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1. Introduction

Ruddlesden-Popper nickelates have attracted enormous attention since the dis-

covery of high-temperature superconductivity in bilayer La;Ni,O, under high The
pressure. However, the crystal structure under high pressure remains elusive
due to the lack of single crystal diffraction data. Here, high-pressure supercon-
ductivity with a superconducting onset temperature approaching 30K and a
zero-resistance state at 7K at 53.8 GPa is reported in high-quality single crystals
of trilayer La,Ni; O;, 5 grown at ambient pressure. A cascade of structural tran-
sitions from P2, [a at 5.7 GPa to Bmab at 11.0 GPa and to /4/mmm at 16.6 GPa
is unambiguously determined via synchrotron X-ray single crystal diffraction,
revealing a correlation between the tetragonal 14/mmm and the emergence of
superconductivity. These results not only demonstrate that ambient-pressure
grown nickelate single crystals can superconduct under high pressure but also
reveal an intermediate structure that was not reported under high pressure,
providing new insights into the physics of nickelate superconductivity.

mechanism of high-temperature
(T.) superconductivity remains a major
challenge.l'?] Design and discovery of
non-copper transition metal oxide high-T,
superconductors are expected to provide
new materials platforms and new in-
sights for unlocking the above mystery.’!
Nickelates have been searched for super-
conductivity since 1983.1*] After a 36-year
quest,>7! superconductivity was finally
realized in the square-planar infinite-layer
Nd, 4St,,NiO,18l thin films, stimulating
world-wide interest in nickelates.>*% To
date, superconductivity has been reported
in thin films of infinite-layer R, A NiO, (R

1-x" %

= La, Pr, Nd, Sm; A = Sr, Ca, Eu)®16-221 and
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Figure 1. Crystallinity of LayNi;O,q_s single crystals grown at ambient pressure. a) Photograph of typical as-grown La,Ni;O.5 single crystals. b) Struc-
tural model of trilayer La,Ni3;O4q_5 with LaO layers, NiO, layers, and trilayer (TL) labeled. c) Reconstructed (Okl) plane from single crystal X-ray diffraction
data collected at 298K. d) Reconstructed (hOl) plane from single crystal X-ray diffraction data collected at 298 K. e) *°La (2) NQR spectra corresponding
to the +5/2<+7/2 transition in LayNi;O,qs crystals at 188K. The solid lines represent the Lorentz fit. f) A wide-range high-angle annular dark-field
(HAADF)-STEM image along [110] with trilayer indicated. g) A typical atomic-scale HAADF-STEM image along [100] projection with overlaid crystal

structure and trilayer indicated.

quintuple-layer Nd(NisO,,.1>*] However, the T, of these nick-
elates are still below 40K, and superconductivity has been
limited to thin films.[>"?’] The second family of nickelate super-
conductors is hybrid Ruddlesden-Popper (R-P) phases with octa-
hedral environments of Ni, represented by the bilayer La;Ni, O,
with T, of ~80K.[?®] Superconductivity has been reported in bulk
samples under high pressures!?®#] and thin films at ambient
pressure.l*#*] Various theoretical models have been proposed to
understand the nature of high-T, superconductivity.?846-53]
Besides bilayer La;Ni,O,, superconductivity was also re-
ported in bilayer La,PrNi,O0,U trilayer R,Ni;0,, (R =
La, Pr)32%] and hybrid R-P La,NiO,-La;Ni,0,.563] Re-
cently, by introducing chemical pressure, the T. of nick-
elates have been increased to the 90K range with a zero-
resistance state approaching the boiling point of liquid nitrogen
(77K).1%8]

Despite significant progress in the past years, the crystal
structure of hybrid R-P nickelates under high pressure re-
mains elusive. Synchrotron X-ray powder diffraction has been
utilized to study the structural evolution of hybrid R-P nick-
elates as a function of pressure, and phase transitions have
been reported in La;Ni,O, (Amam — Fmmm/®] Amam —
14/mmm®), La,PrNi,O, (Amam — I4/mmmBl), La,Ni;O,
(P2,/a - I4/mmml323354) Pr,Ni;Oyy (P2,/a — I4/mmmB4),
and La,NiO,-La;Ni,O, (Cmmm — P4/mmm!*]) at room tem-
perature. In sharp contrast, the absence of structural transitions
was also reported in La;Ni,O,*1 and Pr,Ni;0,,%! under high
pressure. Single-crystal diffraction is demanded for resolving the
above controversies. To date, there is only one high-pressure
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single-crystal diffraction report on nickelates. Specifically, Zhu
et al reported I4/mmm structure in La,Ni;O,, at 19.5 GPa at
room temperature by combining single-crystal X-ray diffrac-
tion and neutron diffraction;[*’] however, how the crystal struc-
ture of La,Ni;O,, evolves as a function of pressure remains an
open question. No high-pressure single-crystal diffraction study
has been reported on La;Ni,O,, La,PrNi,O,, Pr,Ni;O,, and
La,NiO,-La;Ni, O,. Furthermore, crystal structure determination
of the superconducting phase at low temperature and high pres-
sure using single-crystal diffraction is still lacking for all nickelate
superconductors.

In order to obtain superconductivity in nickelate single
crystals, two “high pressure” conditions were previously re-
quired, i.e., high oxygen pressure for floating zone crys-
tal growth (e.g., 10-15 bar for La;Ni,O,!*!l and 18-30 bar
for La,Ni;0,,[*") and high pressure (>14 GPa) for inducing
superconductivityl'83234421 OQvercoming the two high-pressure
conditions remains an urgent task.[*?l Recently, we reported the
world’s first single crystal growth of hybrid R-P nickelates at
ambient pressure, including trilayer La,Ni;O,,;/*}! and hybrid
La,NiO,-La;Ni, 0,,1**] overcoming the first high-pressure bar-
rier. This newly developed ambient-pressure flux growth method
makes it easy to access high quality single crystals with no
need of high oxygen pressure and expensive floating zone fur-
naces. Whether the ambient-pressure grown single crystals of
La,Ni; O, s superconduct under high pressure remains an im-
portant open question.

In this contribution, we report superconductivity in
ambient-pressure flux grown single crystals of La,Ni;O,;.

© 2025 Wiley-VCH GmbH
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Single crystal X-ray diffraction (SC-XRD), nuclear quadrupole
resonance (NQR) and scanning transmission electron mi-
croscopy (STEM) measurements showed that the as-grown
La,Ni; O, s single crystals are of high quality without stacking
faults within our resolution. The high-pressure resistance mea-
surements show that the metal-to-metal transition at ~ 135K
observed at ambient pressure was suppressed under high pres-
sure, and superconductivity was observed with the maximum
onset temperature of ~30K and the maximum zero-resistance
temperature of 7K. Furthermore, synchrotron SC-XRD under
high pressure revealed that La,Ni;O,,; undergoes a series
of structural phase transitions from ambient-pressure P2,/a
to intermediate-pressure Bmab and finally to the tetragonal
I4/mmm. Among them, the intermediate-pressure Bmab is
reported for the first time.

2. Results and Discussion

2.1. Crystallinity of As-Grown La,Ni;O,, s Single Crystals

Figure 1a shows a photograph of typical as-grown single crys-
tals of La,Ni;O,, ;. Figure S1 (Supporting Information) shows
the in-house PXRD data and Rietveld refinement of pulverized
as-grown single crystals using P2, /a. The refinement converged
to R, = 3.87%, R,,, = 2.98%, and GOF = 1.3. The obtained lat-
tice parameters for La,Ni; O, ; are a = 5.4185(1) A, b = 5.4676(1)
A, ¢ =14.2290(2) A, and p = 100.7247(7)°, consistent with pre-
vious reports.[*1*3] It is worth noting that Rietveld refinement
reveals a small amount of impurity phase which belongs to
La;Ni, O, (=4 wt.%, La;Ni, O, single crystals were found in SC-
XRD). Similar phenomena have been reported in the flux growth
of La,NiO,-La; Ni, O, single crystals.[*]

We characterized the crystalline quality of as-grown
La,Ni;O,,; single crystals using SC-XRD, NQR, and STEM.
Figure 1b shows the structural model of La,Ni;O,,; in the ac
plane (space group P2, /a). Figure 1c,d shows the reconstructed
(Okl) and (h0l) planes from a total of 2971 frames from SC-XRD
data collected at 298K. The sharp diffraction peaks and neat
distribution of reflections demonstrate high crystallinity of the
as-grown La,Ni;O,, ; single crystals. We then investigated possi-
ble intergrowth of R-P phases in La,Ni, O, ; single crystals using
NQR as a sensitive global probe. As can be seen in Figure le, the
NQR spectra of La,Ni; O,, 5 at 188K show a single resonant peak,
La®*19(2), indicating high purity without intergrowth. Notably,
the linewidth of La,Ni; O, ; single crystals is six times narrower
than that of polycrystalline samples,*!l indicating a significant
improvement in crystallinity. Real-space imaging of the structure
of as-grown La,Ni;O,,; single crystals was performed using
STEM. Figure 1f shows a wide-range high-angle annular dark-
field (HAADF)-STEM image along [110] with trilayer indicated,
and Figure 1g shows a typical atomic-scale HAADF-STEM image
along [100] projection with trilayer indicated. Clearly, La,Ni; O,
single crystals grown at ambient pressure maintain a clean
stacking of trilayer perovskite layers alternating with rock-salt
layers in the long-range order (see Figures S2-S5, Supporting
Information for more HAADF-STEM images). No hybrid R-P
phases such as La,NiO,-La,Ni, 0,,/°%# or La,NiO,-La,Ni, 0,,3¢
or short-range intergrowth were found.
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2.2. Physical Properties of Pulverized La,Ni;O,, ; Single Crystals
at Ambient Pressure

Resistivity and magnetic susceptibility were measured at ambient
pressure to further verify the high quality of our samples. The as-
grown single crystals with dimensions of ~100 um are too small
to put four leads on so we measured resistivity using the con-
ventional four-probe method on pressed polycrystalline pellets by
pulverizing single crystals. The pellets were annealed at 900 °C in
air for 10 h to increase density and reduce oxygen defects. Powder
X-ray diffraction confirmed no structural change after annealing
(Figure S6, Supporting Information). Figure S7 (Supporting In-
formation) shows the resistivity as a function of temperature. A
clear metal-to-metal transition at ~135K is observed, consistent
with previous reports.[32*3] The magnetic susceptibility (Figure
S8, Supporting Information) decreases as a function of tempera-
ture and shows an anomaly at ~135K, corresponding to the for-
mation of intertwined charge and spin density waves.l>] Below
~80K, an upturn in magnetic susceptibility is observed. No obvi-
ous magnetic field dependence of the transition at ~ 135K was
found in both resistivity and magnetic susceptibility measure-
ments (Figures S7 and S8, Supporting Information).

2.3. Superconductivity in Pressurized La,Ni,O,, ;5 Single Crystals

Figure 2a shows the temperature dependent resistance of Crys-
tal #3 at pressures ranging from 6.1 to 66.8 GPa using helium
as pressure transmitting medium (PTM). Superconductivity was
observed above 44.6 GPa with the maximum T.°"¢ of 29K and
the maximum T_**"° of 7K at 53.8 GPa, as shown in Figure 2b.
Figure 2c shows the field dependence of the resistance of Crystal
#3 at 53.8 GPa. Notably, the T. is significantly suppressed with
the increasing of magnetic field up to 7 T. By utilizing the crite-
ria of 90% of the normal state resistance values, we extrapolated
the value of upper critical magnetic field p,H,(T) at 53.8 GPa
and zero temperature to be 32.5 T (Figure 2d), and calculated the
zero-temperature coherence length £(0) to be 3.18 nm using the
Ginzburg-Landau (GL) model. Figure S9 (Supporting Informa-
tion) shows the field dependence of the resistance of Crystal #3 at
60.4 GPa and 66.8 GPa, and the estimated values of upper critical
magnetic field u,H, (T) at 60.4 GPa and 66.8 GPa are 34 and 27.5
T, respectively (Figure 2d). These values are consistent with Zhu
et al.32l Moreover, our thermogravimetric analysis (TGA) mea-
surements of La, Ni; O, ; polycrystalline powders annealed using
the same conditions as Crystal #3 (annealed at 600 °C under pO,
= 1.5 bar for 10 days) result in an oxygen content of 10.26(1) and
10.25(1) from two different batches (Figure S10a,b, Supporting
Information). These results indicate that hole doped La,Ni;0;,
can support superconductivity under high pressure.

Besides helium, we also performed high-pressure trans-
port measurements using KBr as PTM. Figure 2e shows the
temperature-dependent resistances of Crystal #1 under pressure
ranging from 4.8 to 77.9 GPa. At 4.8 GPa, the known metal-to-
metal transition (MMT) is clearly seen, and the transition tem-
perature (Ty;yr) is #107.5K, much lower than that at ambient
pressure. As the pressure increases, the resistance decreases sig-
nificantly, and the MMT gradually disappears. When the pres-
sure increases to 13.6 GPa, the MMT is barely observed, and
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Figure 2. Superconductivity in LayzNi;O4q5 single crystals under high pressures. a) Temperature dependent resistance of Crystal #3 at 6.1-66.8 GPa
using helium as pressure transmitting medium (PTM). b) Temperature dependent resistance of Crystal #3 at 53.8 GPa using helium as PTM. The insets
show the zoom-in region around T_°"¢t and T 2. c) Magnetic field dependence of electrical resistance at 53.8 GPa for Crystal #3. d) Upper critical
fields extracted using the normal-state resistance values at 90% of the resistance of T_°"®. Note solid spheres represent data and solid lines show
the fit using a Ginzburg-Landau (GL) model H_,(T) = H,,(0) [(1 — t)2/(1 + t)?], where t = T/T.. e) Temperature dependent resistance of Crystal #1 at
4.8-77.9 GPa using KBr as PTM. f) Temperature dependent resistance of Crystal #2 at 2.7-21.8 GPa using KBr as PTM. Note Crystal #1 and Crystal #2
were annealed at 900 °C in air for 10 h, and Crystal #3 was annealed at 600 °C under pO, = 1.5 bar for 10 days.

signature of superconductivity with an onset temperature
(T.°Y) of 7K emerges. With further compression, the T o
gradually increases, reaching the maximum of ~30K at 77.9 GPa
in this study. The transport experiments of Crystal #2 were con-
ducted under pressures ranging from 2.7 to 21.8 GPa (Figure 2f).
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The MMT and superconducting signature were successfully re-
produced with similar Ty, and T.°*%, confirming the repro-
ducibility and reliability of our results. Figure S11 (Supporting
Information) shows the field dependence of the resistance of
Crystal #1 at 57.9 GPa. It can be seen that T, is significantly
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Table 1. Experimental single-crystal structure details of LayNi;Oq.5 structural solutions.

Pressure [GPa] 0.0001 5.7 11.0 16.6 25.7

Chemical formula LayzNiz;Oq9 LayzNiz;Oqg LayzNiz;Oq4 La,Niz;Oq4 LayzNiz;Oq

Wavelength (A) 0.71073 0.3738 0.3738 0.3738 0.3738

M, 891.77 891.77 891.77 891.77 891.77

Space group P2,/a P2,/a Bmab 14/mmm 14/mmm

Unit cell a=5.4143(18) A a_53631(5) A a=53229(9) A a=3.7345(6) A a=3.6891(14) A
b =5.4532(16)A =5.3998(7) A b=15.3282(9) A b =13.7345(6) A b=3.6891(14) A
c=14.220(5)A c=14.1082(17) A c=27.505(3) A c=127.258(5) A c=126.884(12) A
f =101.0(4)° p=101.2(12)°

Vv (A%) 412.13(2) 400.77(7) 780.08(2) 380.16(14) 365.9(3)

z 2 2 4 2 2

No. of measured, 6019 1171 615 349 184

independent and 847 819 326 220 128

observed [I > 24 (1)] 597 697 223 203 73

reflections

Rint 0.052 0.010 0.011 0.019 0.191

R[F? > 20(F?)] 0.048 0.0727 0.0533 0.042 0.070

wR(FZ), S 0.135, 1.024 0.2016, 1.046 0.2155, 1.073 0.121, 1.03 0.173, 1.083

No. of parameters 80 79 50 25 25

AP Dpin (€ 1.93, —2.44 3.46, —4.90 2.38,-1.94 3.67, -3.54 2.80, —2.02

A3

suppressed with an increasing magnetic field up to 9 T. By utiliz-
ing the criteria of 90% of the normal state resistance values, we
extrapolated the value of upper critical magnetic field p,H,(T)
at 57.9 GPa and zero temperature to be 24 T, and calculated the
zero-temperature coherence length £(0) to be 3.7 nm, using the
Ginzburg-Landau (GL) model.[5061]

PTM is critical for observation of a zero-resistance state un-
der high pressure. There are two possible reasons why a zero-
resistance state was not obtained in Crystal #1 and #2: (i) Oxygen
deficiency. We have measured the oxygen content of La,Ni; O,
polycrystalline powders annealed using the same conditions as
Crystal #1 and #2 (annealed at 900 °C for 10 h in air) using TGA.
An oxygen content 0f 9.95(2) and 10.00(1) was obtained from two
different batches (Figure S10c,d, Supporting Information), indi-
cating a near stoichiometry in Crystal #1 and #2. For stoichio-
metric La,Ni; O,,, superconductivity with a zero-resistance state
at ~7K has been reported by Zhu et al.®?l Thus, we can exclude
the possibility of oxygen deficiency in Crystal #1 and #2 as the rea-
son for the lack of zero resistance. (ii) Inhomogeneity of PTM at
high pressures. Indeed, superconductivity in La,Ni; O,, has been
reported by several papers;!3233>+62-65] however, zero resistance
was obtained only using helium as PTM.[326265] To the best of our
knowledge, helium gas is the best PTM. The effects of PTM on
nickelate superconductivity have also been discussed in bilayer
La,;Ni, 0,1 and hybrid R-P La,NiO,-La;Ni,0,.[3’]

2.4. Crystal Structure of Pressurized La,Ni;O,, 5 Single Crystals
To investigate the relationship between the emergence of super-
conductivity of La,Ni; O, and its crystal structure under high

pressure, in situ synchrotron X-ray powder diffraction measure-
ments were performed up to 22.5 GPa at room temperature us-
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ing silicone oil as PTM (Figure S12a, Supporting Information).
La,Ni;O,,; undergoes a pressure-induced structural transition
at ~ 9.3 GPa, as indicated by the clear variation in XRD peaks in
the 260 range of 12-19° (Figure S12b, Supporting Information).
The pressure of this structural phase transition is lower com-
pared with the value in the transport measurements at which
the MMT disappears and superconductivity emerges. The crys-
tal structure of La,Ni;O,, under high pressure has been reported
to be I4/mmm by Zhu et al.??] and Li et al.’*] We thus refined
our data using I4/mmm, and the results are reasonable (Figure
S13 and Table S1, Supporting Information). Considering notably
broad peaks, we also performed Rietveld refinements on our data
using Fmmm and Bmab. It turns out that the refinements are
also reasonable; however, the lengths of the two short axes do not
merge, as expected for [4/mmm (Figure S13 and Table S1, Sup-
porting Information). Our result suggests that there may exist
an intermediate structure between ambient-pressure P2, /a and
high-pressure I4/mmm. Therefore, within our resolution of pow-
der diffraction, it is difficult to determine the crystal structure un-
der high pressure.

We then move to SC-XRD on La,Ni;O,,;. At ambient con-
ditions, the reflections were indexed in a monoclinic system
with lattice parameters: a = 5.4143(18) A, b = 5.4532(16) A, ¢ =
14.220(5) A, and = 101.01(4)° (Table 1; Tables S2-S5, Support-
ing Information). Systematic absences of reflections with indices
hOl: h = 2n + 1 and Okl: k = 2n + 1 suggest a primitive lattice
with an a-glide plane and a 2, screw axis along the b-axis, con-
firming the space group of P2, /a.I*3] To investigate the structural
evolution of La,Ni;O,,; under pressure, synchrotron SC-XRD
measurements were performed at ID27 (4 = 0.3738 A, ESRF)
at pressures of 5.7, 11.0, 16.6, and 25.7 GPa. The crystal struc-
tures of La,Ni; O, ; are schematically presented in Figure 3a—c.
At 5.7 GPa, the space group Ccce was initially assigned. However,
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Figure 3. Pressure-induced structural transitions in LayzNi; O, single crystals. a) Monoclinic crystal structure at 5.7 GPa. b) Orthorhombic crystal struc-
ture at 11.0 GPa. c) Tetragonal crystal structure at 16.6 GPa. d,g) (h0l) and (Okl)-reciprocal planes reconstructed from single crystal X-ray diffraction data
at 5.7 GPa. e,h) (h0l) and (Okl)-reciprocal planes reconstructed from single crystal X-ray diffraction data at 11.0 GPa. f,i) (h0l) and (Ok/)-reciprocal plane
reconstructed from single crystal X-ray diffraction data at 16.6 GPa. Note that for easy comparison the reciprocal planes shown in d—i are reconstructed

using the orthorhombic setting of a ~ 5.41A, b~ 5.45 A, and c ~ 27 A.

the presence of reflections with indices h0l (b + | = 2n + 1) vi-
olates the extinction rule of a base-centered lattice (Figure 3d,g).
Instead, the monoclinic space group P2,/a, consistent with the
ambient-pressure structure, was adopted. The refined lattice pa-
rameters at 5.7 GPa were a = 5.3631(5) A, b = 5.3998(7) A, ¢
= 14.1082(17) A, and § = 101.211(12)° (Table 1; Tables S6-S9,
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Supporting Information). Structural analysis revealed an overall
compression, with a reduction in unit cell volume and a decrease
in the separation between adjacent Ni-O layers. Within the NiO,
octahedra, significant bond shortening was observed, with Ni-O
distances contracting to 1.891-2.128 A. At 11.0 GPa, systematic
extinction of reflections with k = 2n + 1 in the Okl reciprocal
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Figure 4. T-P phase diagram of La,;Ni;O44_5. The blue solid squares, the red solid circle, and the black solid hexagons represent the T_°"%¢ of Crystal #1,
Crystal #2, and Crystal #3, respectively. The blue hollow squares, the red hollow circle, and the black hollow hexagons represent the Tyt of Crystal #1,
Crystal #2, and Crystal #3, respectively. The half solid and half hollow hexagon show T_#¢" of Crystal #3 at various pressures. The violet solid square,
violet solid circle, and violet solid diamonds represent monoclinic P2,/a, orthorhombic Bmab and tetragonal 14/mmm, respectively. Note that MMT
is short for metal-to-metal transition, DW for density waves, and SC represents superconductivity. T.°"¢t is defined as the temperature at which the
resistance deviates from its linear dependence at high temperature. %" is defined as the temperature at which the resistance is zero. Crystal #1 and
Crystal #2 were annealed at 900 °C in air for 10 h, and Crystal #3 was annealed at 600 °C under pO, = 1.5 bar for 10 days.

lattice plane indicated a pressure-induced symmetry transition
(Figure 3e,h). The reflections were indexed in an orthorhombic
system with lattice parameters of a = 5.3229(9) A, b = 5.3282(9)
A, c=27.505(3) A (Table 1; Tables S10-S13, Supporting Informa-
tion). The observed extinction conditions (h0l: | = 2n + 1 and Okl:
k,1=2n+ 1) confirmed a base-centered cell with an a-glide plane
along the c-axis. Based on maximization of symmetry and inten-
sity statistics (|[E* — 1|), the space group Bmab was selected for
structural refinement. At this pressure, NiO, octahedra exhibited
a substantial reduction in distortion, with Ni—O bond lengths
becoming more uniform within the ab-plane. The out-of-plane
Ni-O-Ni angle is 178.5(6)°, which is smaller deviating from 180°
compared with that at 5.7 GPa. A further symmetry transition
occurred at 16.6 GPa, evidenced by the extinction of reflections
with h = 2n + 1 in the hOl reciprocal lattice plane (Figure 3fi).
The structural transformation led to a body-centered tetragonal
phase with space group I4/mmm and lattice parameters of a =
3.7345(6) A, b = 3.7345(6) A, ¢ = 27.258(5) A (Table 1; Tables
S14-S17, Supporting Information). This transition was marked
by complete geometric regularization of NiO, octahedra, as con-
firmed by bond-angle analysis, which indicated collinear align-
ment (180°) of octahedral connectivity both within the ab-plane
and along the c-axis. At 25.7 GPa, further compression of the
unit cell was observed, but no additional symmetry transitions
occurred. The crystal structure remained in the I4/mmm sym-
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metry (Table 1; Tables S18-S21, Supporting Information), sug-
gesting that La,Ni;O,,; maintains a stable tetragonal phase un-
der higher pressures. However, the degradation of crystallinity in
La,Ni; O, s resulted in diffraction data that were less precise for
full refinement beyond 16.6 GPa.

2.5. T-P Phase Diagram of La,Ni; O, 5

We summarized our high-pressure transport data and structural
data in Figure 4. At ambient pressure, La,Ni;O,,; undergoes
a MMT originating from intertwined charge and spin density
waves, 5%l which is gradually suppressed with increasing pres-
sure. When pressure was increased to 25.7 GPa at room tem-
perature, a cascade of structural transitions occurs from mon-
oclinic P2,/a to orthorhombic Bmab to tetragonal I[4/mmm.
Superconductivity was observed after the crystal structure be-
comes [4/mmm, with a maximum T, of ~30K and T.*" of
7K. Overall, our phase diagram is consistent with those of Zhu
et al3?l and Zhang et al,/*}] whose La,Ni;O,, single crystals were
prepared by floating zone growth at an oxygen pressure of 18—
22 bar. Notably, there are two differences: (I) We identified an
orthorhombic Bmab between ambient pressure P2, /a and high
pressure I4/mmmvia SC-XRD. Such a structure under high pres-
sure was not reported previously. The out-of-plane Ni—O—Ni
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bond angle 0f 168.4(6)° in P2, /c atambient pressure transformed
into 178.5(6)° in Bmab at 11 GPa, and finally transformed into
180° in I4/mmm at 16.6 GPa. The low-pressure monoclinic P2, /¢
and the intermediate Bmab structure with out-of-plane Ni-O-
Ni angle of 168.4(6)°-178.5(6)° are non-superconducting under
high pressure, while the tetragonal structure with out-of-plane
Ni-O-Ni angle of 180° supports superconductivity. Our data indi-
cate a strong correlation between out-of-plane Ni-O-Ni angle of
180° and the emergence of superconductivity under high pres-
sure, offering fresh experimental evidence for understanding the
superconducting mechanism in nickelates. (IT) The pressures for
disappearance of density waves and the emergence of supercon-
ductivity are slightly different. Density waves survive up to ~15
GPa in our measurements, similar to Zhang et al.*¥l and much
higher than those of Zhu et al.l*?] In addition, Zhu et al.l*?] re-
ported superconductivity at a pressure as low as 2.2 GPa, while
Zhang et al.33] found superconductivity at ~ 10 GPa, which is
pretty close to our observations. There are two possibilities for
the above difference in critical pressures: (i) Inhomogeneity of
pressure environment between different PTMs, and (ii) Subtle
structural difference between single crystals grown using differ-
ent methods. Although both single crystals grown from ambient-
pressure flux method and high pO, floating zone growth tech-
niques crystallize in the same monoclinic structure P2, /a, their
lattice parameters, bond lengths, and bond angles are slightly dif-
ferent (Table 1 vs Table 1 in Ref.[41]). Specifically, the averaged
in-plane and out-of-plane Ni—O bond lengths of La,Ni; O, 5 sin-
gle crystals grown at ambient pressure are slightly shorter than
those grown under high oxygen pressure (Figure S14, Support-
ing Information). In contrast, the out-of-plane Ni—O—Ni bond
angle of La,Ni;O,,, crystals grown at ambient pressure is a bit
larger than that of La,Ni; O, ; crystals grown under high oxygen
pressure (Figure S14, Supporting Information).

3. Conclusion

We performed high-pressure electrical resistance measurements
and high-pressure single-crystal X-ray diffraction on high-quality
La,Ni; O, ; single crystals grown at ambient pressure. SC-XRD,
NQR and STEM data demonstrate that our samples are long-
range ordered single crystals with perfect stacking of trilay-
ers. Electrical resistance measurements under high pressure
show suppression of charge/spin density wave order and emer-
gence of superconductivity. Superconductivity with the maxi-
mum T.° of ~30K and T.*™ of 7K at 53.8 GPa was ob-
served. When the pressure increases to 25.7 GPa at room tem-
perature, a cascade of structural transitions occurs from mono-
clinic P2, /a to orthorhombic Bmab to tetragonal I4/mmm based
on synchrotron X-ray single crystal diffraction. Notably, the
intermediate-pressure orthorhombic Bmab was not reported pre-
viously. Our data indicate a strong correlation between out-of-
plane Ni-O-Ni angle of 180° and the emergence of superconduc-
tivity under high pressure, offering fresh experimental evidence
for understanding the superconducting mechanism in nicke-
lates. Finally, our successful observation of superconductivity
with T.°" of #30K and T.”" of 7K in ambient-pressure grown
single crystals of R-P nickelates completely removes the require-
ment of high oxygen pressure during crystal growth, which is
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expected to significantly advance the field of nickelate supercon-
ductivity research.

4. Experimental Section

Single Crystal Growth: All experiments were carried out at ambient
pressure.[**] La,0; (Sigma-Aldrich, 99.99%) was baked at 600 °C for 5 h
before use. La,O3 and Ni (Alfa Aesar, 99.8%, particle size 5-15 pm) pow-
ders with molar ratio of 2:3 were weighed, mixed, and ground, and then
placed in an Al,O; crucible. The mixture was mixed with anhydrous K,CO;
powders which were used as a flux. The crucible was covered with a lid in
order to minimize evaporation of K,COj3. Loading anhydrous K,CO; was
performed in a glove box and mixed and ground with La,O; and Ni using
a mortar.

In-House Powder X-Ray Diffraction (PXRD): Bruker AXS D2 Phaser
powder X-ray diffractometer was used to check phase purity of pulverized
single crystals. Data were collected at room temperature using Cu-K,, ra-
diation (A = 1.5418 A) in the 20 range of 10-140° with a scan step size
of 0.01° and a scan time of 1.2 s per step. TOPAS 6 was used for Rietveld
refinement. Refinement parameters include background (Chebyshev func-
tion, order 13), sample displacement, lattice parameters, and strain.

In-House SCXRD at Ambient Condition: ~ SC-XRD data were collected on
a Bruker AXS D8 Venture (Mo-K, radiation, 4 = 0.71073 A) diffractometer
at 298K. A single crystal with dimensions of 0.058 x 0.064 x 0.036 mm3
was used for this experiment. Indexing was performed using Bruker APEXS
software.[®’] Data integration and cell refinement were performed using
SAINT, and multiscan absorption corrections were applied using the SAD-
ABS program.[®7] Processing images were synthesized using APEX5.[67]

Electrical Resistivity at Ambient Pressure: The resistivity of LayNi3Oq.5
was measured by a standard four-probe method. Because of the small size
of single crystals, it is difficult to make four contacts on a single crystal, so
resistivity was measured using polycrystalline bars. Pulverized single crys-
tals of LayNi;Oqo.5 with 100 mg were weighed and pressed into thin pel-
lets. It was then sintered at 900 °C in air for 10 h. This round slice was then
cut into long rectangular bars to make electrodes with silver paste. Quan-
tum Design MPMS3 SQUID magnetometer with the Electrical Transport
Option (ETO) was used to measure resistivity in the temperature range of
1.8-300K at a warming rate of 2K min~" under external magnetic fields of
0,1,3,5and7T.

Magnetic Susceptibility at Ambient Pressure: DC magnetic susceptibil-
ity was measured using a Quantum Design MPMS3 SQUID magnetome-
ter. Pulverized single crystals of LayNi; Oo.5 were pressed into thin sheets
and then annealed at 900 °C in the air for 10 h. We then used a small
amount of GE Varnish to attach the sheet to the quartz holder. ZFC-W
(zero-field cooling with data collected on warming), FC-C (field cooling
and data collected on cooling), and FC-W (field cooling and data collected
on warming) data were collected between 1.8 and 300K under an exter-
nal magnetic field of 0.5 T. After cooled to 1.8K under zero magnetic field,
data were collected on warming at a rate of 3K min~'. FC-C and FC-W data
collection used the same rate of 3K min~'. FC-C data were also collected
under magnetic fields of 1,3,5,and 7 T.

Scanning Transmission Electron Microscopy (STEM): STEM specimens
were prepared by crushing La,Ni; Oy s single crystals in ethanol. A drop of
the suspensions was deposited on lacey carbon-coated molybdenum grids
and dried in air. High-angle annular dark-field (HAADF)-STEM images
were acquired at an accelerating voltage of 300 kV on a double-aberration-
corrected transmission electron microscope (Spectra 300, Thermo Fisher
Scientific), equipped with a field-emission electron source. The probe con-
vergence semi-angle and inner collection semi-angle are 25.0 and 49.0
mrad, respectively.

Synchrotron X-Ray Powder Diffraction (PXRD) Measurements under High
Pressure:  Single-crystal LayNi3;O;9.s samples were ground into powder
and loaded into a chamber (diameter 100 um) pre-indented using a Re
gasket, which was assembled in a diamond anvil cell (DAC) with a culet
diameter of 250 um. Silicone oil was employed as the PTM. The pres-
sures were determined by the fluorescence of ruby.l%8] Room-temperature
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synchrotron PXRD data were collected by a focused monochromatic X-
ray beam (2.5 x 3.5 um?) with a wavelength of A = 0.6199 A at BL15U1
in Shanghai Synchrotron Radiation Facility. A Mar165 CCD was used as
the detector. The detector distance and other geometric parameters of the
sample were calibrated using a CeO, standard. XRD images were inte-
grated to 2D diffraction patterns by using the DIOPTAS program.!?] The
full profile analyses of the diffraction patterns and the Rietveld refinements
were conducted using GSAS-II packages.!”°]

Synchrotron SC-XRD under High Pressure: Two independent experi-
ments at room temperature were conducted to investigate the structural
phase transition of LayNi; Oy under ambient and high-pressure condi-
tions. In run 1, a black, block-shaped single crystal of LayNi;O;, (0.023
% 0.21 X 0.18 mm3) was selected and mounted on the tip of a thin glass
fiber. In run 2, two LayNi;O,, crystal fragments (=10 um in diameter)
were loaded into a DAC (200 pum culet diameter). A Re gasket, indented to
a thickness of 30 um with a 130 um hole, where the samples were placed
along with a ruby sphere and a piece of gold for pressure calibration.[6871]
Neon gas was used as the PTM. SC-XRD measurements in run 1 were per-
formed using an in-house Bruker D8 VENTURE diffractometer (Mo Ka ra-
diation, 4 = 0.7107 A). The beam diameter was ~ 110 um. High-pressure
data collection followed the strategy described by Dawson et al.[’2] with
sample reflections manually harvested using the SMART software. Im-
age masks were created using ECLIPSE!3] to exclude detector regions
obscured by the DAC. Data integration and oblique correction were per-
formed with SAINT,187] and absorption effects were corrected using the
Multi-Scan method (SADABS).[7] High-pressure SC-XRD measurements
in run 2 were conducted at the 1D27 beamline of the ESRF (1 = 0.3738 A),
with a beam diameter of approximately 2 um.[74] At each pressure step,
data were collected in step-scans of 0.5° while rotating the DAC from —35°
to +35° about the vertical axis (w-scan). Single-crystal data analysis, in-
cluding peak search, unit cell determination, and data integration, was per-
formed using the CrysAlisP software.[”] The crystal structures obtained
from both experiments were determined using SHELXT and refined with
SHELXL.I7]

Electrical Resistance Measurements under High Pressure using KBr as PTM:
The diamonds had culets with a diameter of 300-500 um, and sample
chambers were drilled into a diameter of 120-200 pum. Insulating gaskets
were prepared with a T301 stainless steel outer circumference coated with
fine alumina powder mixed with epoxy as an insulator. The pressures were
determined by the frequency shift of the diamond Raman edge.l”¢] The re-
sistances were all measured via the four-probe van der Pauw method using
four Pt electrodes with currents of 100 uA. KBr was employed as PTM. The
temperature dependence of the electrical resistance was measured upon
cooling and warming cycles with a slow temperature ratio (0.1K min~").
The data were taken upon warming as it yields a more accurate temper-
ature reading. Cu-Be alloy DACs were used for transport measurements
under external magnetic fields upto 9 T.

Electrical Resistance Measurements under High Pressure using He as PTM:
High-pressure resistance curves of LayNi;Oo.5 single crystals were sys-
tematically investigated using a diamond anvil cell (DAC) configuration.
Pressure calibration was performed at room temperature via ruby fluores-
cence shift. Transport property measurements were conducted on a Phys-
ical Properties Measurement System (PPMS-9, Quantum Design Inc.),
with high-pressure resistivity characterization implemented in the DAC
via the standard van der Pauw four-probe technique. The DAC utilized a
200 um culet, and the sample chamber - fabricated from a cubic boron
nitride-epoxy composite - featured a diameter of 100 um to accommo-
date the single crystal specimen, which was loaded under helium pressure-
transmitting conditions.

Nuclear Quadrupole Resonance (NQR): NQR measurements were
conducted using a phase-coherent pulsed NQR spectrometer. *°La-NQR
spectra were obtained by sweeping the frequency point by point, and inte-
grating spin-echo intensity. The quantity of La;Ni; O single crystal sam-
ples used for NQR measurement is ~ 60 mg.

Thermogravimetric Analysis (TGA): TGA of LayNi;O0.5 samples was
carried out under 4% H, /Ar atmosphere with the flow rate of 50 mL min~!
on a Mettler-Toledo TGA/DSC3* instrument. Prior to samples test, five
blanks were run in order to gain a good reference and very small mass
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fluctuation range of ~10 ug. The measurement started from 100 °C, held
for 1h, followed by heating to 900 °C with a heating rate of 8K min~' and
held for 1 h to make sure the complete decomposition, and then cooled
to room temperature. Finally, the oxygen content was determined by cal-
culating the mass loss.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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