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Spin density wave rather than tetragonal
structure is prerequisite for
superconductivity in La3Ni2O7-δ

Mengzhu Shi 1,2,9, Di Peng 3,4,9, Yikang Li1,2, Shaohua Yang5, Zhenfang Xing4,
Yuzhu Wang6, Kaibao Fan1,2, Houpu Li1,2, Rongqi Wu1,2, 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 pressure-induced high-temperature (Tc) superconductivity in nickelates
La3Ni2O7-δ has sparked significant interest to explore its superconductivity at
ambient pressure. Whether the pressure-stabilized tetragonal structure is a
prerequisite for achieving nickelate superconductivity at ambient pressure is
under hot debate. Here, by post-annealing in high oxygen pressure environ-
ment, tetragonal La3Ni2O6.92 single crystals are successfully obtained at
ambient pressure, which exhibits ametallic behaviorwithout a SDW transition.
Moreover, superconductivity is also absent at high pressures up to ~ 70GPa.
Furthermore, by utilizing Helium as the pressure medium, we found that the
superconductivity in pressurized orthorhombic La3Ni2O6.85 is achieved in
orthorhombic structure rather than tetragonal structure claimed previously.
All these findings demonstrate that tetragonal structure is not prerequisite for
achieving superconductivity in La3Ni2O7-δ. Finally, our present work suggests a
deep correlation between SDW order and superconductivity, which imposes
stringent constraints on the underlying mechanism for pressure-induced
superconductivity in nickelates.

Search for high-temperature superconductivity in nickelates has
attracted a lot of interest amongst physicists andmaterials researchers
after the discovery of cuprate superconductivity1–7. In 2019, the
breakthrough in infinite-layer nickelate Nd1-xSrxNiO2 thin film trig-
gered a new wave of searching for novel nickel-based
superconductors8. Recently, the nickelate superconductor family
has been successfully expanded to the Ruddlesden-Popper (RP)
phases Lan+1NinO3n+1, with n = 29 and n = 310–13. The superconducting

transition temperature (Tc) in La3Ni2O7-δ exceeds the liquid-nitrogen
boiling temperature, suggesting a new family of high-temperature
superconductors14–26. However, unlike the infinite-layer nickelate thin
films, the realization of superconductivity in these RP nickelates
requires extremely high-pressure conditions, which hinders most
spectroscopic measurements of the superconducting state and com-
plicates the study of the underlying mechanism14. Exploration of
superconductivity at ambient pressure in the RP-phase Lan₊₁NinO₃n₊₁
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notonly offers a promising strategy toovercome the above challenges,
but also has significant importance for the application of nickelate
superconductors.

In La3Ni2O7-δ, the NiO6 octahedra are tilted away from the longest
axis at ambient pressure, resulting in an orthorhombic structure with
space group of Amam (Fig. 1a) rather than a tetragonal structure with
space group of I4/mmm (Fig. 1b). In the double-layer La3Ni2O7-δ with
Amam structure, the bond angle of Ni–O–Ni between adjacent NiO6

octahedra is 168°. Earlier transport and spectroscopic measurements
have revealed a density-wave transition around 150K at ambient
pressure27–33. A similar density-wave transition has also been observed
in the trilayer nickelate La4Ni3O10-δ, in which an intertwined density
wave with both charge and spin order is revealed (~136 K)34. As pres-
sure increases, the unit cell volume shrinks significantly, making the
tilted NiO6 octahedra unstable. Recent X-ray diffraction (XRD)
experiments underhighpressure revealed that highpressure induces a
structural transition from orthorhombic to tetragonal, and the
pressure-induced superconductivity occurs in a tetragonal structure
with I4/mmm35–37. In the I4/mmm structure, the bond angle of Ni–O–Ni
between adjacent NiO6 octahedra becomes 180°. In earlier theory, this
change of the bond angle of Ni–O–Ni can significantly affect the
interlayer coupling betweenNiOplanes and is thought to be important
for achieving the superconductivity under high pressure9. Therefore,
stabilizing the tetragonal structure becomes a prerequisite for
exploring nickelate superconductivity at ambient pressure. On the
other hand, recent density functional theory (DFT) calculation also
indicates that this change of the bond angle of Ni–O–Ni has no sig-
nificant effect on the band structure, especially for the dz

2 orbital

dominant band38. Following this line, the tetragonal structure is not
crucial for superconductivity. Instead, the suppression of the density-
wave transition in orthorhombic double-layer La3Ni2O7-δ is important
for achieving superconductivity at ambient pressure. In the present
study, we successfully obtained the tetragonal structure with I4/mmm
in La3Ni2O7-δ single crystals at ambient pressure. Moreover, the
superconducting structure in pressurized orthorhombic La3Ni2O7-δ

has been revisited. Our results indicate that a tetragonal structure is
not a necessary condition for achieving superconductivity in
La3Ni2O7-δ. The existence of spin-density-wave (SDW) order at ambient
pressure seems more vital for pressure-induced superconductivity.

Results
Tetragonal La3Ni2O7-δ at ambient pressure
The as-grown La3Ni2O7-δ samples are obtained by utilizing themelt salt
as the flux (see “Methods” section for details), which are crystallized
into an Amam orthorhombic structure with noticeable oxygen defects
and exhibit an insulating behavior (Supplementary Fig. 1). The recent
multislice electron ptychography measurement indicates that the
oxygen deficiency appears mainly at the inner apical oxygen sites and
such a kind of oxygen defect makes the oxygen content in La3Ni2O7-δ

single crystal quite inhomogeneous17. After an additional post-
annealing process under oxygen pressure of 10–15 bar to repair the
oxygen defects, the temperature-dependent resistance becomes
metallicwhile theorthorhombic structure is kept in La3Ni2O7-δ samples
(Fig. 1d and Supplementary Fig. 1). Pressure-induced high-temperature
superconductivity can be observed in these annealed orthorhombic
La3Ni2O7-δ samples, which will be carefully discussed later. At this
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Fig. 1 | The structure and magnetic torque measurements for orthorhombic
and tetragonal La3Ni2O7-δ at ambient pressure. a and b The crystal structure
model of orthorhombic and tetragonal La3Ni2O7-δ at ambient pressure, respec-
tively. There is a tilting angle between the adjacent NiO6 octahedra for orthor-
hombic La3Ni2O7-δ, while the tilt along the c-axis disappears in the tetragonal
La3Ni2O7-δ. c The powder XRD pattern for tetragonal La3Ni2O7-δ at ambient pres-
sure.dThe enlargedXRDpatternbetween 30 and 35°, and the powderXRDpattern
of the orthorhombic La3Ni2O7-δ at ambient pressure are also plotted for

comparison. e and g Temperature-dependent magnetic torque data of orthor-
hombic and tetragonal La3Ni2O7-δ, respectively. f Temperature-dependent dτ/dT at
the angles of 35°, 45°, and 55°. There is an obvious feature in τ(T) around 150K for
orthorhombic La3Ni2O7-δ, implying the SDW transition, which is consistent with
previous μSR and NMR results. Such a feature is not observed in the magnetic
torque data for the tetragonal La3Ni2O7-δ, indicating no SDW transition for the
tetragonal La3Ni2O7-δ.
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stage, the oxygen content in orthorhombic La3Ni2O7-δ is determined to
be 6.85 by TG analysis (see Supplementary Fig. 2). With further
increasing the annealing oxygenpressure to 150bar, theorthorhombic
structure is not stable anymore, and an I4/mmm tetragonal structure
becomes stable in the La3Ni2O7-δ single crystal. As shown in Fig. 1c, d,
the powder XRD pattern of the tetragonal La3Ni2O7-δ, obtained by
grinding several microcrystal pieces, can be well indexed by the cal-
culated diffraction peaks for an I4/mmm tetragonal structure. As
shown in Fig. 1d, the twopeaks arewell indexed as (105) and (110) in the
tetragonal structure. No additional splitting due to orthorhombic
distortion is observed in this range of 2θ. In comparison, obvious peak
splitting can be observed for the orthorhombic La3Ni2O7-δ as shown in
Fig. 1d. In addition, the oxygen content in the tetragonal La3Ni2O7-δ at
ambient pressure is also determined by TG analysis (see Supplemen-
taryFig.2 andSupplementaryTable 1), and is about 6.92, slightly higher
than that in orthorhombic La3Ni2O6.85. Furthermore, the HAADF-STEM
and iDPC data are also collected for tetragonal La3Ni2O7-δ (see Sup-
plementary Fig. 3). The tetragonal La3Ni2O7-δ sample keeps a bi-layer
RP structure without intergrowth with other RP phases (trilayer or
perovskite phases). Moreover, there is no interstitial oxygen observed
in the tetragonal La3Ni2O7-δ sample.

In tetragonal La3Ni2O6.92, the bond angles of Ni–O–Ni between
adjacent NiO6 octahedra along the longest axis change from 168° to

180°. Moreover, the in-plane Ni–O–Ni bonding angle at ambient
pressure is 178.9°, which is quite consistent with the previously
reported value of 178.4° for tetragonal La3Ni2O7-δ under high
pressure35. More detailed crystal data and refinement information are
presented in Table 1 and Supplementary Fig.4.

It should be noted that no density-wave and no superconducting
transition is observed in the temperature-dependent resistance of
tetragonal La3Ni2O7-δ at ambient pressure (Supplementary Fig. 1). This
is one of the interesting findings in the present work. Since the sig-
nature of the density-wave transition is weak, and even no feature can
be seen in resistance in orthorhombic La3Ni2O7-δ, we choose to utilize
the magnetic torque technique to detect the possible density-wave
transition in tetragonal La3Ni2O7-δ at ambient pressure. First, we mea-
sure the magnetic torque in orthorhombic La3Ni2O7-δ to make a
benchmark for the SDW transition. As shown in Fig. 1e, the
temperature-dependent magnetic torque τ(T) of the orthorhombic
La3Ni2O7-δ shows a clear S-shape behavior around 150K, which is
ascribed to the reported SDW transition by different techniques29,31,32.
This SDW transition is more clearly seen in the dτ/dT vs T curves
(Fig. 1f). Furthermore, as shown in Fig. 1g, the temperature-dependent
τ(T) is also measured in the tetragonal La3Ni2O7-δ. In contrast to
orthorhombic La3Ni2O7-δ, no SDW transition can be resolved in our
present measurement. This result indicates that the SDW transition is
absent in the tetragonal La3Ni2O7-δ. More implications of these results
will be discussed later. Next, we will further explore the pressure-
induced superconductivity in both orthorhombic and tetragonal
La3Ni2O7-δ samples.

Transport properties of pressurized orthorhombic and
tetragonal La3Ni2O7-δ

To investigate the pressure-induced superconductivity in La3Ni2O7-δ

with different structures, we performed resistance measurements on
selected microcrystals under high pressures. Helium gas was loaded
as the pressure-transmitting medium to provide a homogeneous
pressure environment39. The transport properties of the orthor-
hombic La3Ni2O7-δmicrocrystal under various pressures are shown in
Fig. 2. In pressurized orthorhombic La3Ni2O7-δ, the room-
temperature resistance gradually decreases with increasing pres-
sure. At 15.3 GPa, the pressure-induced superconductivity appears in
the temperature-dependent resistance, but the superconducting
transition is still broad. By further increasing pressure, the super-
conducting transition becomes more pronounced, and a sharp
superconducting transition can be achieved above 20GPa, as shown
in Fig. 2a, b. The highest onset temperature of the superconducting
transition reaches to about 80 K while zero resistance temperature is
about 45–43.5 K for two samples as shown in the inset of Fig. 2c and
Supplementary Fig. 5a. These results on pressure-induced super-
conductivity are even better than the best superconducting transi-
tion in pressurized La3Ni2O7-δ in reported literature9,16, indicating the
importance of the homogeneous pressure environment for the high-
pressure measurements and the high quality of our annealed
orthorhombic La3Ni2O7-δ samples. By increasing the pressure above
20GPa, the superconducting transition temperature starts to
decrease slowly with increasing pressure, which is also consistent
with previous high-pressure measurements9,16. The nature of optimal
superconductivity is also examined by applying a magnetic field
perpendicular to the Ni–O planes. As shown in Fig. 2c and Supple-
mentary Fig. 5a, the superconducting transition under different
magnetic fields is measured in two superconducting orthorhombic
La3Ni2O7-δ samples. The field-dependent superconducting transition
temperatures are fitted by a Ginzburg–Landau (GL) model (Fig. 2d
and Supplementary Fig. 5), and the extracted upper critical fields are
comparable with the reported values in literature9,16. We note that
there is a jump in the resistance curve recorded between 0 T and
0.1 T, which is possible due to the thermally activated flux flow16.

Table 1 | Crystal data and structure refinement for orthor-
hombic and tetragonal La3Ni2O7-δ at ambient pressure

Identification code La3Ni2O7-OP La3Ni2O7-TP

Empirical formula La3Ni2O6.93 La3Ni2O6.96

Formula weight 645.07 645.43

Temperature/K 299.6 (3) 301.70 (10)

Crystal system orthorhombic tetragonal

Space group Amam I4/mmm

a/Å 5.3908 (2) 3.8542 (2)

b/Å 5.4479 (2) 3.8542 (2)

c/Å 20.5353 (7) 20.2302 (18)

α/° 90 90

β/° 90 90

γ/° 90 90

Volume/Å3 603.09 (4) 300.52 (4)

Z 4 2

ρcalc g/cm
3 7.104 7.133

μ/mm−1 167.489 168.076

F (000) 1130.0 565.0

Crystal size/mm3 0.12 × 0.06 × 0.03 0.1 × 0.06 × 0.05

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184)

2Θ range for data col-
lection/°

8.612–156.138 8.742–153.538

Index ranges −6 ≤ h ≤6,
−3 ≤ k ≤6, −25 ≤ l ≤ 25

−4 ≤ h ≤3,
−4 ≤ k ≤4, −22 ≤ l ≤ 25

Reflections collected 3006 1341

Independent
reflections

373 [Rint = 0.0630,
Rsigma = 0.0299]

128 [Rint = 0.0959,
Rsigma = 0.0416]

Data/restraints/
parameters

373/0/31 128/0/17

Goodness-of-fit on F2 1.138 1.161

Final R
indexes[I > = 2σ(I)]

R1 = 0.0374,
wR2 = 0.1105

R1 = 0.0677,
wR2 = 0.1733

FinalR indexes [all data] R1 = 0.0379,wR2 = 0.1110 R1 = 0.0678,
wR2 = 0.1734

Largest diff. peak/hole/
e Å−3

1.97/−2.17 4.51/−5.35
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In the case of tetragonal La3Ni2O7-δ, we first try to study the
pressure effect on resistance by utilizing Helium gas as the pressure-
transmitting medium. As shown in Fig. 3a, b, the temperature-
dependent resistance shows the metallic behavior in the whole tem-
perature range, and no significant pressure effect on the overall
metallic behavior is observed with increasing pressure. Although the
room-temperature resistance continuously decreases with increasing
pressure, no superconductivity is observed up to 30.3 GPa. Then, we
try to extend the study of pressure effect to higher pressure by uti-
lizingNaCl as thepressure-transmittingmedium.As shown inFig. 3c, d,
superconductivity is still absent up to 68.2GPa. The fact that the
metallic behavior without density-wave transition persists to high
pressures indicates a robust ground state in tetragonal La3Ni2O7-δ,
which is distinct from thepressurizedorthorhombic La3Ni2O7-δ. On the
other hand, the absence of superconductivity in pressurized tetra-
gonal La3Ni2O7-δ also poses a great challenge to the idea that the tet-
ragonal structure is crucial for pressure-induced superconductivity.
Next, we further study the high-pressure structure in orthorhombic
and tetragonal La3Ni2O7-δ to check the pressure-induced structural
transition.

Structural evolution with pressure for the orthorhombic and
tetragonal La3Ni2O7-δ

We conducted high-pressure powder XRD measurements on both
orthorhombic and tetragonal La3Ni2O7-δ samples by utilizing Helium
gas as the pressure-transmitting medium, as illustrated in Fig. 4 and
Supplementary Figs. 6–11. In principle, the helium pressure-
transmitting medium offers a more homogeneous pressure

environment compared to the previous measurements by utilizing
liquid silicon oil as a transmitting medium35–37. In pressurized tetra-
gonal La3Ni2O7-δ, the powder XRD data under different pressures are
well fitted by a tetragonal structure with the space group of I4/mmm
(see examples for 1.7 GPa and 21.7 GPa in Fig. 4b and Supplementary
Fig. 6), and no peak splitting related to the orthorhombic distortion is
resolved. As shown in Fig. 4c, the determined lattice parameters (a-axis
and c-axis) and cell volume exhibit an almost linear decrease with
increasing pressure, suggesting the absence of structural transition in
tetragonal La3Ni2O7-δ under pressure up to 31.3GPa.

Similarly, our present work found that the orthorhombic
La3Ni2O7-δ also exhibits a stable orthorhombic structure up to
25.6 GPa as indicated by the powder XRD data (Fig. 4d, e). This result
is quite different from the previous observation in orthorhombic
La3Ni2O7-δ

35–37. In detail, the splitting of the (020) and (200) peaks,
attributed to orthorhombic distortion, is observed at all pressures
(see examples for 1.5 GPa and 21.8 GPa in Fig. 4e and Supplementary
Figs. 8 and 10). The derived lattice parameters and cell volume for
orthorhombic La3Ni2O7-δ are illustrated in Fig. 4f. It is obvious that
the lattice parameters exhibit an almost linear decrease with
increasing pressure, suggesting the absence of a structural transition
under pressure. As shown in Supplementary Fig. 8, the powder XRD
patterns for La3Ni2O7-δ at 1.5 GPa and 21.8 GPa can be accurately fit-
ted by the Amam space group. All these results strongly support that
the pressure-induced superconducting phase remains in the
orthorhombic structure. More detailed Ni–O bond lengths and
Ni–O–Ni bond angles are shown in Supplementary Fig.11. We note
that the bond length for the axial Ni–O (denoted as d3 in
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Fig. 2 | Temperature dependence of resistance (R) under various pressures for
orthorhombic La3Ni2O7-δ. a and b Temperature-dependent resistance curves for
the orthorhombic La3Ni2O7-δ under different pressures. The inset of (b) shows the
gradual suppression of Tc by pressure above 20GPa. c The R(T) curves for the
orthorhombic La3Ni2O7-δ under various magnetic field at 20.1 GPa. The super-
conducting transition is gradually suppressed to a low temperature with increasing
magnetic field. The inset clearly shows that the temperature of zero resistance is as
high as 45K, which is the highest temperature of zero resistance reported in the
La3Ni2O7-δ single crystals so far. d The upper critical field for the orthorhombic
La3Ni2O7-δ sample is shown in (c). The upper critical fields were fitted with different

criteria using a 3D GL model. In the 3D GL model, the Hc-T relation for a super-

conductor follows the equationμ0Hc2 Tð Þ=μ0Hc2 0ð Þ 1�ð T
TC

Þ2

1 + ð T
TC

Þ2
whereHc2 and Tc are the

upper critical field and superconducting temperature. As there is a jump in the
resistance curves recorded at 0T and0.1 T in (c), the fitted upper critical fieldwill be
influenced by the criterion of the Tc defined.We show the fitting results of the upper
critical field with different criteria of 10%, 50% and 90% RN. There is a gap region
between the red and cyan dotted lines, which indicates the thermally activated flux
flow16. The positive curvature close to Tc in the low magnetic field region indicates
the multi-band characteristic in nickelate superconductors under pressure.
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Supplementary Fig.11a) in I4/mmm phase La3Ni2O7-δ is always ~0.15 Å
shorter than that of Amam phase La3Ni2O7-δ under the same pressure
(see detail in Supplementary Fig. 11), which might influence the
electronic structure and hence affect properties, including density
wave(s) and superconductivity.

To compare with the reported literature, we conducted pressure-
dependent powder XRD measurements on orthorhombic La3Ni2O7-δ

by utilizing silicon oil as the pressure-transmitting medium, which is a
method commonly employed in prior studies35–37. As shown in Sup-
plementary Fig. 12, the evolution of diffraction peaks (020) and (200)
is quite consistent with previous reports and looks like gradually
merging under pressure above 11 GPa. Considering the present results
with Helium gas as the pressure-transmitting medium, this phenom-
enon is probably due to the inhomogeneity of the pressure environ-
ment, underscoring the importance of pressure homogeneity in high-
pressure experiments. These results definitely indicate no pressure-
induced structural transition in the orthorhombic La3Ni2O7-δ, and the
structural transition reported previously could be ascribed to pressure
inhomogeneity, which leads to the broadening of the diffraction peaks
and causes the (020) and (200) diffraction peaks to merge together,
consequently.

Discussion
Now we discuss the potential implications of the present work for
exploring the RP-phase nickelate superconductors at ambient
pressure. Previous studies have proposed that one of the key

roles of high-pressure-induced superconductivity lies in stabiliz-
ing the tetragonal structure without octahedral tilting, as
observed in both La3Ni2O7-δ and La4Ni3O10-δ

11,35. In fact, the role of
the dz2 orbital on the high-pressure superconductivity in
La3Ni2O7-δ and La4Ni3O10-δ remains a subject of active debate9,14.
Earlier theoretical proposals consider that the 3dz

2-derived
bonding band below the Fermi energy will be lifted to form the γ
pocket and plays a key role in the pressure-induced super-
conductivity, while the octahedral tilting is suppressed with
increasing pressure9,14. This theoretical idea highlights the sig-
nificance of synthesizing tetragonal La3Ni2O7-δ and La4Ni3O10-δ

crystals for achieving superconductivity at ambient pressure.
However, such a scenario is rather difficult to prove due to the
limitations of experimental characterizations at high pressure.
Moreover, the recent DFT calculation suggests that the 3dz2-
derived bonding band might not cross the Fermi level and plays a
less significant role in the pressure-induced superconductivity38.
Therefore, the successful growth of the tetragonal La3Ni2O7-δ at
ambient pressure in this work is quite important to solve the
above argument.

It is well known that by significantly reducing the oxygen content,
the tetragonal structure has been previously achieved at ambient
pressure in La3Ni2O6, where the apical oxygen atoms are completely
removed31. However, in these oxygen-deficient tetragonal phases, no
superconductivity has been reported, and they show an extremely
insulating behavior17,31. This is significantly different from our
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Fig. 3 | Temperature dependence of resistance (R) under various pressures for
tetragonal La3Ni2O7-δ. a and b Temperature-dependent resistance for tetragonal
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metallic behaviorwithout any trace originating from superconducting transition or
SDW under the pressure up to 30.3 GPa in the whole temperature range. All the
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c and d The R(T) curves for tetragonal La3Ni2O7-δ at various pressures using NaCl as
the pressure-transmitting medium. The resistance continually decreases with
increasing pressure, and no anomaly arising from the superconductivity or SDW is
observed. To compare the two different pressure-transmitting media, R(T) shows
some difference due to pressure inhomogeneity, especially a slight upturn shows
up at low temperaturebelow20Kunder high pressure above 40GPa for the case of
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tetragonal La3Ni2O7-δ samples, which are annealed under a high-
pressure oxygen atmosphere. Although precise determination of the
oxygen content remains challenging due to the small sample size, the
refinements of single crystal X-ray diffraction (SC-XRD) data on the
crystal structure suggest an oxygen content very close to stoichio-
metry (see “Methods” section). In fact, the oxygen content of the tet-
ragonal La3Ni2O7-δ is found to be slightly higher than that of the
orthorhombic La3Ni2O7-δ. Consequently, the absence of super-
conductivity in the tetragonal La3Ni2O7-δ samples cannot be attributed
to the oxygen defects. This conclusion is further supported by the
metallic resistivity behavior as shown in Fig. 3. Moreover, our high-
pressure XRDmeasurements on the orthorhombic La3Ni2O7-δ samples
reveal that the structure of thehigh-pressure superconductingphase is
orthorhombic rather than tetragonal, in stark contrast with previous
studies35. It should be emphasized that the hydrostatic pressure is
highly desirable to detect such tiny differences in different structures
under high pressures, which highlights the importance of hydrostatic
conditions in high-pressure work. All these findings challenge the idea
that high-pressure superconductivity emerges upon the formationof a
tetragonal structure, and suggest that a tetragonal structure is not a
necessary condition for achieving superconductivity in double-layer
La3Ni2O7-δ. On the other hand, recent studies have confirmed SDW

order in orthorhombic La3Ni2O7-δ using various spectroscopic probes,
including resonant inelasticX-ray scattering (RIXS)40, nuclearmagnetic
resonance (NMR)32, and muon spin rotation (μSR) experiments29,41.
However, our transport andmagnetic torquemeasurements reveal no
evidence of any SDW transitions in the tetragonal La3Ni2O7-δ. Together
with the absence of superconductivity, it implies that the SDW tran-
sition, rather than the tetragonal symmetry, is the primary condition
for the pressure-induced superconductivity. By further analyzing the
average in-plane lattice (ap =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 +b2
p

) and the ratio of c/ap, we found
that, although the value of ap in the whole pressure range is compar-
able in both tetragonal and orthorhombic La3Ni2O7-δ, the value of c/ap
in tetragonal La3Ni2O7-δ is smaller than that in orthorhombicLa3Ni2O7-δ

(see Supplementary Fig.13). This means that the absence of SDW
transition and superconductivity in tetragonal La3Ni2O7-δ might be
related to the effect of c/ap on the underlying electronic structure.
Further experimental investigation on the tetragonal La3Ni2O7-δ at
ambient pressure is needed to understand the deep correlation
between SDW order and superconductivity in double-layer La3Ni2O7-δ.
Our finding that the structure type and SDW order in double-layer
La3Ni2O7-δ strongly depend on the oxygen concentration paves the
way to explore high-Tc superconductivity at ambient pressure in
nickelate superconductors.
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Fig. 4 | Evolution of X-ray diffraction patterns and lattice parameters with
pressure for the tetragonal and orthorhombic La3Ni2O7-δ. a The powder XRD
patterns for the tetragonal La3Ni2O7-δ under different pressures. b Rietveld
refinement of powderXRDpatterns for the tetragonal La3Ni2O7-δ under 1.7 GPa (the
upper panel) and 21.7 GPa (the lower panel), respectively. 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
vertical lines indicate the calculated diffraction peak positions. The powder XRD
patterns can be well fitted with the space group I4/mmm at 2.5 GPa and 22.1 GPa.
c The evolution of lattice parameters and cell volume with pressure for the tetra-
gonal La3Ni2O7-δ. The blue and red dots are the lattice parameters for the a-axis and
the c-axis, respectively.dThe powder XRDpatterns for the orthorhombic La3Ni2O7-δ

under different pressures. e Rietveld refinement of powder XRD patterns for the
orthorhombic La3Ni2O7-δ under 1.5 GPa (the upper panel) and 21.8 GPa (the lower
panel) using the space group of Amam. Supplementary Fig. 9 shows the Rietveld
refinement of the powder XRD pattern taken at 21.8 GPa using Amam and Fmmm as
the space group. Both the Amam and Fmmm space groups fit well with the mea-
sured data, and we cannot determine its space group based on the current data.
f The evolution of lattice parameters and cell volume with pressure for the
orthorhombic La3Ni2O7-δ. The blue, orange, and red dots are the lattice parameters
for the c-axis, b-axis, and a-axis, respectively. Helium gas was used as the pressure-
transmittingmediumduring themeasurement of all these powder XRDpatterns so
as to get a more homogeneous pressure environment.
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Methods
Sample growth
The La3Ni2O7-δ crystals are grown through a melt salt method. Firstly,
the Lanthanum nitrate hexahydrate, nickel (II) nitrate hexahydrate and
citric acid (CA) were dissolved in the water with the mole ratio CA: La:
Ni = 5:3:2. After preheated at 140 °C in an oven for about 24 h, the
above product was transferred into a muffle furnace where the tem-
perature is slowly increased to400 °C in 10 h andkept for another 10 h.
The above precursor (P) is mixed with a salt flux (NaCl/KCl mixture) at
the mass ratio of P: NaCl: KCl = 1:14:16 and loaded into a corundum
crucible. The corundum crucible is heated in the air to 1150 °C in 10 h
and kept for 48 h, and then slowly cooled down to 1110 °C in 7 days. A
microcrystal with a typical size of 0.1 × 0.1 × 0.03mm was obtained
after washing the flux using water. The as-grown product is orthor-
hombic La3Ni2O7-δ with an insulating behavior due to oxygen defi-
ciency. Then themicrocrystals are annealed at high oxygenpressure to
obtain metallic La3Ni2O7-δ. The annealing temperature is slowly
increased to 500 °C in 10 h and kept for 5 h, then slowly cooled down
to 50 °C in 6 days. For metallic orthorhombic La3Ni2O7-δ, the sample is
annealed at 10–15 bar oxygen. For metallic tetragonal La3Ni2O7-δ, the
sample is annealed at 150 bar oxygen. The refined oxygen content for
the metallic sample based on the single crystal X-ray diffraction (SC-
XRD) data is 6.932 ±0.004 for the orthorhombic phase and
6.956 ± 0.0011 for the tetragonal phase, respectively. As the X-ray
diffraction is not expected to be sensitive to light elements, the oxygen
contents for both samples are measured using TG analysis, which is
useful to determine the average oxygen content in the powder sample
with higher sensitivity.

Ambient-pressure structural, composition, and magnetic tor-
que characterization
The single crystal X-ray diffraction (SC-XRD) data was collected on a
four-circle diffractometer (Rigaku, XtaLAB PRO 007HF) with Cu Kɑ
radiation in the Core Facility Center for Life Sciences, USTC. The
structure was solved and refined using Olex-2 with ShelXT and ShelXL
packages. The detailed structure data is shown in Table 1. The powder
XRD data at ambient pressure is collected at the SmartLab dif-
fractometer equipped with the Cu target. The cross-sectional TEM
sample of I4/mmm La3Ni2O7-δwas prepared on a Carl Zeiss Crossbeam
550L FIB-SEM. The high-angle annular dark-field scanning transmission
electronmicroscopy (HAADF-STEM) image and integrated differential
phase contrast (iDPC) data are collectedona Thermo Fischer Scientific
Titan Themis Z microscope operating at 300 kV. Thermogravimetric
(TG) analysis for La3Ni2O7-δ under the reduced environment (10%
H2 + 90%Ar) is conducted to calculate the oxygen content. Typically, a
mass of ~200mg sample is loaded on a TG balance (Nangjing Dazhan,
DZ-STA200, accuracy of 0.01mg). The calculated oxygen content is
6.85 and 6.92 for the sample annealed at 15 bar and 150 bar oxygen,
respectively. More results are shown in Supplementary Fig.2 and the
Supplementary Table 1.

Torque magnetometry was conducted in a Physical Properties
Measurement System (PPMS, Quantum Design Inc., DynaCool-14T)
using an SCL piezoresistive cantilever. The sample was attached to the
tip of the cantilever, which was fixed on a horizontal rotator. We first
rotated the sample in a range of θ (the angle between the magnetic
field vector H and the flat plane of La3Ni2O7-δ crystal) from 0° to 90°
under isothermal conditions and determined that the largest signal
occurs at approximately θ close to 45°.

High-pressure electrical transport and XRD measurements
The high-pressure resistance for La3Ni2O7-δ single crystals was mea-
sured in the diamond anvil cells by using NaCl or Helium gas as the
pressure-transmitting medium. Diamond anvils with various culets
(200–400μm) were used for high-pressure transport measurements.
The pressure was applied and calibrated by the shift of ruby

fluorescence at room temperature. The transport measurements were
carried out in a refrigerator system (HelioxVT, Oxford Instruments) or
Physical Properties Measurement System (PPMS-9, Quantum Design
Inc.). The powder XRDdata of tetragonal and orthorhombic La3Ni2O7-δ

under pressure is collected at Shanghai SynchrotronRadiation Facility,
using an X-ray beamwith a wavelength of 0.4834 Å. The Helium gas or
silicon oil was used as the pressure-transmitting medium for orthor-
hombicLa3Ni2O7-δ. Two-dimensional diffraction imageswere recorded
by a PILATUS R CdTe detector and subsequently processed into one-
dimensional XRD patterns using the Dioptas software. The powder
XRD data were refined using the Jana2020 or GSAS-II software to
obtain the lattice parameters under different pressures.

Data availability
The experimental data presented in the main text figures have been
deposited in the figshare database under accession code https://doi.
org/10.6084/m9.figshare.29626373. The detailed crystal structure
data in this study have been deposited in the Cambridge Crystal-
lographic Data Centre (CCDC) website with the deposition numbers
CSD 2474658 and 2474696. The data that support the findings of this
study are available from the corresponding author upon request.

Code availability
The code that supports the findings of this study is available from the
corresponding author upon request.
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