lower 480 

temperatures. 481 

Extended Data Fig. 4 | Effect of oxygen and high concentration ozone annealing. a, Transport 482 

properties of a sample first annealed in O2 and then annealed in nominally 0.4 wt% O3.  b, 483 

Transport properties of a sample first annealed in nominally 0.4 wt% O3 and then annealed in O2.  484 

c, XRD scans of the as-grown film and the film after ozone annealing at higher ozone concentration 485 

(15 wt%). The LNO327 phase disappears, and the LNO113 phase emerges. 486 

Extended Data Fig. 5 | Fragility of the superconducting state in LNO327 film (sample A1). a, 487 

Resistance versus temperature R(T) plots with and without filtering. b, Current-voltage curves at 488 

T = 0.14 K with and without filtering. These measurements used different electrode configurations 489 

compared to the those used in the main figures. c, A two-step transition in R(T) plot. Such two-490 

step transitions are commonly observed in Josephson-coupled superconducting regions54–57. Here 491 

the definition of Tc, onset follows the main text. Tc, 0 is zero resistance Tc. TF is defined as the 492 

characteristic temperature of phase fluctuating regions as defined in Ref. 56.  493 ACCELE
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Extended Data Fig. 6 | Hall coefficient (RH) as a function of temperature for LNO327 film 494 

(sample A1). a, Hall resistance (Rxy) versus magnetic field applied perpendicular to the ab plane. 495 

b, Temperature dependent RH. The vertical dashed line indicates Tc, onset. 496 

Extended Data Fig. 7 | The estimated volume ratio of RP phases in LNO327 films. a, ρ(T)/ρ(200 497 

K) plots of samples A1 and A4. b, Estimated fraction of LNO4310, LNO327, LNO214 in sample A1 498 

and A4, analyzed from STEM images. This estimate does not consider projection effects of the 499 

finite cross-section, the immediate interface region between the film and substrate (i.e. up to the 500 

first LaO layer), and extended structural defects which cannot be projected to an RP phase. The 501 

estimates are based on multiple images of 10s of nm field of view. c, Representative ADF-STEM 502 

images of sample A4. 503 

Extended Data Fig. 8 | Transport and structural properties for films with superconducting 504 

downturns (samples A1, A6) and without the downturns (sample B1, B2) in ρ(T). a, b, ρ(T) 505 

and ρ(T)/ρ(200 K)  plots for samples A1, A6, B1, and B2. For samples A1, A6, and B1, films were 506 

grown on SLAO(001), and for sample B2, the film was grown on LSAT(001).  c-e, Synchrotron 507 

x-ray RSM of the films on SLAO(001) (samples A1 (c), A6 (d), and B1 (e)). The (1117) Bragg 508 

peaks of LNO327 are measured along with the (1011) Bragg peaks of SLAO(001). f, RSM of a 509 

LNO327 film on LSAT(001). The (1117) Bragg peak of LNO327 is measured along with the (103) 510 

Bragg peak of LSAT(001). The dashed circles indicate the Bragg peaks of LNO327 films. 511 

Extended Data Fig. 9 | Structural and electrical properties of ozone-annealed LNO327 films 512 

on SLAO(001). a,b, XRD θ-2θ symmetric scans for superconducting samples (A1-A12) (a), and 513 

non-superconducting samples (B1, B3-B6) (b) near the (006) diffraction peak of LNO327; the (004) 514 

diffraction peak of the SLAO(001) substrate is denoted by ♦. The scans for samples A1, A5, and 515 

A6 are measured with synchrotron x-rays. c, ρ(T) plots for the non-superconducting samples. 516 

Extended Data Fig. 10 | Growth phase diagram of Lan+1NinO3n+1. a, XRD θ-2θ symmetric scan 517 

for polycrystalline LNO327 target with a reference powder diffraction file (PDF 00-050-0244)58. 518 

The density of the LNO327 target is approximately 60% single crystal density. b, Phase diagram of 519 

Lan+1NinO3n+1 replotted from Ref. 50.  c, Phase diagram obtained by our experiments.  d, XRD of 520 

as-grown Lan+1NinO3n+1 thin films under various conditions. 521 ACCELE
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