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Nickelate superconductors have attracted a great deal of attention over the past few decades due to their
similar crystal and electronic structures with high-temperature cuprate superconductors. Here, we report
superconductivity in a pressurized Ruddlesden-Popper phase single crystal LayNi;Oo(n = 3) and its
interplay with the density wave order in the phase diagram. With increasing pressure, the density wave order,
as indicated by the anomaly in the resistivity, is progressively suppressed, followed by the emergence of
superconductivity around 25 K under the 74/mmm space group. The susceptibility measurements confirm
bulk superconductivity with a volume fraction exceeding 80%. Moreover, theoretical analysis unveils that
antiferromagnetic superexchange interactions can serve as the effective pairing interaction for the emergence
of superconductivity in pressurized La,Ni;O;,. Our research provides a new platform for the investigation of
the unconventional superconductivity mechanism in Ruddlesden-Popper trilayer perovskite nickelates.
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I. INTRODUCTION

The discovery of superconductivity in cuprates has
opened an avenue to explore high-temperature (high-7'.)
superconductivity [1,2]. Almost all the discovered cuprate
superconductors so far share a common two-dimensional
CuO, plane and half-filled Cu 3d° electronic configuration,
which are believed to be essential to the emergence of high-
T. superconductivity [3.4]. Besides cuprates, iron-based
superconductors are another prime material family with
superconductivity well above the McMillan limit at
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ambient pressure [5,6]. In contrast to the cuprates, iron-
based superconductors with Fe 3d° electronic configuration
have a multiband and multiorbital nature [7,8]. Despite
sustained efforts that have been devoted for more than three
decades, the full understanding of their superconductivity
mechanism remains a challenging and long-sought prob-
lem in condensed matter physics.

Nickelates are considered to be an ideal candidate for
exploring new cupratelike high-7'. superconductivity due
to the proximity of Ni*(3d”) electron configuration [9].
However, superconductivity was not experimentally real-
ized in nickelates until 2019, when Li et al. discovered
superconductivity within the thin films of infinite-layer
nickelates Nd;_,Sr,NiO, with 7. ~ 9-15 K [10,11], which
quickly promoted renewed interest in the exploration of
nickel-based superconductors. Subsequently, 7. has been
extended to other infinite-layer nickelates with different
rare-earth elements [12—15]. However, superconductivity is
limited to thin-film materials. Structurally, whether there
exists a nickelate superconductor family with bulk super-
conductivity is still an open question.

Recently, the experimental breakthrough revealed high-
T superconductivity above liquid-nitrogen temperature in
pressurized bulk La;Ni,O; single crystals, which is one of
the Ruddlesden-Popper (RP) phases La,, Ni, O3,
(n = 2) with the valence of Ni*>* [16]. The synchrotron
x-ray diffraction (XRD) patterns and density functional
theory calculations indicate that LasNi,O; undergoes a
structural phase transition from Amam to I4/mmm
with the emergence of superconductivity, and a series of
follow-up experiments have elaborated that oxygen
defects and hydrostatic environment are essential for the
discovery of superconductivity [17-23]. Moreover, many
theoretical works are put forward to understand the
underlying mechanisms of high-7, superconductivity in
La;Ni, O, [24-39].

Among RP phase nickelates, the trilayer LayNiz;Oq
(n=3) has drawn more attention due to the metallic
ground state and metal-to-metal transition at intermediate
temperatures [40-43]. The nominal valence state of Ni is
+2.67 in LayNiz O, which is usually believed to be given
by mixed valence states of Ni** and Ni**. Considering the
similar crystal structure and Ni valence with La;Ni, O, it is
natural to consider investigating the superconductivity and
electronic structure in pressurized LayNiz;O;, single
crystals.

In this work, we grow high-quality LasNi;O;, single
crystal with an optical-image floating zone furnace under
high oxygen pressure and perform high-pressure transport
measurements using NaCl as the pressure-transmitting
medium to improve the hydrostatic environment. We find
superconductivity with a 7, of 25 K in LayNiz;O,, single
crystals under pressure. A distinctive diamagnetic transition
consists with the resistance measurements, further con-
firming the emergence of superconductivity in Lay;NizOy

single crystals. By combining scanning tunneling micros-
copy and spectroscopy, angle-resolved photoemission
spectroscopy, and ab initio calculation, we systematically
investigate the electronic structure of trilayer nickelate
La;NizO;y. These observations broaden and contribute
to the superconducting family of nickelates.

II. RESULTS AND DISCUSSION

A. Trilayer nickelate

LayNi; Oy, one of the RP phase La,  |Ni,O3,,(n = 3)
nickelates, crystallizes in a monoclinic structure (a =
541 A,b =547 A,c = 1422 A)), consisting of three
layers of perovskite-type LaNiO; separated by a single
rocksalt-type LaO layer along the crystallographic c-axis
direction [Fig. 1(a)]. As shown in Fig. 1(b), high-angle
annular dark-field (left) and annular bright-field (right)
transmission electron microscopy images [Fig. 1(b)] illus-
trate that each unit contains well-ordered three layers of
inclined NiOg octahedral layers stacking along the axis
direction. The inclination of the NiOg octahedra leads to the
bucking of the Ni-O planes. The side-view crystal structure
of the La-Ni-O layer in the monoclinic phase of LayNiz O
is shown in Fig. 1(c). As we can see, the Ni-O bonds are
tilted in the b-c plane instead of the a-c plane, resulting in a
unidirectional structural reconstruction compared to that of
the tetragonal phase. Figure 1(d) shows the in-plane unit
cells for the tetragonal and the monoclinic phases. The size
of the reconstructed monoclinic unit cell is twice that of the
tetragonal unit cell due to the structural reconstruction. The
unidirectional reconstruction results in a stripelike struc-
ture, as illustrated by the light blue ribbons in Fig. 1(d). The
periodicity of the stripe is v/2 times of the tetragonal lattice
dyeq, as indicated by the Q 5 in the Fourier transform (FT)
of the NiO lattice [Fig. 1(e)].

The unidirectional reconstruction in LayNi;O;, can be
confirmed by the low-temperature scanning tunneling
microscopy (STM) measurements. Figure 1(f) shows a
typical STM topography taken on the large-area LaO-
terminated surface. On the LaO surface, we observe an
ordered square lattice with some adatomlike impurities and
several riplike dark stripes along the diagonal direction of
the square lattice. These features can be seen more clearly
in the enlarged STM topography as shown in Fig. 1(g). The
square lattice is measured to be 0.40 nm, which is
consistent with the in-plane LaO tetragonal lattice as shown
in Fig. 1(d). This indicates that the riplike dark stripes are
along the reconstruction direction. To further quantify the
reconstructed surface, we perform an FT on the STM
topography [Fig. 1(h)]. In the FT image, apart from the Q,
originated from LaO in-plane tetragonal lattice, there is a
set of unidirectional Q, vectors, which is 1/ /2 times of the
Qet- The length and direction of the Q; wave vector are the
same as the Q 5 in Fig. 1(e), indicating that there exists a
stripelike unidirectional structural reconstruction on the
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FIG. 1. Crystal structure and surface topographies of LayNi3; O, single crystals. (a) Schematic illustration of the crystal structure of

LayNi; Oy crystal. (b) High-angle annular dark-field (left) and annular bright-field (right) STEM images of La,Ni;O;, along the b axis.
(c) Side-view crystal structures along the a-c plane (upper) and the b-c plane (lower), respectively. (d) The top-view crystal structure of
the LaO surface. The appended red and black squares are the unit cells for the tetragonal and monoclinic phases. The light blue ribbons
indicate the unidirectional reconstruction. (e) FT image of the schematic crystal structure shown in (d). The red and green circles indicate
the tetragonal Bragg lattice (Q,) and the unidirectional structural distortion pattern (Q, ), respectively. (f),(g) Constant-current STM
topographies taken on the LaO surface. The colored arrows in (g) indicate the monoclinic lattice. (h) FT image of the STM topography

shown in (g).

LaO surface. Interestingly, the riplike dark stripes in the
real space are also along the reconstructed stripe direction,
and they can contribute broader signals in the FT images
[Fig. 1(g); also see Fig. S3 in Supplemental Material [44]].
This suggests that the riplike dark stripes might be
related to the reconstruction in LayNiz;O;y due to the
combination of the unidirectional strainlike effect and
the local oxygen vacancies. Although the unidirectional
reconstruction has been revealed, we find no clear signs of

the charge density wave pattern in the STM topographies
on the LaO-terminated surface.

B. Transport under ambient pressure

Figure 2 show the resistivity, magnetization, and heat
capacity measured on LayNizO,, single crystals. The
resistivity decreases with cooling temperature from
300 K, revealing typical metallic behavior. A pronounced
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FIG. 2. Physical properties of La,Ni3;Oj, single crys-
tals. (a) Temperature-dependent resistivity. (b) Temperature-
dependent magnetization. (c) Temperature-dependent heat
capacity.

anomalous peak at around 130 K suggests possible density-
wave states. The in-plane magnetization was measured
under a magnetic field of 0.4 T [41,44], which showed a
sharp decrease at the 7* ~ 132 K, similar to typical charge
or spin density wave materials such as Ky3;MoO; [45],
CsV3Sbs [46], and LaFeAsO [5]. The temperature-
dependent heat capacity also exhibits an anomalous peak
at the same temperature, and it can be well fitted by the
formula C,/T =y + pT?, where y is the Sommerfeld
coefficient. The fit yields y = 13.5 mJmole~! K= and
S = 0.34 mImole~! K™, which agrees with the previous

measurement [41]. The Debye temperatures and density of
states N(Ep) can be estimated as 459 K and 2.1 states eV~
per Ni, respectively.

Furthermore, we investigate the electronic structure
of LayNizO;y, wusing high-resolution angle-resolved
photoemission spectroscopy (ARPES) (Supplemental
Material Fig. S4 [44]). Overall, the experimental band
structure of LayNizOy is very similar to that of LayNi, O,
[30], despite their different crystal structure, suggesting
unified electronic properties of nickelates in Ruddlesden-
Popper phases.

C. Superconductivity in pressurized single crystals

The resistivity anomaly indicates that La;Niz;O;q is
located in the vicinity of an electronic instability. It is well
known that superconductivity often appears near the critical
point of structural or density waves. In this respect, pressure
has been proven to be a convenient and effective way to
modify lattice parameters and systematically influence the
corresponding electronic states without introducing other
factors. Motivated by these advantages, we measured the
electrical resistance of Lay;Ni; O, single crystals at various
pressures. Figure 3(a) shows the typical resistance curves of
LayNizO;y for pressure up to 60 GPa. The resistance
anomaly is sensitive to external pressures. With increasing
pressure to 2.3 GPa, the temperature of the resistance
anomaly shifts to approximately 120 K. As the pressure
continues to increase to 14.0 GPa, the anomalous feature in
the resistance curve becomes broadened and less pro-
nounced. At 23.1 GPa, the resistance anomaly is sup-
pressed further, and the resistance curve displays a slight
upturn at the lower temperatures followed by a downturn
feature. When the pressure approaches 32.3 GPa, the
temperature dependence of resistance changes to that of
a normal metal. Interestingly, a distinct behavior charac-
terized by a resistance drop of about 8.5 K emerges, and
this behavior becomes more pronounced as the pressure is
increased, indicating the superconducting transition. The
superconducting 7. continuously increases and reaches
23.5 K at 56.8 GPa. In particular, with the appearance of
superconductivity, T-linear resistance becomes clear gradu-
ally in the normal state [Fig. 3(b)]. It is worth noting that the
resistance drops by 95% from the normal state to the lowest
temperature, which suggests a superconducting transition.
Several independent high-pressure transport measurements
on LayNi; Oy single crystals provide consistent and repro-
ducible results (Figs. S5 and S6 in Supplemental Material
[44]), confirming intrinsic superconductivity under high
pressure. Compared with run I, the resistance anomaly peak
was suppressed below 10 GPa in run II (Fig. S4 in
Supplemental Material [44]), followed by the emergency
of sharp drops. The superconducting 7. reaches 25 K at
approximately 42.5 GPa.

To further determine whether the observed resistance drop
is truly associated with a superconducting transition, we
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Transport properties of LayNi3Oqq single crystals as a function of the pressure. (a) Electrical resistance of LayNiz;Oq as a

function of the temperature from 2.3 to 56.8 GPa in run I. (b) Linear resistance in the normal state. (c) Temperature dependence of the
upper critical field pyH ., for LayNizO,q at 67.7 GPa in run III. 7. is determined as 90% of the resistance at the onset 7. The solid lines
represent the Ginzburg-Landau fitting. The inset shows the low-temperature resistance under various magnetic fields. (d) dc magnetic

susceptibility of LayNi;O;, under high pressures.

performed resistance measurements under various magnetic
fields. As displayed in Fig. 3(c) and Supplemental Material
Fig. S6 [44], the resistance drop of LayNiz O, is progres-
sively suppressed to lower temperatures, which implies a
superconducting transition. The onset of superconductivity
seems insensitive to the external magnetic fields, and the
transition width becomes broad with increasing magnetic
field, which is similar to high-7'. cuprates. As shown in the
inset of Fig. 3(c), superconductivity survives even under
magnetic field yyH = 9 T. The upper critical field yyH ., can
be well fitted using the empirical Ginzburg-Landau formula
poH o (T) = poH 5 (1 — 12)/(1 + ?), where t = T/T,. The
superconducting transition is robust and extrapolated upper
critical field pyH.,(0) of LayNizO,q can reach 31.1 T at
67.7 GPa in run III, which yields a Ginzburg-Landau
coherence length &gy (0) of 3.25 nm. To further validate
pressure-induced superconductivity, we utilized a specially
designed microfabricated beryllium-copper alloy diamond
anvil cell (DAC) to conduct ultrasensitive dc magnetic
susceptibility measurements under high pressure [Fig. 3(d)
and Supplemental Material Fig. S7 [44] ], with the aim of
observing the diamagnetic effect characteristic of super-
conductors. From the raw data of high-pressure dc magnetic
susceptibility, no significant transitions were detected in the

background data of the DAC, regardless of whether the
measurements were performed in zero-field cooling (ZFC) or
field cooling modes. However, when neon was employed as
the pressure-transmitting medium and the sample pressure
was increased to 38.5 GPa, a distinct diamagnetic transition
was observed below 12.3 K in the ZFC mode, confirming
bulk superconductivity with a volume fraction exceeding
80%. The superconducting transition temperature derived
from these magnetic measurements at this pressure was in
agreement with the results obtained from electrical transport
measurements, further corroborating the emergence of super-
conductivity under high pressure. When the pressure was
increased to 48.0 GPa, the superconducting transition tem-
perature was enhanced, with diamagnetic below 19 K,
consistent with the superconducting transition phase diagram
of the sample under pressure. In summary, through high-
pressure dc magnetic susceptibility measurements, we
directly observed the diamagnetic effect of superconductors
under high pressure, thereby substantiating that the sample
exhibits superconductivity under such conditions.

To clarify the emergency of superconductivity, we
perform in situ high-pressure XRD measurements up to
80 GPa. As shown in Figs. 4(a) and 4(b), except for two
peaks arising from the Re gasket, all peaks could be

021005-5



MINGXIN ZHANG et al.

PHYS. REV. X 15, 021005 (2025)

(a) (b) (c)s6
PIGPa oz R a e 22144
) . b a ¢2
—~ c 1
< - a
-~ . A
5 £~ A l14/mmm - 13.6
5 S [} A R
2 2 L . A
i 8 |poja e faa
L 8 ! ° o A A
< = 5.2 &
£ .. 24128
- | L] °
L ]
— L]
=)
8 ‘ : 50L— L . 1. L . Plypp
> ) 12.0 12.5 13.5 14.0 0 20 40 60 80
% I 2Theta (deg) Pressure (GPa)
E (d) 420 (e) 25
——P2/a
. 14/mmm r P2 acfix &5 o0
‘r 1% 20 | —— Ja-Tx Oz
m By =218.7 GPa | —— i4/mmm
l ( . T Y 7\
| & 380+ BO= 3.7 GPa g 15
u. w = Vy=4109 A3 5 €
(0] S oS
g o 10 - &
i S |P2a E s o
> W £
340 J 5 O
Ii | J 0 5 10 15
Pressure (GPa)
\ 0
22 |
1 1 1 300 1 1 n 1 1 n 1 _5 i Il 1 1 I 1 1 1 n
5 10 15 20 25 0 20 40 60 80 15 16 17 18 19 20
2Theta (deg) Pressure (GPa)

Pressure (GPa)

FIG. 4. Structural transition of LayNi;O single crystals as a function of the pressure. (a) Synchrotron XRD patterns of powder
samples from 2.2 to 81.2 GPa. The asterisk refers to the diffraction peaks of the Re gasket. (b) Details of the evolutions of the (0 2 0) and
(2 0 —1) peaks under pressure. (c) The evolution of lattice parameters refined from the XRD patterns. (d) The pressure dependence of
volume of the P2,/a and I4/mmm space group derived from the XRD refinement results. (e) The difference in enthalpy between the
space groups P2;/a and I4/mmm as a function of the pressure calculated using the first-principles method. The inset shows the

modification of NiOg octahedra stacking mode under pressure.

indexed well to LayNizO;, with the monoclinic structure.
With the pressure increasing, both the lattice parameters
and unit-cell volume decrease continuously [Figs. 4(c) and
4(d)]. At around 12 GPa, the (0 2 0) and (2 0 —1) peaks
merge into one peak, suggesting the occurrence of struc-
tural phase transition [Fig. 4(b) and Supplemental Material
Fig. S8 [44]]. The structural analysis revealed that in situ
high-pressure XRD patterns above 12 GPa can be well
described with the tetragonal I4/mmm space group
(no. 139). The enthalpy difference relative to I4/mmm
phase within 20 GPa is plotted in Fig. 4(e). From 0 to
15 GPa [inset of Fig. 4(e)], we optimized the ions’
positions, cell shape, and cell volume, and the enthalpy
difference between the P2,/a phase and I4/mmm phase
decreased with pressure. When pressure is higher than
15 GPa, the P2, /a phase transforms to the /4/mmm phase
after structural optimization owing to the sensitivity of the
NiQOg octahedra stacking angles. Hence, we compress the
volume with the ions’ positions and volume shape fixed
based on the optimized P2,/a structure at 15 GPa for the
enthalpy calculations above 15 GPa. The enthalpy of
P2,/a phase is higher than that of the /4/mmm phase
after 15.2 GPa, illustrating that the 74/mmm phase is more
energetically stable than the P2;/a phase under high
pressure, which is in agreement with in sifu high-pressure

XRD measurements. Accompanied by the phase transition,
the Ni-O-Ni angles change within a layer, which leads to
the buckled Ni-O planes becoming more flattened [inset of
Fig. 4(e)]. Similar to cuprates, the appearance of a quasi-
two-dimensional structure under pressure paves the way for
the emergence of high-temperature superconductivity in
nickelates.

Based on the above high-pressure characterizations, we
construct the temperature-pressure phase diagram of
La;NizOj as shown in Fig. 5(a). In the lower-pressure
region, the La,Ni; Oy, single crystal exhibits metal-to-metal
transition with a density-wave resistance anomaly. As the
pressure increases, the resistance anomaly is gradually
suppressed. Upon further increasing the pressure, super-
conductivity appears between 10 and 20 GPa, and the
superconducting transition temperature 7, reaches 25 K
over 50 GPa. In addition, concomitant with the enhancement
of superconductivity in this pressure range, the strange-
metal behavior becomes gradually evident above 30 GPa. As
can be seen from the phase diagram, the competition
between the resistance anomaly and superconductivity
resembles the situation in some change or spin density
wave materials. All these observations indicate that high-
temperature superconductivity can also be achieved in the
pressurized LayNiz O, single crystals.
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D. Theoretical analysis

The pairing mechanism in pressurized LayNi;O,q is
analyzed as follows: As shown in Fig. 5(b), each unit cell
contains three Ni atoms located on three different layers,
with each Ni atom hosting two 3d orbitals, i.e., 3d,, and
3d,.y». For this system, a six-orbital tight-binding (TB)
model has been established, with the TB hopping integrals
given in Refs. [21,48-51]. Among these hopping integrals,
the strongest one is the interlayer hopping between the 3d,,
orbitals, i.e., £, and the next strongest one is the intralayer
hopping between the 3d,, , orbitals, i.e., tﬁ. Under the

strong Hubbard repulsion, these hopping integrals can
induce the strongest antiferromagnetic (AFM) interlayer
superexchange J5 and the next strongest AFM intralayer
superexchange Jﬁ . In addition, Hund’s rule aligns spins in

two orbitals on the same site. Hence, it transfers the nearest-
neighbor superexchange interaction from one orbital to the
other [36], as shown in Fig. 5(c), but with considerably
reduced averaged strength because the transfer takes place
only when the two orbitals on the same site are both singly

they have only 2/3 possibility to be singly occupied [21].
Similar to the cuprates, these superexchange interactions
can serve as effective pairing interactions in pressur-
ized La4Ni3010.

Based on the above analysis, a two-orbital #-J model has
been established by some of the authors here in Ref. [52].
Then, a systematic slave-boson mean-field approach is
engaged to study this model. The obtained results suggest
that while both orbitals are near 1/3 filling [21], the 3d,
orbital dominates the pairing because its weak intralayer
hopping leads to weak band dispersion and hence enhances
the density of state, which enhances the pairing strength. It
is also shown in Ref. [52] that the lower T in pressurized
La;NizOj, than that in pressurized La;Ni,O; originates
from the pairing frustration effect caused by its trilayer
structure. In bilayer La;Ni,O; driven by the interlayer
superexchange interaction, the pairing is mainly between
the two layers [33,34,36], experiencing no frustration.
However, in trilayer Lay;Ni;O,y, as shown in Fig. 5(d),
when an inner-layer 3d,, electron pairs with an upper
outerlayer 3d_, electron driven by J, the lower outer-layer

occupied, while in the realistic Ni-3d”3* configuration, 3d, electron is left single. That electron has to seek pairing
(a) 150
-P2./a 14/mmm
3
125 o e Tlinrunl
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g100 - A Tinrunll
o ‘ A T inrunll
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e | N . * T.indcy
§ 50 |DW-ike range meta
order
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FIG. 5. The phase diagram and theoretical model of pressurized LayNi3;Oyq. (a) Phase diagram under pressure. The black symbols
represent the density-wave (DW) transition 7* measured at various pressures. The red symbols represent the superconducting transition
temperatures 7. determined from the various runs. (b) The relevant orbitals, their couplings, and direct superexchange interactions J<

and Jﬁ. (c) An illustration of the effective superexchange interactions transferred from one orbital to the other induced by Hund’s rule

coupling. Note that such a transfer takes place only when both orbitals are singly occupied, while in the realistic Ni-3

d’-3 configuration,

these orbitals have only a 2/3 possibility of being singly occupied. (d) The dominant superconducting pairings.
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with neighboring electrons within the same layer. Since the
intralayer superexchange interaction Jﬁ for the 3d,, elec-

tron is weak, such a pairing is fragile and easily destroyed
by thermal fluctuation. This pairing frustration effect in
pressurized Lay;Niz O, leads to a much lower 7', than that
in pressurized La;Ni, O, as shown in Figs. 3(a) and 5(a)
in Ref. [52].

III. CONCLUSION

We have successfully grown high-quality single crystals
of LayNi;O,, and performed a series of transport mea-
surements both at ambient pressure and high pressure. We
found pressure-induced superconductivity with a T, at
approximately 25 K. The emergency of superconductivity
accompanied by the phase transition from P2,/a to
I4/mmm, leads to the buckled Ni-O planes ultimately
becoming flattened. Theoretical analysis displays that the
AFM superexchange interactions can serve as the effective
pairing interaction for the emergence of superconductivity
in pressurized LayNizOq, single crystals. Our results
demonstrate that high-temperature superconductivity can
be achieved in other members of RP phases, from which we
can explore the unconventional superconductivity in
nickelates.

Note added. Recently, we became aware that there was
another paper by Zhu et al. [53]. They reported resistance
measurements on LayNi;O;q single crystals, which is
consistent with our data.
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APPENDIX: MATERIALS AND METHODS

1. Material synthesis and characterization

Single crystals of LayNi;O;, were grown by the high-
pressure optical floating zone technique. Raw materials of
La,03 (99.99%) were dried at 900 °C overnight before the
reaction and then mixed with an appropriate amount of
NiO. The mixture was ground thoroughly, pressed into
pellets, and sintered at 1200 °C for two days with several
intermediate grindings. The powders were pressed into
seed and feed rods with a diameter of about 6 mm and
sintered at 1300 °C for two hours. Subsequent single crystal
growth was performed in a high-pressure optical floating
zone furnace (HKZ-300) with a growth rate of 5 mm/h and
20 bar of oxygen. Single crystals larger than 5 mm in size
could be obtained. The powder x-ray diffraction patterns
were taken using a Bruker D2 phaser with Cu-K, radiation
(A =1.5418 A) at room temperature. Energy-dispersive
x-ray spectroscopy was employed to determine the com-
positions of single crystals. The high-resolution scanning
transmission electron microscopy imaging was taken in
JEM-ARM300F GRAND ARM.

2. STM measurements

LayNi;Oy, single crystals were cleaved at 77 K with a
background pressure of 2 x 107! Torr and then were
immediately transferred into the STM head for measure-
ments. STM experiments were performed within a Unisoku
low-temperature STM. All of the STM data were obtained
at 4.3 K.

3. ARPES measurements

High-resolution ARPES experiments were conducted
at beamline 03U in Shanghai Synchrotron Radiation
Facility. The samples were cleaved in situ under ultrahigh
vacuum below 7 x 107! mbar. Data were collected with a
Scienta DA30 electron analyzer. The total energy and
angular resolutions were set to 20 meV and 0.2°
respectively.

4. Transport properties under ambient
and high pressure
Resistivity, heat capacity, and magnetic susceptibility
under ambient pressure were measured using the Physical

021005-8



SUPERCONDUCTIVITY IN TRILAYER NICKELATE ...

PHYS. REV. X 15, 021005 (2025)

Property Measurement System (Dynacool, Quantum
Design) and Magnetic Property Measurement System
(MPMS3, Quantum Design). High-pressure electrical-
transport measurements were performed in a DAC
with culets of 200 and 300 pm. The cubic boron
nitride and epoxy mixture was used as an insulator
layer between the BeCu gasket and electrical leads.
Four Pt foils were arranged according to the van der
Pauw method [54,55]. We used NaCl as a pressure-
transmitting medium (PTM) to improve the hydrostatic
environment. Ultrasensitive magnetic susceptibility mea-
surements were performed utilizing a bespoke beryllium-
copper-alloy miniature DAC fitted with a nonmagnetic
rhenium gasket. The measurements were carried out using
the Magnetic Property Measurement System. The DAC
comprised a pair of diamond anvils, each with a diameter of
300 pm, which confined the sample within a chamber of
240 pm in diameter. This chamber housed a single crystal
sample of LayNi;O;, measuring approximately 210 pm in
diameter and 33 pm in thickness. Neon gas was used as the
pressure-transmitting medium to ensure an optimal hydro-
static pressure environment. The superconducting volume
fraction calculation method is derived from Ref. [56] (see
the Supplemental Material for details [44]). In situ high-
pressure XRD measurements were performed at the beam-
line 15U in the Shanghai Synchrotron Radiation Facility
(1 =0.6199 A) and mineral oil was used as PTM. The
pressure was determined by the ruby luminescence
method [57].

5. First-principles calculations

First-principles band structure calculations were per-
formed using the Vienna ab initio simulation package
[58,59] with a plane-wave basis. For the band structure, the
exchange-correlation energy was considered under PBE-
type generalized-gradient approximation [60] with spin-
orbit coupling included. The Hubbard U =4.0 eV was
applied to describe the localized 3d orbitals of Ni atoms.
The cutoff energy for the plane-wave basis was set to
400 eV. A TI'-centered Monkhorst-Pack k-point mesh of
19 x 19 x 5 was adopted in the self-consistent calculations.
For the enthalpy difference calculation, we used the
projector-augmented wave [61] approach to describe the
core electrons and their effects on valence orbitals and
considered the 55s25p°®5d,6s, for La, 3d%4s> for Ni, and
2522 p* for O. We set the plane-wave kinetic-energy cutoff
to 700 eV, and the Brillouin zone was sampled with the
special k-mesh generated by the Monkhorst-Pack scheme
with a k-point spacing of 2z x 0.025 A~'. The conver-
gence tolerance was 10~ eV for total energy, and all forces
were converged to be less than 0.003 eV/A. At ambient
pressure, the calculated volume was less than 1% larger
than the experimental data, suggesting the reliability of the
calculation.
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