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Abstract 
Rare-earth infinite-layer nickelates represent an emerging class of unconventional 
superconductors, with materials synthesis largely limited to early lanthanide compounds. Here, 
we report the synthesis and characterization of phase-pure superconducting samarium-based 
infinite-layer nickelate thin films, including the first demonstration of Sm1-xSrxNiO2, along with 
co-doped variants incorporating europium and calcium. These films, grown on LSAT (001) 
substrates, exhibit coherent lattice structures up to ~ 9 nm thickness with minimal stacking 
faults. The co-doped compounds achieve a record-small c-axis parameter of 3.26 Å and display 
remarkable superconducting transition temperatures up to 32.5 K. These results establish a 
clear correlation between decreasing c-axis parameter and increasing critical temperature 
across different rare-earth systems. In addition, angle-dependent magnetoresistance 
investigations reveal the existence of a hybrid mixture of 2D and 3D superconductivity in this 
novel system with enhanced coupling between the rare-earth 5d and Ni 3d orbitals, confirmed 
by resonant inelastic X-ray scattering experiments. As the concentration of Eu increases, the 
system exhibits a clear tendency towards 3D superconductivity. Furthermore, we observe 
distinctive negative magnetoresistance even in the superconducting state in the europium-
containing samples. These findings advocate clear materials design principles for higher 
transition temperatures and exotic physics in infinite-layer nickelate superconductors through 
structural engineering of the rare-earth site. 
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Introduction 
Superconducting infinite-layer (IL) nickelates, since discovered1 stand as a subject of 
continuous research interest2,3, featured by their potential of being an analogous model system 
to high-Tc cuprates4 as well as by the essential reductive materials synthesis pathways to the 
unconventional Ni valence state5. Their electronic structure displays a few salient features as 
compared to cuprates, including the unusual role of the rare-earth orbitals6–8 and the belated 
multi-band nature9–11 with the presence of a ‘self-doping’ effect8,12 and clear electron pockets 
at the Fermi surface9,10. This raises an interesting question regarding the role of the detailed 
configuration of the f electrons of the rare-earth cations and their affiliated local moment13,14, 
and the possible interaction with the itinerant charges of 3d character15, a hall mark of heavy-
fermion physics. However, due to the significant growth challenges16, materials synthesis 
efforts have largely been limited to the La-17–19, Pr-20,21 and Nd-series22–26: many of the 
anticipated ‘Kondo-like’ physics12,27,28 remain to be seen. Besides, given the discrepancies 
reported on the (an-)isotropic nature of different rare-earth IL nickelate systems15, designing 
and preparing additional IL nickelates with tuneable interplanar spacings and detailed 
electronic configurations, and to investigate the dimensionality of their superconducting 
ground state are highly demanded. 
 
Another motivation for extending the materials paradigm to late-lanthanide IL nickelates is to 
drive higher Tc. Indeed, a widely employed strategy for tuning Tc is to exert chemical pressure 
by utilising elements of smaller cationic radius29,30. Such evolution of the structural tolerance 
parameter, enabled by the rare-earth sublattices, directly modulates the long-range chemical 
bonding configurations embedded in the lattice distortion, resulting in direct control of the 
electronic bandwidth and correlation strength31–34. This has produced various competing and 
often intertwined emerging orders of both commensurate and incommensurate nature, which 
drastically correlate to local charge and/or spin instabilities, as well as superconductivity4,35. In 
this regard, example systems with properties largely underpinned by such rare-earth 
dependence span across from famous cuprates4 and pnictides36, to intermetallic compounds37, 
to the Ruddlesden-Popper (RP) nickelate of various nickel valence38–40, the latter of which has 
been the focus of recent investigations41,42. 
 
For superconducting IL nickelates, hydrostatic high-pressure experiments indicate that a 
shrinking lattice parameter may contribute to a higher Tc21. Furthermore, early work on Nd- 
and Pr-based IL nickelates on substrates of smaller lattice constants, such as 
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) and NdGaO3 (NGO) corroboratively suggest an 
enhancement of Tc (for instance, for Nd0.8Sr0.2NiO2, the onset Tc is ~ 15 K on the SrTiO3 (001) 
substrate22,23, ~ 19.3 K on the LSAT (001) substrate24, and ~ 25.7 K on the NdGaO3 (110) 
substrate25), in which the epitaxial strain may be instrumental43, similar to that in the doped 
cuprate thin films44. All these aspects highlight the intricate yet useful role of the smaller lattice 
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spacing in IL nickelates for higher Tc, which warrants further investigations, particularly 
through introducing smaller rare-earth ions. In addition, discrepancies in magneto-transport 
behaviours, dimensionality, and the pertained magnetic footprints across La-, Pr-, and Nd-
series IL nickelates, which stem from the variations in the spin configuration of the A-site 
ions19–26,45, call for the quest for new members of the IL nickelate family. 
 
With this notion and motivated by the recent observation of a Tc above 35 K in infinite-layer 
Sm1-x-y-zCaxSryEuzNiO2 nickelates on NdGaO3 (110) substrates46, we have synthesised phase-
pure Sm-based IL nickelate thin films on LSAT (001) substrates and carefully studied their 
superconducting transport properties and electronic structure. The highest Tc of 32.5 K has been 
observed. Atomically-resolved scanning transmission electron microscopy (STEM) images 
reveal the high quality of our films of up to ~ 9 nm with minimal stacking faults. In addition, 
driven by the fact that a compositional A-site and the distribution in cationic radius may also 
significantly affect superconductivity47,48, with the emergence of ordered phases (spin and/or 
charge orderings)4,49,50, we furthered our materials growth efforts to the synthesis of a 
combinational series of Sm-based superconducting IL nickelate thin films with A-site (in ABO2) 
composition of Eu, Sr, and Ca. In particular, superconducting Sm1-xSrxNiO2 have been 
demonstrated for the first time. We observed a generic mixed nature of both two- and three-
dimensional superconductivity revealed by high-magnetic-field measurements across all 
samples. As the concentration of Eu increases, the system exhibits a tendency towards 3D 
superconductivity. This behaviour is in concert with an enhanced coupling of the rare-earth 5d 
and Ni 3d orbitals, corroborated by the resonant X-ray scattering measurements. Our results 
add new superconducting IL nickelates with high Tc into this intriguing materials family and 
underscore a fundamental trend of an increasing Tc value as the c-axis constant shrinks. These 
findings contribute to the understanding of the superconductivity mechanism, offering clear 
guidelines to uncovering additional IL nickelate superconductors with even higher Tc. 
 
Results 
Multiple sets of Sm-based IL nickelate films of thicknesses of ~ 10 nm with various 
compositions and a SrTiO3 capping layer of ~ 2 nm were prepared using pulsed laser deposition 
(PLD). We note a narrower growth parameter window for high-quality, hole-doped Sm 
nickelate as compared to that of Nd version. Details on the sample synthesis can be found in 
Methods. 
 
The precursor perovskite phases (Sm0.8Sr0.2NiO3, Sm0.74Ca0.01Sr0.19Eu0.06NiO3, 
Sm0.79Ca0.04Sr0.05Eu0.12NiO3 and Sm0.75Ca0.05Eu0.2NiO3, as well as others with different Ca 
concentrations) were grown on LSAT (001) substrates. The detailed characterizations are 
shown in the Supplementary Information (Figure S1). The presence of prominent (001) 
reflections16 and finite-size fringes around the main film peaks in the X-ray diffraction (XRD) 
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scans (Figure S1a) suggests a good film quality. The c-axis lattice parameters calculated from 
the data are 3.75 Å, 3.74 Å, 3.74 Å and 3.729 Å, respectively. These values are smaller than 
that in Nd1-xSrxNiO351, in line with a smaller tolerance factor. The corresponding resistivity 
curves ρ(T) of the first three samples are shown in Figure S1b. Unlike previously reported46, 
all these samples show metallic behaviour down to low temperature (2 K), consistent with 
charge-induced suppression of the metal-insulator transition51,52. These intrinsic metallic 
behaviours inform the high crystallinity of the precursor phase. We note a few anomalies of the 
slope change in the ρ(T) curve for Sm0.79Ca0.04Sr0.05Eu0.12NiO3 that can be attributed to the 
magnetism in the system. The local ‘plateau’ in resistivity at ~ 60 K may correspond to an 
antiferromagnetic ordering temperature of Sm, while the local resistivity minimum at ~ 8 K 
correlates with a spin-disorder-related metal-insulator transition induced by a partial 
substitution of Sm with Eu53. These transitions are more revealing on a derivative resistivity 
curve (see Figure S2 in the Supplementary Information). 
 
The reduction to the IL phase was done using an in-situ setup (see Methods for details and 
Figure S4 for the reduction process). Figure 1 (a-d) illustrates the XRD scans of the films in 
the IL phase upon reduction: Sm0.8Sr0.2NiO2, Sm0.74Ca0.01Sr0.19Eu0.06NiO2, 
Sm0.79Ca0.04Sr0.05Eu0.12NiO2, and Sm0.75Ca0.05Eu0.2NiO2 (for simplicity and consistency, we 
name them as SSNO, SCSE0.06, SCSE0.12 and SCE0.2, respectively), all of which show 
significant (00l) film peaks, indicative of high quality, corresponding to the c-axis lattice 
constant of 3.307 Å, 3.296 Å, 3.26 Å and 3.273 Å, respectively. The SCSE0.12 represents the 
smallest c-axis parameter so far reported for the IL nickelate thin films, with 12 % Eu and 4 % 
Ca introduced to partially replace Sm and Sr, which have larger ionic radius54. These samples 
all show superconductivity at low temperatures with a Tc onset of ~ 15 – 32.5 K (Figure 1, e-
h). In particular, superconductivity in Sm1-xSrxNiO2 was observed for the first time. All four 
samples do not show clear T-linear dependent behaviour, implying the doping level may not 
be at the optimal level24. For SCE0.2, it is worth noting that we initially aimed at achieving 
single-phase superconducting Sm0.8Eu0.2NiO2; however, we noticed that the introduction of Ca 
is of crucial importance for obtaining high-quality IL nickelates under the current optimised 
reduction conditions, as illustrated in Figure S3. Therefore, we have selected SCE0.2 for our 
study here. 
 
The high quality of the samples is confirmed by STEM. Figure 1 (i-j) displays cross-sectional 
high-angle annular dark field (HAADF) STEM images of an SSNO sample and an SCSE0.06 
sample. From the images, despite occasional RP-type extended defects, single-phase IL 
nickelate layers of ~ 9 nm with homogeneous lattice coherency and sharp interfaces with the 
LSAT substrates can be clearly seen. The lattice spacings measured from the atomically 
resolved HAADF images are ~ 3.34 Å, ~ 3.28 Å for the SSNO and SCSE0.06 samples, generally 
consistent with the XRD results. 



 6 

 
Magnetotransport measurements were performed in-house under magnetic fields up to 14 T 
perpendicular and parallel to the NiO2 planes for the samples (Figure 2). The Meissner 
diamagnetic responses were recorded below a characteristic temperature TM of 5.4 K, 7.2 K, 
4.6 K and 15.8 K for SSNO, SCSE0.06, SCSE0.12, and SCE0.2, respectively, in the mutual 
inductance measurements, with the driving and pickup coils vertically aligned above and below 
the sample (see Methods). The data is displayed in the insets of Figure 2 (e-h). These TM values 
are slightly lower than zero-resistance Tc (defined as Tc,0), consistent with theoretical 
predictions for layered superconductors, where the flux penetration dynamics (governed by 
weak interlayer coupling) result in delayed emergence of complete diamagnetic shielding 
compared to resistive transitions55. The resistivity data sets show a clear anisotropic 
superconducting characteristic (across Figure 2, a-h and more visual in Figure 2, i-l) 
independent of Tc value (Tc,50%, defined as the midpoint of the resistive transition, ρ(Tc) = ρ50%, 
where ρ50% is the 50% of the normal-state resistivity; see Figure S5 in the Supplementary 
Information for definition), and can be largely captured by the Tinkham’s framework for 2D 
superconductors despite the requirement of the thickness (d) being smaller than the Ginzburg-
Landau (GL) coherence length (!GL) at T = 0. Extrapolation of a linear-T dependence of the 
upper critical field (Hc2) close to Tc in the out-of-plane field (H//c) configuration (Figure 2, i-l) 
gives !GL at T = 0 to be 3.3 nm, 2.8 nm, 2.1 nm, 1.7 nm for SSNO, SCSE0.06, SCSE0.12 and 
SCE0.2, respectively. The Hc2(t) ~ (1 – t)1/2 (where t = T/Tc is the reduced temperature) behaviour 
close to Tc under in-plane field (H⊥c) for SSNO and SCSE0.06, as shown in Figures 2i and 2j, 
is attributed to the dominant spin paramagnetic pairing breaking56,57. For SCSE0.12 and SCE0.2, 
a different behaviour is observed and will be discussed later. The generic anisotropy of the 
system across all samples can also be corroborated by an anisotropic field response of vortex 
motion: as illustrated in Figure 2 (m-p), the field-dependent vortex activation energy, U0 ~ H-

!, extracted from the T-dependent Arrhenius relationship based on the thermally-activated flux 
flow (TAFF) model58. The data show a large difference of the power-law exponent # for the 
two field directions, indicating a strong anisotropy in vortex pinning strength in the Sm-based 
system. Figure 2 (n-p) reveals a monotonic decrease in # values for H⊥c with increasing Eu 
concentration, indicative of a progressive strengthening of the interlayer coupling strength. 
 
The samples with Eu as an effective component show interesting response to magnetic field: 
SCSE0.06, SCSE0.12 and SCE0.2 all display a sizable negative magnetoresistance in their normal 
state (insets of Figure 2, b-d for the perpendicular-field case, and Figure S8b for the parallel-
field case). Another thing to note is that both SCSE0.12 and SCE0.2 exhibit a weak but clear 
‘field-enhanced superconductivity’ when H⊥c (Figure 2, g and k, and Figure 2, h and i, 
respectively). This phenomenon may suggest a coupling between the local moment of the Eu f 
orbitals and the itinerant Ni 3d electrons. 
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To access the intrinsic Hc2 and compare with other IL nickelates, high-magnetic-field 
measurements (see Methods) were performed on SSNO. The data (Figure S7) shows a clear 
anisotropic behaviour in Hc2(T), which is more reminiscent of that for La- and Pr-based IL 
nickelates45,56,59, distinct from the Nd series26,57. Indeed, when normalized against Tc at 0 T 
(defined as Tc0) and plotted in comparison with data sets of all other rare-earth series (Figure 
3, a and b), the Hc2 - T dependence of the SSNO sample shows a clear violation of the Pauli 
limit (dash lines) and a strong deviation from the Nd-based IL nickelates, despite that the 
ground state of Sm3+ is a Kramer’s doublet with a 4f5 electron configuration and a possible 
enhanced magnetic permeability15, which is similar to Nd3+. This observation further raises 
questions on the role that the rare-earth ions (in particular, the 4f electron configuration) may 
play in the unconventional nature of superconductivity in IL nickelates: a delicate balance 
between the detailed magnetic structure and the lattice exerted by chemical pressure. 
 
The SSNO sample was further put on a rotator under the magnetic field for angle-dependent 
magnetoresistance (Hc2 versus θ) measurements at T = 5 K. For H//c (θ = 0°), the magnetic 
field was large enough to suppress superconductivity: the normal-state can be attained, from 
which a Hc2,50% can be extracted using 50% of the linear fit to the normal-state 
magnetoresistance (see Methods for details). The Hc2,50% - θ data is shown in Figure 3c and can 
be described by a combination of the Tinkham’s model for 2D superconductors and the 
anisotropic GL model for 3D superconductors using the following formula: 

$%!"(')sin(')%!"#$!
,
"
+ . × $%!"(')cos(')%!"#∥!

,
"
+ (1 − .) × 4%!"(')cos(')%!"#∥!

4 = 1 (1) 

where . is a dimension-less coefficient that informs how ‘3D’ the superconductor behaves, and 
' is the angle of the magnetic field with respect to the normal of the sample surface, as 
illustrated in the inset of Figure 3c. The best fit (red line) to the data yields a . of 0.366, 
indicating a mixed ‘2D’ and ‘3D’ character. 
 
This behaviour is further validated by the Tc,50% - θ experiments, which can be performed by 
measuring Tc,50% from ρ(T) at variant ' values under a constant in-house magnetic field(at 9 T), 
as shown in Figure 3d for SSNO. Here, the fitting was done in a similar manner, proportioning 
both the ‘2D’ and ‘3D’ contributions: 

6!(') = 6!& +	.' × 8%&/(:%!#∥!/:6) × [cos"(') + < sin"(')](/"> 
+(1 − .') × [(6!#∥! − 6!&)cos(') + (6!#$! − 6!&) sin"(')] (2) 

where .’ is similarly defined as above and < represents the anisotropic mass ratio of the in-
plane and out-of-plane electron motion. Note that the second and the last terms on the right-
hand side of the formula correspond to the angular dependence of Tc given by the anisotropic 
GL 3D model and the Tinkham’s 2D model, respectively. Again, SSNO shows a clear mixed 
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feature. 
 
Following the same method, SCSE0.06, SCSE0.12 and SCE0.2 were all measured, and their Tc,50% 
- θ data, which are shown in Figure 3, e-g, respectively, suggest a mixed ‘2D + 3D’ behaviour 
for nearly all samples. The overall increase in .’ with higher Eu doping indicates a tendency 
toward a 3D superconducting ground state of the system. 
 
To further interrogate the possible implications of this ‘3D’ feature, at the electronic structure 
level, we performed Ni L3-edge resonant inelastic X-ray scattering (RIXS) measurements on 
an SCE0.2 sample (Figure 3, h-j). Consistent with earlier studies on other IL nickelate systems, 
the d-d excitations are observed in the energy-loss range of ~ 1 to 3 eV6,43,60,61. The excitation 
at ~ 0.6 eV points to a sizable hybridization between the Ni 3dz2 and the rare-earth 5dz2, 5dxy 
states6,8. The significantly enhanced intensity under the X-ray beam of π polarization at 
grazing-incidence geometry is consistent with a predominantly out-of-plane orbital symmetry.  
This hybridization feature appears to be more intense6,60,61, indicating that the reduced ionic 
radius of Sm and Eu effectively affects the electronic structure. The resulting enhancement in 
the electronic bandwidth may be crucial to the enhanced Tc. 
 
The negative normal-state Hall coefficient (RH) of the SCSE0.12 and SCE0.2 samples display no 
sign change (Figure 4a) down to low temperature, despite a higher total dopant concentration 
(x+y+z = 0.21 for SCSE0.12 and x+y = 0.25 for SCE0.2) as compared to that of SSNO (x+y+z = 
0.2), suggesting a lower effective hole-doping level. Such effect can also be seen for the 
SCSE0.06 sample (x+y+z = 0.26), where the crossover temperature (Tcross) for the sign change 
in RH, is not far from that of SSNO. These are in line with the co-existence of Eu2+ and Eu3+ 
states and a shift of the superconducting ‘dome’ towards higher doping in Eu-doped infinite-
layer compounds26. In Figure 4b, we further plot Tc, Tcross as a function of an estimated effective 
hole doping level (see Figure S9 in Supplementary Information for more analysis) and overlay 
them with the data measured on high-quality Nd1-xSrxNiO2 on LSAT24. It can be clearly seen 
that, upon estimating the fraction of Eu2+ and the re-adjustment on doping level, our data follow 
a similar trend (within error bars). 
 
Last, we summarize Tc versus c-axis parameter of our samples grown on LSAT substrates (red 
rhombus-shaped points at the top-right part) together with data points from previous studies 
across different systems, illustrated in Figure 4c. These data points are largely located within 
the yellow-shaded region, for which a clear correlation between Tc and c-axis constant reveals 
the lattice motif (i.e. distance between Ni-O planes) to superconductivity and suggests the key 
role of the interplane coupling in mediating Tc. As indicated in previous studies21,62, there is a 
general enhancement of superconductivity as the c-axis lattice constant shrinks: we can see 
from the figure that as the average c-axis parameter decreases from ~ 3.43 Å for La1-xSrxNiO2 
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to ~ 3.28 Å for Sm-based compounds, Tc steadily increases from ~ 10 – 12 K to 24 – 28 K or 
to even above 32 K, making the infinite-layer nickelates towards a ‘high-Tc’ system under 
ambient pressure21,46,63. 
 
Discussions 
Our study was motivated by the recent report on reaching a remarkably high Tc in Sm-based 
IL nickelate thin films46. Our results suggest that the overall smaller A-site ionic size (Sm, Eu, 
Ca) is key to a generally enhanced superconductivity irrespective of the details of the A-site 
composition and perhaps nor the substrate. With more systematic A-site compositional 
variation, which gives rise to different statistical variance in the distribution of A-site radii, 
cation effect on Tc can be studied47. The large variation in ionic radius (Sm3+ versus Sr2+) may 
account for the lower Tc in SSNO, likely an early indication to a ‘size mismatch’ scenario. The 
synthesis of an extended family of superconducting IL nickelates towards smaller lattice 
spacings offers an ideal opportunity to investigate such cation disorder effect in a nickelate 
system, despite that the lattice strain imposed by the substrate may vary across different IL 
compounds and intricately contribute to determining Tc. Furthermore, previous studies have 
yet failed to observe superconductivity in IL phases on substrates of smaller lattice constants, 
such as LaAlO3, perhaps due to overall relatively large lattice mismatch between the IL 
nickelates and LaAlO3. With a reducing lattice parameter of Sm-based compounds, a successful 
synthesis of a c-axis oriented IL phase on those substrates can be expected and warrants further 
investigation. 
 
Additional interest lies in the possible salient features induced by magnetic Eu2+ and/or Sm3+, 
the latter of which possesses a weak magnetic moment, and their potential interaction with 
superconductivity. In particular, the half-filled 4f orbitals of Eu2+ (total angular momentum J = 
7/2) produce highly localized magnetic moments (~ 7 μB) that participate in a Kondo-type 
spin-flip scattering with itinerant electrons within the NiO2 layers. Upon external magnetic 
field, the alignment of these local moments may suppress the spin-disorder scattering, thereby 
reducing resistivity, which manifests as a negative magnetoresistance. In contrast, the weaker 
spin-charge interaction for Sm3+ (4f5, J = 5/2) stems from the significantly smaller magnetic 
moment (~ 0.85 μB), hence the absence of the negative magnetoresistance. These unique 
configurations, bound to the local moments of 4f electrons, provide a versatile playground for 
the study of high-Tc superconductivity (itinerate electrons) in a Kondo-lattice (local electrons) 
setting. In addition, as observed in the Nd1-xEuxNiO2 system26, approximately 40 % of the Eu 
ions remain in the +3 state: Whether these Eu2+/Eu3+ ions form an ordered phase and/or exhibit 
a non-trivial magnetic ground state present interesting questions to studies like resonant 
inelastic X-ray scattering26,61,64-67. 
 
In summary, we have prepared superconducting Sm1-xSrxNiO2 thin films, a new single-dopant 
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rare-earth IL nickelate using pulsed laser deposition. We have also synthesized an extended 
family of Sm-based co-hole-doped superconducting IL nickelate thin films with different 
dopants and enhanced superconductivity on the (LaAlO3)0.3(Sr2TaAlO6)0.7 substrate. All 
samples show uniform coherent lattice structures with thickness of ~ 9 nm and were made from 
the fully metallic perovskite precursor phase despite a stringent growth parameter space. 
Particularly, due to an overall smaller lattice constant and a better cationic size-match, our 
doped Sm-based superconducting IL nickelates show an enhanced Tc as high as 32.5 K. 
Rotational high-magnetic-field measurements consistently reveal a hybrid mixture of two- and 
three- dimensional superconductivity across all samples, which aligns with an enhanced 
interlayer coupling between the rare-earth 5d and Ni 3d orbitals, as further supported by the 
resonant X-ray scattering data. In comparison with the La-, Pr- and Nd-based IL compounds, 
our findings reveal a fundamental correlation where Tc increases as the c-axis parameter 
decreases due to smaller ionic radii. These results advance our understanding of the 
superconducting mechanism in this system and encourage clear design principles for 
discovering additional IL nickelate superconductors with enhanced Tc. 
 
Methods 
Thin-film Growth 
The polycrystalline Sm1-x-y-zCaxSryEuzNiO" ceramic targets were prepared by pelletising a 
mixture of Sm2O3, Eu2O3, SrCO3, CaCO3, and NiO powders, followed by decarbonisation step 
at 1250 °C for 12 hours. After that, the targets were ground, re-pelletised and then sintered 
twice at 1,300 °C and 1270 °C for 12 hours each. A slightly lower temperature for the final 
sintering was used to avoid a large volume change of the target due to thermal cycles. Using 
the targets, thin films with a thickness of ~ 10 nm were deposited on LSAT (001) substrates 
using a KrF excimer laser (λ = 248 nm) in a pulsed laser deposition system. The growth 
temperature is 600 °C measured by a thermocouple. The oxygen pressure was maintained at 
100 mTorr during the growth. The laser fluence was 2.6 J/cm2 and the repetition frequency is 
0.2 – 0.3 Hz on growth Sr-doped Sm-based nickelate films and 3 Hz repetition frequency for 
other films. It is noted that this frequency was adopted after a careful study on the frequency 
dependence and is more suitable for the phase formation of the precursor nickelates. High 
repetition frequency will lead to a diminution in the peak intensity of the (001) peak and induce 
a shift of the (002) peak position towards a lower angular value. A low laser fluence of 0.6 
J/cm2 was used to grow the epitaxial SrTiO3 capping layer of ~ 2 nm.  
 
Topochemical Reduction 
The reduction to the IL phase using CaH2 powders was conducted in a vacuum reduction 
chamber. The resistance of the sample was monitored in a two-probe configuration in real-time. 
When the resistance reaches the minimum, the reduction is regarded as complete. The reduction 
temperature measured by a thermocouple is ~ 270 °C – 310 °C and the total annealing time is 
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~ 0.5 - 1.5 hours. Detailed information is provided in the Supplementary Information. 
 
X-ray Diffraction and RIXS Characterisations 
The X-ray diffraction θ – 2θ symmetric scans of the films were obtained by a Rigaku SmartLab 
(9 kW) high-resolution X-ray diffractometer with the wavelength of the X-ray being 0.154 nm. 
The Ni L-edge RIXS measurements were conducted at the 41A beamline of the Taiwan Photon 
Source (TPS)68. All RIXS spectra were collected at T = 30 K, with a grazing-incidence angle 
of 10° and a scattering angle of 150°. The energy resolution, determined from the elastic 
scattering of amorphous carbon tape, was ~ 68 meV. 
 
STEM Sample Preparation and Characterisation 
Cross-sectional STEM specimens were prepared using a focused ion beam (FIB) technique 
with the Helios G4 system. To protect the sample surface during ion beam etching, a 2 @m-
thick carbon layer was deposited beforehand. The preparation process involved a series of 
milling and lift-out steps, after which the lamellae were carefully extracted and mounted onto 
Cu grids for further characterization. To minimize surface damage, a final milling step was 
performed at 2 keV. HAADF images were acquired using an aberration-corrected FEI Titan 
Themis G2 operating at 300 kV. For STEM imaging, the convergence semi-angle was set to 30 
mrad, while the collection semi-angle for HAADF imaging ranged from 50 to 200 mrad. 
 
In-house Transport Measurements 
Wire connections for electrical transport measurements using the standard four-probe method 
were made by aluminum ultrasonic wire-bonded contacts. For measuring perovskite precursor 
phase, gold wires were bonded to the sample with silver paste to avoid work function mismatch. 
Resistivity and Hall-effect measurements were performed at temperatures down to 2 K and 
under magnetic fields up to 14 T using a Physical Properties Measurement System from 
Quantum Design Inc. Two-coil mutual inductance experiments were conducted with the 
driving and pickup coils aligned vertically above and below the thin film samples. Polar angle 
dependent measurement is done on a rotation rod with Keithley 6220&2182A system.  
 
High-magnetic-field Measurements 
High-field magnetoresistance measurements were performed at the High Magnetic Field 
Laboratory, Chinese Academy of Sciences, Hefei, China, using the Steady High Magnetic Field 
Facilities (WM5) 69 with a maximum field of 35 T and a base temperature of 1.5 K. Resistance 
was measured using SR830 lock-in amplifiers with a built-in a.c. current source. Hc2,50% is 
defined as the point at which the magnetoresistance ρ(H) curves intersect with an adjusted 
linear fit. Similar to the definition for ρ(T) in Figure S5, this adjusted fit is attained by 
incorporating 50% of both the slope and the intercept of the linear fit to the normal-state data 
at θ = 0°. 
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Figures 
 

 
Figure 1. (a), (b), (c) and (d) are the X-ray diffraction (XRD) θ–2θ symmetric patterns of 
Sm0.8Sr0.2NiO2 (SSNO), Sm0.74Ca0.01Sr0.19Eu0.06NiO2 (SCSE0.06), Sm0.79Ca0.04Sr0.05Eu0.12NiO2 
(SCSE0.12) Sm0.75Ca0.05Eu0.2NiO2 (SCE0.2) thin films. Inset of (a) is a schematic diagram of the 
atomic structure. Resistivity curves ρ(T) of SSNO, SCSE0.06, SCSE0.12 and SCE0.2 samples are 
shown in (e), (f), (g) and (h). Insets of (e), (f), (g) and (h) show the zoom-in data around the 
superconducting transitions. Dashed lines are linear fits to the normal state ρ(T) curves above 
the transitions. Here, Tc,onset is defined as the point where the curve deviates from the linear 
fitting, Tc,0 is defined as the zero-resistance Tc. (i) and (j) are high-angle annular dark-field 
(HAADF) images of an SSNO thin film and an SCSE0.06 thin film. The c-axis lattice constants 
are measured to be 3.34 Å for SSNO and 3.28 Å for SCSE0.06. The area circulated by yellow 
dashed line indicates a Ruddlesden-Popper (RP) stacking fault. 
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Figure 2. Magnetic-field responses of the superconducting SSNO, SCSE0.06, SCSE0.12 and 
SCE0.2 thin films. Figure (a), (b), (c), (d) ((e), (f), (g), (h)) are ρ(T) under varying magnetic 
field perpendicular (parallel) to the NiO2 planes of SSNO, SCSE0.06, SCSE0.12 and SCE0.2 films. 
Inset of (a) is a schematic of the sample cross-section. Insets of (b), (c) and (d) show the zoom-
in data around the onset of the superconducting transitions: negative magnetoresistance can be 
seen above the transitions. Insets of (e), (f), (g), (h) show the mutual inductance results for each 
sample, where the superconducting diamagnetic response can be clearly observed. (i), (j), (k) 
and (l) show the variation of the upper critical field μ0Hc2⊥ and μ0Hc2// (estimated against the Tc 
definition described in the main text) of SSNO, SCSE0.06, SCSE0.12 and SCE0.2 fitted with the 
Ginzburg-Landau (G-L) equations, where applicable. (m), (n), (o), and (p) show the vortex 
activation energy U0/kB as a function of magnetic field μ0H for the SSNO, SCSE0.06, SCSE0.12 
and SCE0.2 thin films under magnetic fields applied parallel and perpendicular to the NiO2 
planes. The data are fitted with a power-law relationship U0 ~ H-!, extracted from the Arrhenius 
plot of ρ(T) using the thermally activated flux flow (TAFF) model. 
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Figure 3. (a) and (b) are normalized Hc2/Tc0 against reduced temperature T/Tc0 of 
RE0.8Sr0.2NiO2 (RE: La, Pr, Nd and Sm) for H⊥c and H//c. The data for La-, Pr- and Nd- series 
are adapted from ref.15. The dashed lines indicate the Pauli limit of Hc2 = 1.86 Tc0. (c) shows 
the upper critical field μ0Hc2,50% as a function of the polar rotation angle ' measured at 5 K. 
Here, the cyan line is a fit using the 2D Tinkham’s model, while the dashed line is a fit using 
the anisotropic 3D GL model. The red line is a fit using both 2D and 3D models with the ratio 
of the 3D component, β. Inset of (c) is a schematic of the measurement geometry. (d), (e), (f) 
and (g) are Tc,50% as a function of ' measured at 9 T for the SSNO, SCSE0.06, SCSE0.12 and 
SCE0.2 thin films, respectively. The red lines are fits to both 2D and 3D models with the ratio 
of the 3D component, β’. (h) and (i) are the resonant inelastic X-ray scattering (RIXS) energy 
loss maps as a function of incident energy for two light polarizations. (j) is the integrated 
intensity for both light polarizations. 
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Figure 4. (a) Temperature dependence of the Hall coefficients for various samples. (b) Tc and 
Tcross versus the estimated hole doping level plotted with reference to the data extracted from 
ref.24 for Nd1-xSrxNiO2 (NSNO). (c) The correlation of Tc and the c-axis lattice constant for 
different IL systems. The highest Tc was observed in SCE0.2 with a c-axis of 3.273 Å. The red 
rhombus-shaped points in the figure are data from this work while other data are extracted from 
refs.17–26,46 
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I. Precursor Perovskite Sm-based Nickelates. 
 

 
Figure S1. The structural and transport characterizations of the as-grown samples. (a) X-ray 
diffraction (XRD) θ–2θ symmetric patterns of Sm0.8Sr0.2NiO3, Sm0.74Ca0.01Sr0.19Eu0.06NiO3, 
Sm0.79Ca0.04Sr0.05Eu0.12NiO3 and Sm0.75Ca0.05Eu0.2NiO3 thin films. (b) The temperature-dependent 
resistivity for first three samples. 
 
Figure S1 shows the XRD patterns of the as-grown perovskite phases of the samples discussed in 
the main text and their corresponding ρ(T) curves. The presence of prominent (001) film peaks 
with finite-size oscillations and their peak positions suggest good film crystallinity, which is 
further corroborated by the metallic behaviours of representative samples. For 
Sm0.79Ca0.04Sr0.05Eu0.12NiO3, the local ‘plateau’ in resistivity at ~ 60 K may correspond to an 
antiferromagnetic ordering temperature of Sm, while the local resistivity minimum at ~ 8 K 
correlates with a spin-disorder-related metal-insulator transition induced by a partial substitution 
of Sm with Eu1. These transitions are more revealing on a derivative resistivity curve (Figure S2). 
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II. Analysis of Resistivity Curve of Sm0.79Ca0.04Sr0.05Eu0.12NiO3 

 
Figure S2. First derivative of the temperature-dependent resistivity data of the 
Sm0.79Ca0.04Sr0.05Eu0.12NiO3 sample from Fig. 1B in the main text. There is a local minimum at 
54 K and the slope reaches zero at 7.5 K.  
 
Figure S2 shows the first derivative of the ρ(T) data for the Sm0.79Ca0.04Sr0.05Eu0.12NiO3 sample. 
The sign change at 7.5 K may be attributed to the spin disorder effects of Sm and Eu1. The change 
of concavity and convexity at 54 K may be linked to a magnetic ordering transition of Sm. 
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III. Samples with Different Ca Doping. 

 
Figure S3. Structural characterizations and electrical transport of samples with Different Ca 
Doping. XRD θ-2θ symmetric scans of Sm0.7Ca0.1Eu0.2NiO2, Sm0.75Ca0.05Eu0.2NiO2, 
Sm0.78Ca0.02Eu0.2NiO2 and Sm0.8Eu0.2NiO2 films grown on LSAT (001) substrates (a-d). 
Superconductivity in Sm0.7Ca0.1Eu0.2NiO2, Sm0.75Ca0.05Eu0.2NiO2, Sm0.78Ca0.02Eu0.2NiO2 and 
Sm0.8Eu0.2NiO2 (e-f) thin films. The data in (b) and (f) (blue curve) are the same dataset shown in 
Figure 1, d and h (brown curves). 
 
We initially attempted to grow 20 % Eu-doped samarium nickelate samples, which exhibit high 
crystallinity but were challenging to reduce to an infinite-layer (112) phase. Replacing Sm with a 
trace amount of Ca significantly improved the reduction process, facilitating 112 phase formation. 
Figure S3 presents the XRD data for Sm0.8-xCaxEu0.2NiO2 (x = 0, 0.02, 0.05 and 0.1) with various 
Ca substitution, showing the c-axis constants of 3.297 Å, 3.287 Å, 3.273 Å and 3.291 Å and 
corresponding superconducting transition temperatures (Tc) of 7.8 K, 28.5 K and 32.5 K and 21.1 
K, respectively. Here, the data in Figures S3b and S3f for Sm0.75Ca0.05Eu0.2NiO2 have been shown 
in Figure 1. This is consistent with the main finding of our work that smaller lattice parameters 
lead to relatively higher Tc. 
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IV. In-situ Reduction Process 

 
Figure S4. Time-dependent reduction profiles of (a) resistance and (b) reduction 
temperature. The inset of (a) shows the saturation point of resistance, indicating the completion 
of the reduction process. 
 
The reduction process was performed in a vacuum reduction chamber using 1 g of CaH2 powder. 
A Keithley 2450 source meter was used to monitor the sample with a two-probe configuration 
during the reduction. Figure S4 presents the time-dependent resistance and temperature profiles 
during a typical reduction experiment. The complex temporal curve of resistance shown in (a) 
reflects different stages of the reduction reaction. The initial increase in resistance is caused by the 
early-stage oxygen de-intercalation, giving rise to an insulating phase. The subsequent decrease in 
resistance marks the onset of formation of the 112 structure. As shown in the inset of Figure S4a, 
the resistance reaches a saturation point at the reduction temperature, which is considered the 
endpoint of the reduction process, before the sample is cooled down. 
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V. Definition of ρ50% 

 
Figure S5. Definition of ρ50%. The brown curve represents the ρ(T) data for Sm0.75Ca0.05Eu0.2NiO2 
(SCE0.2) as shown in the main text (Figure 1h). The black dotted line is the linear fitting to the data 
in the normal state. The red dashed line is derived from the linear fit, with 50 % of the slope and 
the intercept (to the resistivity axis). The intersection between the data and the red dashed line is 
defined as ρ50 %. 
 
Here, ρ50 % is defined as the intersection of the ρ(T) curve and the adjusted linear fit, incorporating 
50 % of both the slope and intercept (red dashed line) from the linear fitting to the normal-state 
data (black dotted line), as shown in Figure S5. 
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VI. Activation Energy of the Vortex Motion 

 
Figure S6. Arrhenius fitting of the logarithmic resistivity versus inverse temperature and 
extraction of the thermal activation energy (U0) for the vortex motion. The representative 
sample is SCE0.2. 
 
The broadening of the superconducting transitions indicates a thermally activated behaviour of the 
superconducting vortices. Using a thermally-activated flux flow (TAFF) model2, the field-
dependent vortex activation energy, U0 (H) can be extracted and plotted (Figure S6, and U0 ~ H-

!, as shown in Figure 2, m-q in the main text). 
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VII. High-magenetic-field Measurements on SSNO 

 
Figure S7. Resistivity (ρ) versus magnetic field up to 35 T on a Sm0.8Sr0.2NiO2 (SSNO) sample 
with field applied (a) out of plane, (b) in plane and (c) with a polar rotation angle ! with respect to 
the sample surface normal at 5 K. 
 
Magnetoresistance was measured on an SSNO sample with field up to 35 T. Figures S7 shows the 
data with H//c, H⊥c, and H applied with a changing polar rotation angle ! (between the direction 
of H and the normal to the sample surface). 
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VIII. Magnetotransport Measurements on the SCSE0.06 Sample 

 

 
Figure S8. The normal-state magnetoresistance of the SCSE0.06 sample. (a) and (b) represent 
the magnetoresistance (MR) under the out-of-plane and in-plane magnetic field at different 
temperatures. (c) shows the in-plane azimuthal angular dependence of magnetoresistance (with 
respect to ") at different temperatures under a constant magnetic field of 9 T. 
 
The SCSE0.06 sample shows a negative normal-state magnetoresistance (MR; symmetrized) under 
both out-of-plane and in-plane magnetic fields at low temperatures (for out-of-plane field, below 
120 K), as illustrated in Figure S8, a and b. The strengths of the MR with in-plane and out-of-
plane fields are similar. For the in-plane azimuthal angular dependence of magnetoresistance 
(Figure S7c), a clear twofold symmetry (C2) in the angular dependence is observed, consistent 
with the results for (La,Sr)NiO2 and (Pr,Sr)NiO2 3,4. 
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IX. Estimation of the Doping Level in the Phase Diagram 
 

 
Figure S9. Tc and Tcross versus the ‘nominal hole doping level’ of the samples in our study 
plotted in reference to the data extracted from Ref.5 for Nd1-xSrxNiO2 (NSNO). Here SCSE0.06 
and SSNO are short for Sm0.74Ca0.01Sr0.19Eu0.06NiO2 and Sm0.8Sr0.2NiO2 respectively. 
 
We plot the Tc and Tcross (defined in the main text) versus the ‘nominal hole doping level’ 
(defined as the sum of Eu and Ca, assuming both Eu and Ca are +2 dopants) as shown in Figure 
S9. In Figure 4b, the hole doping level is estimated based on the ratio of Eu2+/Eu3+ extracted 
from comparing the distinct ranges of the ‘superconducting dome’ in Sr 5 and Eu 6 doped 
systems, therefore the error bars in the main text: the dome size is 0.15 < x < 0.4 for Eu doping 
and 0.1 < x < 0.3 for Sr doping. We therefore estimate that there are 0.05 to 0.1 Eu are Eu3+, for 
which we use the average value of 0.075 to offset and ‘calibrate’ the hole doping level with 
0.025 as the error bar added on Figure 4b.  
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