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Abstract: Here we report a comprehensive study of the crystal structure, resistivity, 
and alternating-current magnetic susceptibility in single crystals of La3Ni2O7, with a 
hydrostatic pressure up to 104 GPa. X-ray diffraction measurements reveal a bilayer 
orthorhombic structure (space group Amam) at ambient pressure and a transformation 
into a tetragonal phase (space group I4/mmm) at ad critical pressure of ~14 GPa. The 
transport measurements reveal a right-triangle shape superconducting region with a 
maximum Tc of 83 K at 18.0 GPa. The superconductivity is gradually suppressed when 
applying a higher pressure, but it can persist up to 90 GPa. Importantly, we measured 
the Meissner effect of superconductivity using an alternating-current magnetic 
susceptibility technique under pressure and estimated the maximum superconducting 
volume fraction of being 48% at 19.4 GPa. Thus, we demonstrate the bulk nature of 
superconductivity in the bilayer nickelate La3Ni2O7 under high pressure. The intimate 
connection among the superconductivity, the oxygen content, and the tetragonal 
structure are discussed. 

 

Seeking unconventional superconductivity in nickel-oxide materials has been a long-
lasting topic due to the similar lattice and electronic structures with cuprates. Especially 
the Ni+ in ReNiO2 (Re = La, Nd, Sm, etc.) has the same spin configuration as Cu2+ in 
cuprates[1,2]. However, superconductivity wasn’t realized in nickelates until the 
superconductivity with a transition temperature of Tc = 15 K was reported in 
Nd0.8Sr0.2NiO2 thin film samples in 2019 [3-5]. Ni ions with a valence state close to Ni+ 
and a spin S=1/2 in a planar coordination with oxygen ions were thought crucial for the 
emergence of superconductivity in nickelates [2,6]. The discovery of superconductivity 
in the Ruddlesden-Popper (RP) phase nickelate La3Ni2O7 with Tc ~ 80 K has ignited 
renewed interest in the field of condensed matter physics [7-12]. The superconductivity 
was originally reported in the bilayer RP phase of La3Ni2O7 with a ‘2222’ stacking 
sequence of the NiO6 octahedra between 14.0-43.5 GPa. The bilayer phase was 



suggested to undergo a structural transition from a low-pressure orthorhombic Amam 
phase to a high-pressure orthorhombic Fmmm phase at room temperature, where the 
bonds of Ni-O-Ni along the c axis changed from 168° to 180° [7]. Scanning 
transmission electron microscopy (STEM) [13] and x-ray diffraction (XRD) 
measurements [14] confirmed the ‘2222’ stacking sequence on single crystals of 
La3Ni2O7 grown by the high-pressure floating zone furnace and polycrystalline samples 
of La3Ni2O7 [15] and La2PrNi2O7 [16] grown by the sol-gel method. Oxygen vacancies 
were visualized on the inner apical oxygen site shared by two NiO6 octahedra [13]. 
Further structural analysis under high pressure and low temperature revealed a 
tetragonal I4/mmm phase that corresponds to the compressed superconducting (SC) 
state [17]. Recently, a new structure of La3Ni2O7 with an alternating monolayer-trilayer 
NiO6 octahedra stacking sequence, denoted as the ‘1313’ phase, was identified [18-21]. 
It is unclear how the distinct structures might promote the high-Tc superconductivity in 
La3Ni2O7. 

The other enigmatic phenomena are the difficulty of realizing zero resistance and 
weakly suppressed Tc in La3Ni2O7 under pressure [7,9-11]. Measurements using 
alternating-current (ac) magnetic susceptibility technique yield 1~20% SC volume 
fraction [7,11]. Such a low SC volume fraction and poor repeatability question the 
reliability of bulk superconductivity. A filamentary nature of the superconductivity was 
hence suggested in La3Ni2O7 under pressure [11,15,19]. Recently, both zero resistance 
and the Meissner effect from direct-current (dc) magnetic susceptibility in the trilayer 
nickelate La4Ni3O10 under pressure were reported, revealing a bulk superconductivity 
with Tc ~30 K [12,22-25]. Thus, it is of great importance to examine the bulk or 
filamentary nature of the superconductivity in the bilayer nickelate La3Ni2O7. 

In this work, we investigate the ambient and high-pressure structure of La3Ni2O7, 
explore the electric properties, and clarify the controversy of bulk or filamentary 
superconductivity in compressed La3Ni2O7. We show evidence that the high-pressure 
structural phase of La3Ni2O7 belongs to the tetragonal I4/mmm space group at room 
temperature. Furthermore, the high-pressure transport measurements up to 104 GPa 
reveal a phase diagram of pressure-driven right-triangle shape superconductivity with 
a maximum Tc of 83 K. The SC phase is virtually suppressed above 90 GPa. The 
previously reported weakly insulating state at low pressures is not observed in the 
present study. The maximum SC volume fraction is estimated to be ~48% by measuring 
the high-pressure ac magnetic susceptibility, demonstrating bulk superconductivity in 
La3Ni2O7. The validity of this method is confirmed by a parallel investigation of the 
polycrystalline Bi2Sr2CaCu2O8+δ (Bi-2212) samples. 

 

The diamond anvil cell (DAC) electric transport and ac magnetic susceptibility 
measurements were performed on single crystals of La3Ni2O7 from the same batch we 
investigated before [7,14,26]. It should be noted that a small amount of oxygen 
vacancies may be unavoidable due to the metastable structure and high oxygen pressure 
during the single crystal growth. Superconductivity was observed under high pressure 



in all the samples we measured, suggesting a better sample quality which may be due 
to the fewer oxygen vacancies. Details of the analysis of the oxygen content have been 
discussed elsewhere and are beyond the scope of this work, we thus use La3Ni2O7 to 
represent the composition of our sample for simplicity in this work [13]. For the XRD 
measurements, we measured the polycrystalline samples synthesized by the sol-gel 
method [15], and conducted the high-pressure synchrotron XRD measurements at the 
BL15U1 beamline at the Shanghai Synchrotron Radiation Facility (SSRF) with a 
wavelength of λ = 0.6199 Å. As a comparison, the Bi-2212 polycrystalline samples with 
Tc = 77 K were synthesized and measured using the ac magnetic susceptibility method 
to verify the accuracy of the SC volume fraction. 

 

The structure of the La3Ni2O7 samples at ambient pressure was first investigated. As 
shown in the simulated XRD patterns with Cu Kα radiation in Fig. 1a, the ‘2222’ phase 
and the ‘1313’ phase can be unambiguously distinguished. The experimental XRD 
pattern on our powder samples is consistent with the ‘2222’ bilayer structure. Figure 1b 
shows the single crystal XRD pattern of the (H H L) plane, where the (1 1 3) peak 
presents while the (1 1 2) peak is absent, consistent with the ‘2222’ bilayer structure. 
Previous STEM measurements on the same batch of single crystals also demonstrated 
the bilayer structure microscopically [13]. The high-pressure synchrotron XRD patterns 
at room temperature up to 29.8 GPa are shown in Fig. 1c. The separated reflections 
peaks near 13.21° can be indexed as (0 2 0) and (2 0 0) of the orthorhombic Amam 
space group, as shown in the inset of Fig. 1d (See supplementary Fig. S1 for lattice 
parameters). The two peaks merge at high pressure suggesting a structural transition to 
the I4/mmm space group [16]. Figure 1d shows the peak widths of (0 2 0)/(2 0 0) and 
(1 1 5) as a function of pressure. The peak widths of (1 1 5) represent the instrumental 
resolutions, which are broadened upon applying pressure. Below 14.1 GPa, the widths 
of (0 2 0)/(2 0 0) are broader than that of (1 1 5), indicating where the structural 
transition occurs. The I4/mmm space group also has flattened Ni-O-Ni bonds along the 
c axis, similar to the previously proposed Fmmm space group. Calculations of the 
electronic band structure based on the I4/mmm space group do not show a considerable 
distinction from that of the Fmmm space group [17]. 

The superconductivity was reported to abruptly emerge from either a weakly 
insulating state or a metallic state at ambient pressure [7-11]. A weakly pressure-
dependent SC state and a strange metal normal state extend to 43.5 GPa. It is important 
to elucidate the evolution of the superconductivity under ultrahigh pressure. To justify 
the reliability of experimental results, we repeated high-pressure electric measurements 
on four different samples with a similar size of 30×30×10 μm3 from the same batch 
(See supplementary Fig. S2a and S2b). KBr was adopted as a pressure-transmitting 
medium (PTM) in our measurements. Figure 2a shows the resistance at pressures from 
0 to 104 GPa. At ambient pressure, the resistance shows a metallic behavior and an 
anomaly at T*~140 K, which may be related to a density-wave transition [14,26-30]. 
By applying 0.9 GPa pressure in the DAC in run 1, the anomaly in resistance cannot be 
observed. The weakly insulating state at low pressures from the previous measurements 



on single crystals with the size of ~100×100×20 μm3 is absent, suggesting that the 
weakly insulating state is likely an extrinsic property due to the sample or pressure 
inhomogeneity. A drop in resistance occurs at 8 K and 10.6 GPa, likely indicating the 
emergence of superconductivity. In contrast, the Tc is 50 K at 10.9 GPa in run 4 (See 
supplementary Fig. S1a). The dramatic difference in Tc can be ascribed to the 
fluctuation of superconductivity at the onset pressure. The Tc at 21.4 GPa is 73 K in run 
1, while a residual resistance of 1 mΩ remains. The Tcs are suppressed gradually until 
they cannot be identified at 91.5 GPa and above. The strange metal behavior persists 
up to 104 GPa which is the highest pressure achieved in the current measurements. 

Figure 2b shows the resistance for run 2. The onset Tc is 83 K at 18 GPa which is 
higher than previous reports (See supplementary Fig. S2c) [7]. Figure 2c shows the 
high-pressure transport data of run 3. A SC transition with an onset Tc ~ 70 K appears 
at 12.4 GPa and is enhanced to 75 K at 18.0 GPa. A remarkable zero resistance appears 
below 12 K at both 18.0 and 21.6 GPa (Fig. 2d). The zero-resistance state is realized 
with the solid PTM, indicating a good sample quality. The SC transition is gradually 
suppressed by the external field up to 14 T, as shown in Fig. 2e (See supplementary Fig. 
S2b). The various Tcs indicate that the oxygen content influences the superconductivity 
in compressed La3Ni2O7 and the higher Tcs are accessible by optimizing the 
composition. 

The electric transport results measured under high pressure are summarized in Fig. 
3. The Tconset is defined as the onset SC transition temperature, while the Tcmid is defined 
as the temperature where the resistance is in the middle of that at the onset Tc and 2 K. 
The background color scale is the relative change of the resistance to that at 150 K in 
run 1. Superconductivity emerges near 10 GPa and is enhanced by the Amam to I4/mmm 
structural transition. The reasons may be due to a Fermi surface reconstruction or 
enhancement of the interlayer magnetic exchange coupling coincident with the first 
order structural transition [31-39,61-63]. The Tc abruptly reaches a maximum of 83 K 
at 18 GPa and then decreases with increasing pressure, highlighting the right-triangle-
like feature of the superconductivity in La3Ni2O7 under pressure. The Tconset drops to 38 
K at 80. 2 GPa. These features indicate a robust bulk SC phase in La3Ni2O7.  

 

To further investigate the nature of the superconductivity of La3Ni2O7 under pressure, 
a high-pressure ac magnetic susceptibility measurement system (HPMS) is employed 
to measure the Meissner effect of superconductivity [40-43]. The HPMS adopts a 
symmetric DAC with anvils of 500 μm culets, as shown in Fig. 4a. The sample was 
loaded into the hole of a non-magnetic BeCu gasket. The coil system was placed on the 
gasket, with a 100-turn pick-up coil wound around the sample. To reduce the 
temperature-dependent background of the DAC, an identical compensation coil was 
oppositely connected to the pick-up coil. An alternating field was generated by a 100-
turn excitation coil outside the pick-up and compensation coils. The inner diameters of 
the excitation coil and pick-up coil are 5.8 and 2.0 mm, respectively. The length of the 
coil is approximately 1.0 mm. When the sample is cooled below Tc, the Meissner effect 



forces magnetic flux out of the pick-up coil. A drop in the real part of the induced 
voltage is expected [40-42]. The magnitude of the drop measured by such a coil can be 

calculated by the formula ∆𝜒′ = !"#$%&
'()*+)

	𝜒  [41,44], where f, H, and V are the 

frequency of the alternating field, the magnitude of the generated field, and the sample 
volume, respectively. Note the sample is in the center of the pick-up coil, which is off 
the center of the excitation coil. N and R are the number of turns and radius of the pick-

up coil. α is a sample-dependent coefficient defined as α = 1 '1 + (𝐿 𝑅⁄ )-⁄ , where 2L 

is the length of the coil. D is the geometry demagnetization factor assumed as D = 1 −
[2ℎ (𝜋𝑑)⁄ ][ln(8𝑑 ℎ⁄ ) − 1] [45] for a cylindrical sample, in which h and d are the 
height and diameter of the sample, respectively. χ is −1 for a superconductor with 100% 
SC volume fraction. To enhance the detected signal, a pre-amplifier with a 500 
magnification was connected to the circuit outside of the cryostat. 

 
To check the validity of the HPMS, we measured a polycrystalline Bi-2212 sample 

as a reference. The dc magnetic susceptibility of Bi-2212 was measured, yielding a SC 
transition at Tc = 77 K and a volume fraction of 59% after considering the 
demagnetization factor [Fig. 4b]. The Bi-2212 sample with a size of h = 20 μm and d = 
180 μm was loaded in the pick-up coil of HPMS. A current of 50 mA was applied in the 
excitation coil, inducing a magnetic field of ~20 Oe at the sample position [46]. To 
avoid changing the SC properties of Bi-2212 [47], we measured the superconductivity 
using the HPMS near ambient pressure with selected frequencies of the alternating 
currents. Sharp transitions around 77 K can be observed after subtraction of a linear 
background, as shown in Fig. 4c (See supplementary Fig. S4). A slight shift of Tc as 
changing frequency may be attributed to the pressure relaxation upon repeating the 
cooling and warming procedures because the Tcs vary ~2 K for repeated measurements 
with 393 Hz alternating excitation currents. The SC volume fractions calculated from 
the measured Δχ´2212 result in 40% (averaged for three times measurements), 43%, 50%, 
and 42% for the alternating current frequencies of 393, 423, 460, and 560 Hz 
respectively. The induced change of the voltage of the pick-up coil seems to saturate at 
f = 560 Hz. The result for f = 460 Hz is the closest to the dc magnetic susceptibility 
measurements, confirming the validity of the calculations from the HPMS. 

We then loaded a similar size of La3Ni2O7 single crystals to the same HPMS and 
conducted the measurements at 5.5, 19.4, and 23.4 GPa. Figure 4d shows the ac 
susceptibility measured at 5.5 GPa. Interestingly, weak drops of Δχ´ can be identified 
at around 81 K for 393 and 423 Hz, in contrast to the absence of an anomaly at 373 Hz. 
The appearance of the SC-like transition at 5.5 GPa may be related to the contraction 
of the anvil cell used in the HPMS, where the real pressure is close to the onset pressure 
of superconductivity [15,19]. At 19.4 GPa as shown in Fig. 4e, La3Ni2O7 has shown 
good superconductivity after the structural transition, the SC transitions can be 
observed at 76-80 K for all the frequencies. The calculated SC volume fractions are 
21%, 22%, 48%, and 42% for the current frequencies of 393, 423, 460, and 560 Hz. 



The measurements at 23.4 GPa are shown in Fig. 4f. The Tcs are suppressed weakly. 
However, the SC transition is almost absent for the frequency of 393 Hz. The 
corresponding SC volume fractions at 423, 460, and 560 Hz are 13%, 28%, and 23%, 
respectively. Our data reveal the resultant SC volume fraction of La3Ni2O7 varies with 
pressure and the excitation coil frequency. 

 

The emergence of superconductivity in La3Ni2O7 under high pressure exhibits 
sample and pressure homogeneity dependence [7-9,11]. Both zero resistance and ac 
diamagnetic susceptibility have been achieved in single crystals of La3Ni2O7. However, 
the zero resistance can only be observed for small samples with typical sizes of 
30×30×10 μm3 or smaller. The SC volume fraction estimated from the ac magnetic 
susceptibility measurements varies from previously obtained several percent to the 
maximum of 48% in this work, which is likely a result of the oxygen vacancy and 
pressure inhomogeneity. This conjecture is supported by the STEM measurements, 
which directly reveal various distributions of the oxygen vacancies, especially at the 
inner apical oxygen site [13]. The inner apical oxygen is directly involved in the 
superexchange magnetic interactions of the two nickel ions along the c-axis and affects 
the splitting of the bonding and antibonding states of the 3dz2 orbitals [7,37,48-51]. The 
interlayer coupling plays an important role in the superconductivity in compressed 
La3Ni2O7 according to extensive theoretical analysis [31,32,34,52-55,61-63]. Inelastic 
neutron scattering [56] and resonance inelastic x-ray scattering measurements [29] 
indeed reveal a strong interlayer coupling in La3Ni2O7 compared to the dominant 
intralayer couplings in copper-based [57] and iron-based superconductors [58]. It is 
reasonable to assume that the inner apical oxygen vacancies will suppress the 
superconductivity in the bilayer nickelate under pressure.  

Compared to La2NiO4 and La4Ni3O10, the bilayer La3Ni2O7 is a metastable phase 
with a narrower oxygen pressure window of 10-18 bar during the single crystal growth 
[59]. This complicates the sample synthesis, and a sample inhomogeneity is hard to 
avoid. Further, the quality of the single crystals using the optical floating zone method 
also depends on the speed of movements and rotations of the feed and seed rods, the 
diameter of the rods, and the stability of the melting zone. The other intergrowth phases 
such as La2NiO4, La4Ni3O10, and some other stacking sequences are also possible 
[18,21,60]. Even for successful growth, the inhomogeneity and vacancies of oxygen are 
inevitable because of the valence state of Ni2.5+ in La3Ni2O7. For samples with more 
oxygen vacancies, the SC volume fraction can be low, and the superconductivity 
behaves like filamentary. However, the reported STEM data [26] and the ac magnetic 
susceptibility in this work demonstrate that samples with a large SC volume fraction 
and zero resistance are achievable. The intimate relationship between pressure 
homogeneity and superconductivity in La3Ni2O7 may be ascribed to the crucial role of 
the tetragonal I4/mmm space group in the SC state and the bilayer structure. The abrupt 
emergence of superconductivity (the right-triangle shape) is intimately related to the 
first order structural transition. 



In conclusion, we have demonstrated the La3Ni2O7 samples we grew belong to the 
‘2222’ bilayer phase. The structure that corresponds to the superconductivity under high 
pressures is in the tetragonal I4/mmm space group. A pressure-temperature phase 
diagram from ambient pressure to 104 GPa is obtained, displaying a right-triangle shape 
SC region that ends up at 90 GPa, different from that of carrier-doped or pressure-
induced dome-shaped SC phase diagram in both cuprates and iron pnictides. The 
Meissner effect is measured, and the calculated maximum SC volume fraction is 48% 
at 19.4 GPa, suggesting the bulk nature of superconductivity. These findings provide 
important insights into the current confusion about the superconductivity in compressed 
La3Ni2O7. 

 

Work at Sun Yat-Sen University was supported by the National Key Research and 
Development Program of China (grant nos. 2023YFA1406500 and 2023YFA1406002), 
the National Natural Science Foundation of China (grant nos. 12174454 and 12304187), 
the Guangdong Basic and Applied Basic Research Foundation (grant No. 
2021B1515120015), the Guangzhou Basic and Applied Basic Research Funds (grant 
nos. 2024A04J6417 and 2024A04J4024), the open research fund of Songshan Lake 
Materials Laboratory (grant no. 2023SLABFN30), the Fundamental Research Funds 
for the Central Universities, Sun Yat-sen University (grant no. 23qnpy57), and the 
Guangdong Provincial Key Laboratory of Magnetoelectric Physics and Devices (grant 
no. 2022B1212010008). We also thank the BL15U1 station in Shanghai Synchrotron 
Radiation Facility (SSRF) for the help in high-pressure structural characterizations and 
the School of Physics and Optoelectronics, South China University of Technology for 
supporting the high-pressure ac magnetic susceptibility measurements. 

  



 

FIG. 1. Structural characterizations of La3Ni2O7. (a) Powder X-ray diffraction (XRD) pattern 
at ambient pressure (red line). The simulated XRD patterns of the 2222-phase (orange line) and 
1313-phase (blue line) are shown below for comparison. (b) A slice of single crystal XRD 
pattern in the (H H L) plane. (c) Synchrotron XRD patterns under different pressures from 2.8 
to 29.8 GPa. (d) Pressure dependence of the peak widths of (0 2 0), (2 0 0), and (1 1 5) in the 
Amam space group. A merging of the peak widths at 14.1 GPa signals a structural transition 
from the Amam phase to the tetragonal I4/mmm phase. The reflection indexes of (1 1 5) and (0 
2 0)/(2 0 0) change to (1 0 5) and (1 1 0) in the I4/mmm space group. The insets are the zoomed-
in experimental data. The solid lines are a guide to the eyes. 

  



 

FIG. 2. Temperature dependence of the in-plane resistance of La3Ni2O7 under various pressures. 
(a)-(b) High-pressure resistance curves of run 1 and run 2 measurements. The resistance of 
La3Ni2O7 from ambient pressure to 104 GPa is measured in run 1. A Tc

onset ~ 83 K is observed 
in run 2, breaking the record of the highest Tc

onset ~ 80 K in previous measurements on single 
crystals. (c) High-pressure resistance of run 3 measurements. (d) A zoom-in view of the 
resistance curves of run 3 below 30 K. The achievement of zero resistance is clearly shown. (e) 
Field-dependent resistance curves at 18.0 GPa of run3 measurements. 

  



 

FIG. 3. The superconducting phase diagram of La3Ni2O7 single crystals under pressures ranging 
from ambient pressure to 104 GPa. The red solid symbols represent the onset temperatures of 
superconductivity Tc

onset obtained from four runs. The blue hollow symbols represent the middle 
temperatures Tc

mid of the SC transition defined by the temperature corresponding to the 
resistance of Rmid=(Ronset+R2K)/2. The yellow rhombuses mark the zero resistance temperatures 
Tc

zero of run 3. Data points obtained from different testing rounds are denoted as different shapes. 
A dome-shaped evolution of Tc is obtained within the pressure range. The color of the ground 
shows the data of run 1. 

 

  



 

FIG. 4. (a) Schematic of the experimental set-up of the high-pressure ac magnetic susceptibility 
measurement system. (b) The dc magnetic susceptibility of Bi-2212, yielding Tc = 77 K and a 
superconducting volume fraction of 59%. (c) Frequency dependence of the real parts of the ac 
susceptibility of Bi-2212 at ambient pressure. The diamagnetic drop Δχ´2212 tends to increase 
with the increasing frequency. (d)-(f) Frequency dependence of the real parts of the ac 
susceptibility of La3Ni2O7 at 5.5, 19.4, and 23.4 GPa, respectively. Different frequencies from 
373 to 560 Hz are measured. The rapid drops can be attributed to the Meissner effect of 
superconductivity. 
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FIG. S1. (a) Lattice parameters and (b) Cell volume of La3Ni2O7 as a function of 
pressure up to 29.8 GPa. 

FIG. S2. (a) High-pressure resistance curves of run 4 measurements. Superconductivity 
emerges at 50 K under 10.9 GPa. (b) Field-dependent resistance at 26.3 GPa of run 4. 
The superconducting transition is gradually weakened by external fields. (c) Enlarged 
detail of the onset temperature at 18.0 GPa of run 2. The resistance starts to deviate 
from the linear curve approximately at 83 K. 

 



FIG. S3. Temperature dependence of the in-plane resistance of Bi2Sr2CaCu2O8+δ (Bi-
2212) polycrystalline sample. The onset temperature is 77 K, consistent with the Tc 
determined by the dc magnetic susceptibility measurement.  

FIG. S4. Raw data of the real part of the ac magnetic susceptibility measurements. (a)-
(d) Frequency dependence of the real part of the ac magnetic susceptibility of Bi-2212 
at ambient pressure. (e)-(g) Similar measurements of La3Ni2O7 at 5.5 GPa, (h)-(k) 19.4 
GPa, and (l)-(o) 23.4 GPa. 


