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Pressure induced superconductivity in 
hybrid Ruddlesden‒Popper La5Ni3O11 single 
crystals
 

Mengzhu Shi    1,2,9, Di Peng    3,4,9, Kaibao Fan1,2, Zhenfang Xing4, Shaohua Yang5, 
Yuzhu Wang6, Houpu Li1,2, Rongqi Wu1,2, Mei Du1,2, Binghui Ge    5, 
Zhidan Zeng    4, Qiaoshi Zeng    3,4  , Jianjun Ying    1,7, Tao Wu    1,2,7,8   & 
Xianhui Chen    1,2,7,8 

The discovery of high-temperature superconductivity under high pressure in 
Ruddlesden–Popper phase nickelates has captured notable attention in the 
condensed matter physics community. Here we report superconductivity in  
a distinct hybrid nickelate, La5Ni3O11, formed by alternating stacks of 
La3Ni2O7 and La2NiO4 layers. This nickelate also exhibits a density-wave 
transition at approximately 170 K near ambient pressure. With increasing 
pressure, this density-wave transition shifts to higher temperatures and 
abruptly disappears around 12 GPa, followed by the emergence of 
superconductivity, indicating a first-order phase transition. But the optimal 
superconductivity with large superconducting volume fraction is observed 
at approximately 21 GPa with T zero

c  = 54 K. High-pressure X-ray diffraction 
experiments reveal a structural phase transition from an orthorhombic 
structure to a tetragonal structure at lower pressure. Notably, this structural 
change has minimal impact on the density-wave or superconducting phases, 
suggesting a limited role of lattice degrees of freedom in this material. These 
findings establish La5Ni3O11 as a new superconducting member of the 
Ruddlesden–Popper nickelate family and offer valuable insights into the 
interplay between structure, electronic order and superconductivity in 
hybrid nickelates.

Since the discovery of superconductivity in cuprates, exploring 
high-temperature superconducting materials with similar crystal and 
electronic structures has become an important research direction1–7.  
A major breakthrough in this field was made in the infinite-layer nicke-
late Nd0.8Sr0.2NiO2 thin films with a superconducting transition tempera-
ture (Tc) of 9–15 K in 20198. Motivated by this groundbreaking finding, 
the Ruddlesden‒Popper (RP) phase nickelates Rn + 1NinO3n + 1 (R, rare 
earth) with n = 2 and n = 3 are reported to exhibit superconductivity 
under pressure9–13, which largely expands the family of nickelate super-
conductors. In these RP nickelates Rn + 1NinO3n + 1, the multilayer perovs-
kite structure (RNiO3)n is believed to be the fundamental building block 

for superconductivity. Clarifying the role of the multilayer perovskite 
structure (RNiO3)n in the superconducting phase is important for build-
ing a theoretical model for the superconducting mechanism. At ambi-
ent pressure, the NiO6 octahedron in the (RNiO3)n structure is distorted 
and tilted, which leads to an orthorhombic structure. Moreover, in such 
an orthorhombic structure phase, a density-wave (DW) transition is 
widely observed at approximately 130–150 K in RP nickelates with n = 2 
and n = 3, which involves both spin- and charge-density-wave orders14–16. 
With increasing pressure, the distortion and tilting of the NiO6 octa-
hedron are strongly suppressed, and a pressure-induced structural 
transition from an orthorhombic structure to a tetragonal structure 

Received: 4 February 2025

Accepted: 4 August 2025

Published online: xx xx xxxx

 Check for updates

A full list of affiliations appears at the end of the paper

http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-025-03023-3
http://orcid.org/0000-0001-6682-7869
http://orcid.org/0000-0002-4235-6385
http://orcid.org/0000-0002-6470-6278
http://orcid.org/0000-0003-4283-2393
http://orcid.org/0000-0001-5960-1378
http://orcid.org/0000-0002-0104-9098
http://orcid.org/0000-0001-9805-4434
http://orcid.org/0000-0001-6947-1407
http://crossmark.crossref.org/dialog/?doi=10.1038/s41567-025-03023-3&domain=pdf


Nature Physics

Article https://doi.org/10.1038/s41567-025-03023-3

fundamental building block for superconductivity, high-temperature 
superconductivity should be expected in the 1212 phase under pres-
sure. In the 1212 phase, as shown in Fig. 1a, the single-layer and bilayer 
blocks of NiO6 octahedron alternately stack along the c axis, forming 
the so-called hybrid RP 1212 nickelate18. In this work, we perform a 
systematic study of the pressure-dependent evolution of the electronic 
state in a hybrid RP 1212 nickelate single crystal with a chemical formula 
of La5Ni3O11. High-pressure transport measurements using helium gas 
as the pressure-transmitting medium revealed an unambiguous super-
conducting transition above ~12 GPa. The optimal superconducting 
transition temperature of a T onset

c  of ~64 K and a zero-resistivity tem-
perature (T zero

c ) of ~54 K are achieved at approximately 21 GPa. The 
notable Meissner effect confirms bulk superconductivity under high 
pressures, with a superconducting volume fraction as high as 70%. In 
addition, the pressure-dependent evolution of the superconductivity, 
DW transition and structure are also mapped out.

Structure and density-wave transition at nearly 
ambient pressure
The hybrid RP 1212 nickelate single crystal was synthesized through a 
molten-salt method (see Methods for details). After the flux was dis-
solved in water, the product was filtered with 400-mesh (~38.5 µm) 
sieves. A single crystal with typical dimensions of 0.1 × 0.1 × 0.02 mm 
was carefully checked via a four-circle diffractometer. Figure 1a shows 
the crystal structure model of the as-grown hybrid RP 1212 nickelate 
single crystal (left panel) determined from single-crystal X-ray diffrac-
tion (SC-XRD) data, where single-layer and bilayer perovskite-like NiO6 
octahedrons alternately stack along the c-axis direction, as previously 
reported18. The space group is determined to be Cmmm, which is dif-
ferent from the previously reported Immm18. We note that the similar 

occurs at approximately 15 GPa (refs. 9,11,12). Previous high-pressure 
transport measurements suggest that the DW transition is also sup-
pressed with increasing pressure, and the pressure-dependent phase 
diagram of superconductivity and DW order suggests a possible com-
peting scenario with a second-order manner9,17.

In addition to RP-phase nickelates, hybrid RP-phase nickelates 
have also been reported18–20. Hybrid RP-phase nickelates are formed 
by alternate stacking of different RP phases along the c axis. To date, 
two hybrid RP-phase nickelates have been reported: the 1313 phase, 
with a chemical formula of La3Ni2O7, and the 1212 phase, with a chemical 
formula of La5Ni3O11 (refs. 18–20). In the 1313 phase, the (LaNiO3)3 layer 
and La2NiO4 layer alternately stack along the c axis and are separated 
by the LaO layer. Previous high-pressure transport measurements 
suggest possible high-temperature superconductivity in the 1313 
phase, with an onset transition temperature of approximately 80 K 
(ref. 20). Since there are no reports on superconductivity in the La2NiO4 
phase, the superconducting pairing should come from the (LaNiO3)3 
layer. This result further supports the use of the multilayer perovskite 
structure (RNiO3)n as the fundamental building block for supercon-
ductivity. However, there is a hot debate on the superconducting phase 
for pressurized superconductors with the chemical formula La3Ni2O7 
and the onset transition temperature T onset

c  = 80 K because this chemi-
cal formula can share either the RP phase Rn + 1NinO3n + 1 with n = 2 or the 
hybrid RP 1313 phase, which is formed by alternate stacking of the 
(LaNiO3)3 layer and the La2NiO4 layer along the c axis. Furthermore, 
T onset
c  = 80 K in the hybrid RP 1313 phase seems to conflict with the 

reported superconductivity with a T onset
c  of less than 30 K in the pres-

surized RP trilayer nickelate La4Ni3O10 (refs. 10–13); more experiments 
on the origin of superconductivity in the 1313 phase are needed. 
Because the multilayer perovskite structure (RNiO3)n serves as the 
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Fig. 1 | Structure and physical properties of La5Ni3O11. a, Crystal structure 
model of La5Ni3O11 (left panel) and the stacking units of the monolayer and 
bilayer NiO6 octahedrons (right panel) solved from the single-crystal XRD data. 
The bond angle of Ni2–O–Ni2 in the bilayer subslab along the c-axis direction 
is 180°. b, Cross-sectional STEM image of La5Ni3O11 along the [110] direction. 
There is clear monolayer (denoted as ‘1’) and bilayer (denoted as ‘2’) subslab 
stacking along the c-axis direction. The overlaid crystal structure model fits 
well with the STEM-HAADF image (left panel). The red curve in the right panel 
illustrates the integration of intensity across horizontal pixels for the image 
displayed in the left panel. The blue, grey and red balls for the crystal structure 
in the left panel represent the La, Ni and O atoms, respectively. c, Powder XRD 
pattern (blue circles) collected by grinding several microcrystals of La5Ni3O11 
at a moderate pressure of 1.2 GPa with a wavelength of 0.4834 Å. Adopting the 

Rietveld refinement method, the powder XRD pattern can be well fitted (red 
lines) via the structural model shown in a. The blue lines indicate the difference 
between the observed and calculated data. The short green vertical lines indicate 
the calculated diffraction peak positions. d, The temperature-dependent 
resistivity curve of La5Ni3O11 at a small pressure (3.5 GPa) on the DAC when helium 
gas is used as the pressure-transmitting medium. The inset shows the sample 
connected with the gold electrodes inside the gasket hole. There is a large hump 
at approximately 170 K in the R(T) curve, which resembles that of the previously 
reported electrical transport data collected on powder samples at ambient 
pressure. e, Temperature-dependent magnetic torque data (τ(T)) for La5Ni3O11 at 
various angles. There is a kink at approximately 170 K in the τ(T) curve, which is 
consistent with the anomaly in the R(T) curve shown in d. These results indicate a 
possible DW transition in La5Ni3O11 at approximately 170 K.
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compound ‘1313’-phase nickelate, where single-layer and trilayer blocks 
of NiO6 octahedrons stack alternately along the c-axis direction, also 
adopts a Cmmm space group19. The structure of the hybrid RP 1212 nick-
elate is also confirmed by atomically resolved scanning transmission 
electron microscopy (STEM) images, where the alternate stacking of 
single-layer and bilayer blocks of NiO6 octahedrons is clearly observed 
in Fig. 1b. The overlaid crystal structure model fits well with the STEM 
high-angle annular dark-field (HAADF) image (Fig. 1b left panel). By 
grinding several pieces of hybrid RP 1212 nickelate single crystals, pow-
der X-ray diffraction (XRD) patterns were collected at the Shanghai 
Synchrotron Radiation Facility at a wavelength of 0.4834 Å at moder-
ate pressure (1.2 GPa) using helium gas as the pressure-transmitting 
medium. With the Rietveld refinement method, the powder XRD 
pattern can be well fitted with the structural model solved from the 
SC-XRD data. No other RP phase was observed in the powder XRD 
pattern. In the hybrid RP-phase nickelate La5Ni3O11, the out-of-plane 
Ni–O–Ni angle between the NiO6 octahedrons is symmetry-constrained 
to 180° (Fig. 1a and Extended Data Table 1), which is different from 
the value of 168° in La3Ni2O7 with the Amam space group at ambient 
pressure. The out-of-plane Ni–O–Ni angle was previously thought to 
be critical for interlayer coupling between NiO planes, which favours 
superconductivity under high pressure. More detailed crystal data, 
structure refinements and bond angles are shown in the Extended 
Data Table 1 and Extended Data Fig. 1. To obtain good electric contact, 
the temperature-dependent resistivity curve (R(T)) for the as-grown 
microcrystal was measured on a diamond anvil cell (DAC) with a small 
pressure (~3.5 GPa) (see the inset of Fig. 1d). As shown in Fig. 1d, the 
resistance curve (R(T)) exhibits a large hump at approximately 170 K, 

which is consistent with a previous report on powder samples at ambi-
ent pressure18. The anomaly in the resistivity curve is possibly due to a 
DW transition, which is similar to the other RP phase nickelates and the 
hybrid RP ‘1313’-phase nickelate14,15,19. Magnetic torque measurements 
conducted on the hybrid RP 1212 nickelate microcrystal (Fig. 1e) con-
firmed a DW transition at ~170 K, which corresponds to the temperature 
at the maximum of the hump in the R(T) curve. We note that no obvious 
non-stoichiometry is observed on the basis of the energy-dispersive 
X-ray spectroscopy (EDX) analysis (Extended Data Fig. 2) and the refine-
ment of the SC-XRD data (Methods).

Pressure-induced superconductivity
The electrical transport properties of the hybrid RP 1212 nickelate under 
various pressures were collected on a DAC using helium gas as the 
pressure-transmitting medium11. Notably, the homogeneity of the 
pressure environment is very important for electrical transport meas-
urements under pressure, especially for the hybrid RP 1212 nickelate. 
Owing to the large volume shrinkage of helium gas under high pressure, 
good electric contact is quite challenging in practice, and realistic 
electric contacts usually work well only within a limited pressure range. 
Here we successfully measured the electrical transport in different 
pressure ranges on four pieces of La5Ni3O11 single crystals, S1, S2, S3 
and S4, which were selected from the same batch. The electric contacts 
for samples S1 and S2 are good only for electrical measurements at 
relatively low pressures (below ~15 GPa), and the electric contacts for 
samples S3 and S4 are good only for electrical measurements at rela-
tively high pressures (above ~15 GPa). For sample S2, the resistance at 
room temperature gradually decreases at a relatively low pressure 
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Fig. 2 | Electrical transport properties of La5Ni3O11 single crystals under various 
pressures for three samples, S2, S3 and S4. a, R(T) curves for La5Ni3O11 (S2) in a 
relatively lower pressure range (8.9–10.8 GPa). b, R(T) curves for La5Ni3O11 (S2), 
where superconductivity begins to occur. c, R(T) curves of La5Ni3O11 (S3) with zero 
resistance at ~40 K at pressures above 18.2 GPa. d, Enlarged view of c, where the 
T onset
c  is defined graphically. e, R(T) curves for La5Ni3O11 (S4) under various 

magnetic fields along the c-axis direction. The onset Tc is quickly suppressed to a 

lower temperature with increasing magnetic field. The inset shows the R(T) curve 
at 23.5 GPa without applying the magnetic field for the La5Ni3O11 crystal (S4), which 
has similar electrical transport behaviour to that of sample S3 and shows a T onset

c  at 
~64 K and a Tzero

c  at ~54 K. f, The upper critical field extracted from e. There is an 
obvious positive curvature in the Hc2–Tc curve. The upper critical field at the 
zero-temperature limit is fitted via the two-band model at the clean limit with the 
equation Hc2(T) = Hc(0) × (1 − (T/Tc))1 + α, where Hc2(0) and α are fitting parameters21.
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(8.9–10.8 GPa; Fig. 2a), and the overall temperature-dependent behav-
iour is similar to that of sample S1 at 3.5–7.6 GPa (Fig. 1d and Extended 
Data Fig. 3). When the applied pressure further increases above 11.7 GPa, 
although the DW transition temperature remains almost unchanged, 
the signature of the DW transition in transport is strongly suppressed 
and completely fades above ~13 GPa (Fig. 2b). This result suggests a 
pressure-induced first-order phase transition for the DW order. At 
~11.7 GPa, a sharp drop in the R(T) curve indicates the emergence of 
superconductivity, with a Tc

onset of 17.9 K (Fig. 2b). Above 11.7 GPa, the 
value of Tc

onset continuously increases and reaches the optimal super-
conductivity, with the highest Tc

onset value of ~64 K occurring at ~21.5 GPa 
(Fig. 2c,d, sample S3). As shown in Fig. 2d, there is a step-like transition 
at approximately 50 K due to possible inhomogeneity of the pressure 
environment, which leads to a zero-resistance temperature of only 
42 K in sample S3 (Extended Data Fig. 4a). By improving the homogene-
ity of the pressure environment, we finally obtain a Tc

onset of ~64 K and 
a Tzero

c  of ~54 K for sample S4 (Fig. 2e), which are among the highest 
reported zero-resistance temperatures and the sharpest superconduct-
ing transitions for nickelate superconductors, to our knowledge. As 
shown in Fig. 2e and Extended Data Fig. 4, we studied the superconduct-
ing transition under different magnetic fields perpendicular to the ab 
planes. The Tc quickly decreases to a lower temperature as the magnetic 
field increases to 7 T, which is a typical characteristic of superconduc-
tivity. The upper critical field (Hc2) is extracted with different criteria. 
As shown in Fig. 2f, there is a positive curvature in the Hc2–Tc curve, 
which cannot be explained by a single-band Ginzburg–Landau model. 

Here we use a two-band model at the clean limit to fit the upper critical 
field, which works quite well and yields Hc2 values of 20–28 T at the 
zero-temperature limit21. In La3Ni2O7 with the Amam space group, the 
upper critical field along the out-of-plane direction is ~180 T at 
18.9 GPa9, which is much greater than that in our case. This low upper 
critical field in the hybrid RP 1212 nickelate is also confirmed in another 
single-crystal sample (Extended Data Fig. 4b). Above 20 GPa, the super-
conducting transition temperature starts to slightly decrease with 
increasing pressure, up to 25.2 GPa.

To confirm the bulk superconductivity by the Meissner effect, 
magnetic susceptibility measurements under high pressure are con-
ducted by using helium gas as the pressure-transmitting medium on a 
magnetic property measurement system (see details in Methods). As 
shown in Fig. 3a, there is a sharp transition at 52.5 K in the magnetic 
susceptibility curve with zero-field cooling and field cooling at 22.8 GPa 
and an applied magnetic field of 10 Oe, compared with the background 
data at ambient pressure, which indicates a notable Meissner effect 
due to superconductivity. By considering the demagnetization factor, 
the superconducting volume fraction in zero-field cooling is calculated 
to be as high as 74.5% and 72.8% at 10 Oe (Fig. 3a) and 20 Oe (Fig. 3b) 
under 22.8 GPa, respectively. This clearly indicates the bulk nature of 
the superconductivity. More magnetic susceptibility measurements 
under a high pressure of 25.9 GPa during zero-field cooling and field 
cooling with the applied magnetic fields of 10 Oe and 20 Oe are shown 
in Fig. 3d,e, respectively. Figure 3d,e show a sharp transition at 51.5 K, 
where the superconducting volume fraction during zero-field cooling 
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Fig. 3 | Temperature-dependent magnetic susceptibility of La5Ni3O11 under 
high pressure. a,b, Temperature-dependent magnetic susceptibility at 22.8 GPa 
with magnetic fields of 10 Oe (a) and 20 Oe (b), respectively.  
c, The superconducting volume fraction curve calculated from a without 
the correction of the demagnetization factor. d,e, Temperature-dependent 
magnetic susceptibility at 25.9 GPa with magnetic fields of 10 Oe (d) and 20 Oe 
(e), respectively. f, The superconducting volume fraction curve calculated from 
d without the correction of the demagnetization factor. The black and green 
curves in a are measured at ambient pressure at a magnetic field of 10 Oe, which 
is regarded as the background signal. After the pressure is applied, there is a 
sharp transition at approximately 52.5 K at 22.8 GPa and 51.5 K at 25.9 GPa, which 
indicates the Meissner effect. The superconducting volume is estimated on 
the basis of the largest magnetic susceptibility difference between the normal 
state and the superconducting state (see the black arrows). The contribution 
from the Meissner effect is estimated to be ~1.16 × 10−6 emu and ~2.18 × 10−6 emu 

for zero-field cooling (ZFC) curves with magnetic fields of 10 Oe and 20 Oe at 
22.8 GPa, respectively. The size of the sample is estimated to be a flat cylinder 
with a diameter of 210 ± 5 μm and a thickness of 20 ± 1 μm. The demagnetization 
factor is estimated to be N−1 = 1 + 1.6 × (C/A), where A is the diameter and C is the 
thickness of the sample29,30. The N is calculated as 0.8678. The superconducting 
volume fraction (SF) is corrected via the formula SF = χ/(1 − N × χ), where χ is the 
magnetic susceptibility without considering the demagnetizing factor. After 
the demagnetization factor is corrected, the superconducting volume fraction 
for ZFC (FC) curves at 22.8 GPa are estimated to be 74.5 ± 2.0% and 72.8 ± 1.8% 
(53.7 ± 2.8% and 42.9 ± 1.8%) with magnetic fields of 10 Oe and 20 Oe, respectively. 
The superconducting volume fraction for ZFC (FC) curves at 25.9 GPa are 
estimated to be 69.7 ± 2.1% and 70.0 ± 2.0% (42.5 ± 2.2% and 32.9 ± 2.0%) with 
magnetic fields of 10 Oe and 20 Oe, respectively. A more detailed error bar 
analysis is presented in Methods.
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is calculated to be as high as 69.7% and 70.0% at 10 Oe and 20 Oe, respec-
tively. All these magnetic susceptibility results under high pressure 
confirm bulk superconductivity, and the onset temperature of the 
Meissner effect is quite consistent with the Tzero

c  measured from the 
resistance curves. As shown in Fig. 3c,f, the same data in Fig. 3a,d are 
plotted in 4πχ as a function of temperature.

Structural transition under pressure
To further understand the electrical transport behaviour under pres-
sure, we measured the powder XRD patterns under various pres-
sures up to 30.5 GPa for the hybrid 1212 nickelate by grinding several 
pieces of microcrystals with helium gas as the pressure-transmitting 
medium at the Shanghai Synchrotron Radiation Facility at a wavelength 
of 0.4834 Å. Figure 4 and Extended Data Fig. 5 summarize the main 
results. At ambient pressure, the 1212 nickelate microcrystal adopts an 
orthorhombic structure with a space group of Cmmm, which is charac-
terized by the splitting of the (020) and (200) diffraction peaks. With 
increasing pressure, the diffraction peaks of (020) and (200) gradually 
merged, which indicates a structural transition from the orthorhombic 
phase to the tetragonal phase below 5.8 GPa (Fig. 4b). In the crystals 
of La3Ni2O7 with the Amam space group and La4Ni3O10, the pressure at 
which the structure transitions into the tetragonal phase is approxi-
mately 14 GPa, which is much greater than that of the hybrid RP 1212 
nickelate9,12. The refinement of the powder XRD pattern at 5.8 GPa gives 
a tetragonal phase structure with a space group of P4/mmm (Extended 
Data Fig. 5b), which is similar to the case of the hybrid RP 1313 phase 
under high pressure20. The tetragonal phase structure is maintained 
at 30.5 GPa. More detailed evolution of the lattice parameters and cell 

volume are refined and shown in Fig. 4c,d, where the lattice param-
eters show a progressive decrease under pressure. A careful analysis 
of the evolution of the lattice parameters of the a and b axes indicates 
that the critical pressure for the structural transition is approximately 
4.5 GPa (Fig. 4c).

Pressure-dependent phase diagram
In Fig. 5a, we summarize the results of high-pressure transport and 
XRD diffraction into a pressure-dependent phase diagram. As the pres-
sure increases, the crystalline structure of the hybrid RP 1212 nick-
elate transitions from a low-pressure orthorhombic phase (Cmmm) 
to a high-pressure tetragonal phase (P4/mmm) at a critical pressure 
of ~4.5 GPa, which is much lower than that of La3Ni2O7 and La4Ni3O10 
(~14 GPa)9,11. In contrast to previous high-pressure transport meas-
urements on La3Ni2O7 and La4Ni3O10, the DW transition in 1212 nick-
elate is quite robust during the structural transition. In addition to a 
small jump at ~4.5 GPa, the DW transition temperature continuously 
increases with increasing pressure. The small jump in the DW transi-
tion temperature at ~4.5 GPa suggests that the structural transition 
slightly affects the DW transition. This might be related to the change 
in the Fermi surface due to the structural transition. Notably, previous 
muon spin rotation and nuclear magnetic resonance experiments on 
pressurized La3Ni2O7 revealed a pressure-enhanced spin-density-wave 
(SDW) transition14,15. We speculate that the DW transition in the hybrid 
RP 1212 nickelate is also related to a similar SDW transition, which needs 
further experimental investigation in the future. Above 11.7 GPa, the 
superconducting phase emerges with dome-like pressure-dependent 
behaviour. Our present results indicate strong competition between 
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possible SDW order and superconductivity. They are connected via a 
first-order phase transition in the pressure-dependent phase diagram. 
Previous studies on the pressure-dependent phase diagram in RP nick-
elate superconductors suggest that the tetragonal structure plays an 
important role in high-pressure superconductivity11,22. However, this 
picture is challenged by our recent work on both tetragonal La4Ni3O10 
and La3Ni2O7 (refs. 23,24). Our results for both La4Ni3O10 and La3Ni2O7 
indicate that the DW transition, rather than the tetragonal structure, 
plays a key role in the superconductivity under high pressure. Although 
superconductivity appears only when the DW transition is suppressed 
under high pressures, the DW transition at ambient pressure is neces-
sary for the emergence of superconductivity under high pressure. Here, 
in La5Ni3O11, the absence of any effect on superconductivity from the 
structural transition further supports the above proposed picture, in 
which the tetragonal structure is not a necessary ingredient for super-
conductivity. As shown in Extended Data Table 2, we performed a more 
detailed comparative analysis of the DW transition temperatures, the 
onset pressures for superconductivity and the optimal superconduct-
ing transition temperatures across three RP nickelate superconduc-
tors, La3Ni₂O7, La4Ni3O10 and La5Ni3O11. We found that the DW transition 
temperature and onset pressure for superconductivity are comparable 
in these three RP nickelates, suggesting a comparable energy scale for 
the DW state of RP nickelates. In contrast, the optimal superconduct-
ing transition temperature differs remarkably among different RP 
nickelates. Since both La3Ni2O7 and La5Ni3O11 contain the same bilayer 
Ni–O structure, the optimal superconducting transition temperature 
is comparable in these two RP phases and shows an anticorrelation with 
the DW transition temperature, supporting a competitive character 
between the DW state and superconductivity. However, both the DW 
transition temperature and optimal superconducting transition tem-
perature are lower in La4Ni3O10. Considering the structural difference 
between the bilayer Ni–O structure and the trilayer Ni–O structure, 
interlayer coupling might also play an important role in both the DW 
state and superconductivity in RP nickelates. Understanding the under-
lying physics is beyond the present scope, but would stimulate further 
theoretical investigations in the future.

Finally, we also studied the relationship between Tc and the average 
in-plane lattice (ap =

1

2
√a2 + b2 ) in the hybrid RP 1212 nickelate. As 

shown in Fig. 5b, the relationship between the Tc and the average 
in-plane lattice parameter in 1212 nickelate is similar to that in pressur-
ized La3Ni2O7 (refs. 9,25), in which pressure-induced superconductivity 
appears in the structure with a relatively small ap (<3.77 Å). This result 
suggests that the multilayer perovskite structure (RNiO3)3 is the fun-
damental building block for superconductivity. Very recently, by utiliz-
ing compressed strain through a substrate, ambient-pressure 

superconductivity has been observed in La3 − xPrxNi2O7 films26,27. The 
relationship between Tc and the average in-plane lattice in these 
La3 − xPrxNi2O7 films also shows a similar behaviour as that of the bulk 
samples under pressure. Here the observation of pressure-induced 
superconductivity in the hybrid RP 1212 nickelate suggests an alterna-
tive route to achieve ambient-pressure superconductivity in the hybrid 
RP nickelates. The average in-plane lattice parameter of La2NiO4 is 
approximately 3.85–3.87 Å, which is relatively larger than the average 
in-plane lattice parameter of La3Ni2O7 (ap = 3.835 Å)28. If we can replace 
the La2NiO4 layer with another RP layer with a smaller ap, it might be 
possible to tune the value of ap to the superconducting region, as shown 
in Fig. 5b. This deserves further experimental exploration of new hybrid 
RP nickelates.

In summary, bulk superconductivity with an optimal T onset
c  of 

approximately 64 K was achieved in hybrid RP 1212 nickelate (La5Ni3O11) 
single crystals, which extends the superconducting member in the RP 
nickelate family. The pressure-dependent phase diagram of La5Ni3O11 
further reveals a first-order phase transition between the low-pressure 
DW order and the high-pressure superconductivity. In addition, a struc-
tural transition from the orthorhombic phase to the tetragonal phase is 
also observed at lower pressures before the emergence of superconduc-
tivity. All these results strongly suggest an underlying interplay between 
DW order and superconductivity in La5Ni3O11. More theoretical and experi-
mental investigations at microscopic scale are urgently needed to study 
the correlation between DW order on superconductivity in La5Ni3O11, 
which would shed new light on the superconducting mechanism.
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Methods
Sample growth
The La5Ni3O11 crystals were grown via a molten-salt method. First, 
the La5Ni3Ox precursor (P) was obtained via a standard sol‒gel pro-
cess. Specifically, the La source (lanthanum nitrate hexahydrate), Ni 
source (nickel (II) nitrate hexahydrate) and complexing agent (citric 
acid (CA)) were dissolved in water at a molar ratio of La:Ni:CA = 5:3:8. 
The above solution was preheated at 140 °C for approximately 24 h 
to obtain a dry gel, which was then transferred into a muffle furnace 
where the temperature was slowly increased to 400 °C and maintained 
for another 10 h. Second, the above precursor (P) was mixed with a 
salt flux (NaCl/KCl mixture) at a mass ratio of P:NaCl:KCl = 1:14:16 and 
loaded into a corundum crucible. The corundum crucible was heated 
to 1150 °C for 10 h, maintained at this temperature for 48 h, and then 
slowly cooled to 1110 °C within 7 days. Microcrystals with a typical 
size of 0.1 × 0.1 × 0.02 mm were obtained after the flux was washed 
with water.

Structural and composition characterization at ambient 
pressure
The as-grown microcrystal was mounted on the sample holder using 
high-vacuum silicon grease as the glue. SC-XRD data were collected 
on a four-circle diffractometer (Rigaku, XtaLAB PRO 007HF) with 
Cu Kα radiation at the Core Facility Center for Life Sciences in the 
University of Science and Technology of China. The structure was 
solved and refined via Olex-2 with the ShelXT and ShelXL packages. 
The detailed structural data are shown in Extended Data Table 1. All the 
crystals were first checked via a four-circle diffractometer before they 
were used to conduct further physical measurements. EDX equipped 
with a scanning electron microscope (Hitachi SU8220) was used to 
characterize the chemical composition. The element ratio of La:Ni 
is approximately 1.67:1 (Extended Data Fig. 2). The refinement of the 
occupancy of the oxygen sites on the basis of the SC-XRD data gives 
a value of 0.984–1.072, which indicates nearly full occupation of all 
these oxygen sites. There is only one oxygen site (O3 site; Fig. 1a) that 
is smaller than 1. These results indicate negligible non-stoichiometry 
in the as-grown La5Ni3O11 single crystal. The STEM images were col-
lected on a Thermo Fisher Scientific Titan Themis Z microscope with 
a working voltage of 300 kV.

Magnetic torque measurement
Using an SCL piezo-resistive cantilever, torque magnetometry data 
were collected via a physical property measurement system (PPMS, 
Quantum Design Inc., DynaCool-14T). The sample was carefully 
attached to the tip of the cantilever, which was fixed on a horizontal 
rotator. The sample was rotated in the range of θ (the angle between 
the magnetic field vector H (14 T) and the flat plane of the La5Ni3O11 
crystal) from 0° to 90° under isothermal conditions.

Electrical transport and XRD measurements and magnetic 
susceptibility under high pressure
Resistance curves for the La5Ni3O11 single crystals under high pressure 
were measured in a DAC using helium gas as the pressure-transmitting 
medium. The pressure was applied, and the mixture was calibrated 
by shifting the ruby florescence at room temperature. The transport 
measurements were conducted in a physical properties measure-
ment system (PPMS-9, Quantum Design Inc.). The powder XRD data 
of La5Ni3O11 under pressure were collected by gridding several pieces 
of microcrystals at the Shanghai Synchrotron Radiation Facility via an 
X-ray beam with a wavelength of 0.4834 Å. Helium gas was used as the 
pressure-transmitting medium. The powder XRD data were refined 
via GSAS software to obtain the lattice parameters under different 
pressures.

Direct-current magnetic susceptibility measurements under pres-
sure were conducted via a custom-built miniature DAC. The beryllium– 

copper alloy DAC was integrated with a magnetic property measure-
ment system (MPMS3, Quantum Design Inc.). The cell design featured 
paired diamond anvils 400 μm in diameter. Non-magnetic rhenium 
gaskets were employed to reduce magnetic background interference. 
A cylindrical sample chamber 310 μm in diameter was created within 
the gasket. Specifically, we loaded a La5Ni3O11 single crystal with planar 
dimensions of ~210 μm in diameter and 20 μm in thickness. Helium 
gas served as the pressure-transmitting medium to maintain optimal 
hydrostatic conditions throughout the pressure experiments. The 
demagnetization factor (N) for the cylindrical sample under an axial 
magnetic field was estimated to be N−1 = 1 + 1.6 × (C/A), where A is the 
diameter and C is the thickness of the sample29,30. The N is calculated as 
0.8678. The superconducting volume fraction (SF) is corrected via the 
formula SF = χ/(1 − N × χ), where χ is the magnetic susceptibility without 
considering the demagnetization factor. The estimated superconduct-
ing volume fraction for La5Ni3O11 at 22.8 GPa is approximately 74.5% and 
72.8% at 10 Oe and 20 Oe, respectively.

Error-bar analysis for calculating the superconducting volume 
fraction
The primary sources of error in calculating the superconducting vol-
ume fraction stem from three main factors: the background signal, the 
residual magnetic field within the measurement system and the estima-
tion of the sample’s diameter and thickness. The temperature at which 
the strongest diamagnetic signal occurs is denoted as T most

c . The back-
ground signal at temperatures below T onset

c  is estimated through a linear 
extrapolation of the magnetic susceptibility data from the normal state. 
The error bar for the background signal is estimated to be half the dif-
ference in the background signal between T onset

c  and T most
c . The error in 

the residual magnetic field within the measurement system is estimated 
to be less than or equal to 0.2 Oe. The sample’s diameter and thickness 
were measured using microscopy. The sample is considered to be a 
circular plate with an average diameter of 210 µm and a thickness of 
20 µm. The diameter error (±5 µm) arises from the irregular shape, 
while the thickness error (±1 µm) originates from the resolution of the 
microscope. After analysing these errors, the error bar for the super-
conducting volume fraction is calculated to be between 2% and 3%. 
More detailed values for the error bar are presented in the caption  
of Fig. 3.

Data availability
The data supporting the findings of this study are available via fig-
share at https://doi.org/10.6084/m9.figshare.29484635 (ref. 31). The 
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Extended Data Fig. 1 | Reciprocal lattice data. (a)–(c), Reciprocal lattice data of La5Ni3O11 along the a*, b* and c* axes, respectively. The size of the spots represents the 
intensity of the diffraction peaks.
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Extended Data Fig. 2 | EDX results of the as-grown microcrystals. The element ratio is La:Ni = 1.67:1, which is consistent with the chemical formula of La5Ni3O11.
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Extended Data Fig. 3 | Resistance curves for sample S1. Temperature-dependent resistance curves for La5Ni3O11 (S1) at various pressures.
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Extended Data Fig. 4 | Superconductivity and the upper critical field. (a) R(T) 
curves for La5Ni3O11 (S3) at 18.2 GPa under various magnetic fields along the 
c-axis direction. The onset Tc is quickly suppressed to a lower temperature with 
increasing magnetic field. (b) The upper critical field extracted with different 

criteria in (a), where the RN is the resistance at the normal state. There is an 
obvious positive curvature in the Hc2-Tc curve. The upper critical field at the zero-
temperature limit is fitted via the two-band model at the clean limit.
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Extended Data Fig. 5 | Powder XRD patterns of the La5Ni3O11 crystal under 
various pressures. (a) Powder XRD patterns of the La5Ni3O11 crystal under various 
pressures in the 2ϴ range of 12–14°, where the dashed line indicates the signal 
from the gasket (Re). (b) Rietveld refinement of the powder XRD pattern for 
La5Ni3O11 at 5.8 GPa. The collected data can be well fitted via the space group  

P4/mmm. The blue circles and red lines represent the observed and calculated 
data, respectively. The blue lines indicate the difference between the observed 
and calculated data. The short green and cyan vertical lines indicate the 
calculated diffraction peak positions of La5Ni3O11 with P4/mmm space group  
and Re.
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Extended Data Table 1 | Crystal data, structure refinement and bond angle for La5Ni3O11
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Extended Data Table 2 | Comparison of density-wave transition temperatures, optimal superconducting transition 
temperatures and onset pressures for superconductivity in La3Ni2O7, La4Ni3O10 and La5Ni3O11
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