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Recently, the bilayer perovskite nickelate La;Ni,O; has been reported to show evidence of high-
temperature superconductivity (SC) under a moderate pressure of about 14 GPa. To investigate the
superconducting mechanism, pairing symmetry, and the role of apical-oxygen deficiencies in this material,

we perform a random-phase approximation based study on a bilayer model consisting of the d,>_,» and

-2
d;_ 2 orbitals of Ni atoms in both the pristine crystal and the crystal with apical-oxygen deficiencies. Our
analysis reveals an s*-wave pairing symmetry driven by spin fluctuations. The crucial role of pressure lies
in that it induces the emergence of the y pocket, which is involved in the strongest Fermi-surface nesting.
We further found the emergence of local moments in the vicinity of apical-oxygen deficiencies, which

significantly suppresses the T.. Therefore, it is possible to significantly enhance the 7. by eliminating

oxygen deficiencies during the synthesis of the samples.

DOI: 10.1103/PhysRevLett.131.236002

Introduction.—The recent discovery of evidence show-
casing superconductivity (SC) with a critical temperature
T.=~ 80 K in the Ruddlesden-Popper bilayer perovskite
nickelate La;Ni,O; under a moderate pressure of 14—
43.5 GPa [1] has captured considerable research attention
[2-20]. If verified, these findings could introduce a new
family of superconductors with 7', surpassing the boiling
point of liquid nitrogen under moderate pressure, distinct
from the cuprates [21-26].

Similar to previously synthesized infinite-layer nickelates
[27-33], LayNi, O exhibits a layered structure, wherein the
conducting NiO, layer shares structural similarities with the
CuO, layer found in the cuprates. In the crystal structure of
La;Ni,O;, each unit cell comprises two NiO, layers
interconnected by the Ni—O—Ni ¢ bond. This bonding
occurs through the participation of an intermediate oxygen
atom originating from the intercalating LaO layer. Note that
although La;Ni,O; is an established material [34-50], its
properties are fundamentally changed under pressure as it
has induced a structural transition leading to a change in the
bonding angle along the ¢ axis from 168° to 180° [1]. This
transition also prompts a shift in the crystal’s orthorhombic
space group from Amam to Fmmm. First-principles calcu-
lations indicate that this structural transformation results in
the metallization of the 6 bonding and a concurrent alteration
of the band structure from weakly insulating to metallic
behavior [1].

In the experiment conducted by Sun et al [1], it is
noteworthy that not all samples of nickelates exhibited SC
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or even a metallic behavior under pressure. The resistivity
is very sensitive to the oxygen content. Certain samples
remained insulating and could not transition to a super-
conducting state. This behavior could be attributed to the
presence of slightly oxygen-deficient compositions, spe-
cifically in LayNi,O;_s. Previous experimental investiga-
tions [51,52] have demonstrated that when the oxygen
deficiency, denoted as J, exceeds 0.08, the material trans-
forms into a weak insulator even under ambient pressure.
These experimental observations underscore the impor-
tance of apical-oxygen deficiency as a non-negligible
factor, even in superconducting samples.

In this Letter, we aim at providing answers for the
following three urgent questions about the pairing nature
of the pressurized La;Ni,O5. (i) What is the pairing mecha-
nism and resultant pairing symmetry? (ii) What is the role of
pressure in realizing the high-7". SC? (iii) How do the apical-
oxygen deficiencies affect the 7.7 To initiate this inquiry, we
adopt a bilayer tight-binding (TB) model involving solely
dxz_yz and d;_ > orbitals of nickel atoms [5], derived from
density-functional-theory (DFT) calculations. This model is
supplemented with a standard multiorbital Hubbard inter-
action. We first conduct a conventional random-phase-
approximation (RPA) calculation in k-space for the pristine
crystal. This analysis reveals an s*-wave pairing symmetry
driven by spin fluctuations. The crucial role of pressure lies in
thatitinduces the y pocket, as the nesting between this pocket
and the existing f pocket is the strongest. Subsequently,
we explore the impact of apical-oxygen deficiencies using a

© 2023 American Physical Society
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FIG. 1. (a)Band structure along the high symmetry lines. (b) FS
in the first Brillouin zone. The three pockets are labeled by «, 3,
and y, respectively. The colors in (a) and (b) indicate the orbital
component.

real-space RPA calculation. Our results suggest that in the
vicinity of the apical-oxygen deficiencies, due to reduction in
the strength of the magnetic critical interaction, magnetic
local moments emerge, which strongly suppress the T'... This
observation underscores the necessity of eliminating apical-
oxygen deficiencies to attain high-T, SC in pressur-
ized La3Ni207.

Model and approach.—Our two-orbital TB model on a
bilayer square lattice reads

H, = Z tf;’cjﬂacjm. (1)

iu,jv,c

Here, i/ labels sites, o labels spin, and u/v labels orbital
(dp_y or dya_,2). The hopping integral #;; is obtained
through DFT calculations [5]. The obtained band structure
is depicted in Fig. 1(a) wherein the Fermi level intersects
only three out of the four bands, giving rise to three Fermi
pockets as illustrated in Fig. 1(b). Among these pockets, the
one labeled as a represents an electron pocket, whereas the
f and y pockets are hole pockets. Notably, the @ and S
pockets exhibit close proximity to each other. These two
pockets display significant hybridization between the two
orbitals, whereas the y pocket predominantly comprises the
ds,>_, orbital. Importantly, DFT calculations reveal that
the y pocket emerges only under pressure, coinciding with
the existence of SC under pressure. This suggests that the y
pocket may play a crucial role in the SC of the system.
We adopt the following multiorbital Hubbard interaction,

HI = UZniﬂTniﬂl + Vznil(rnﬂﬂ/
ip ioo

)
+Jy { E Citg Cing Cile? Cids

ioo’

+ chlTC:'fuciu Cipp + H.C.:| . (2)

Here, the U(V) term represents the intra (inter)-orbital
Hubbard repulsion, and the J term represents the Hund’s

rule coupling and pair hopping. The Kanamori relation [53]
is adopted, which sets U =V + 2Jy, and for the sub-
sequent calculations, we fix J; = U/6.

Our study employs the multiorbital RPA method, utiliz-
ing both the traditional k-space formalism for pristine
crystals [54-61] and the newly developed real-space
formalism [62] for systems with randomly distributed
apical-oxygen deficiencies. In both cases, we need first
to calculate the bare susceptibilities, then proceed to
determine the renormalized spin and charge susceptibilities
at the RPA level. There exist critical interaction strengths

for both charge and spin, denoted by U © and UV,
respectively. If U exceeds these critical values, the charge
or spin susceptibility diverges accordingly, and further RPA
treatment becomes invalid. Subsequently, a charge-density
wave (CDW) or spin-density wave (SDW) will develop. In

general, U <yl Therefore, when we increase the
repulsive Hubbard U, it is more likely for an SDW to

form first. When U is smaller than UE.S), the short-range

spin fluctuation may act as a “glue” that facilitates the
formation of Cooper pairs. This effective attraction can be
approximated using the mean-field (MF) treatment, and by
considering this, we can derive a linearized gap equation in
the vicinity of 7. By discretizing this gap equation, we can
transform it into an eigenvalue problem associated with the
interaction matrix. The largest eigenvalue, denoted as 4,
determines the critical temperature 7', via T, ~ e
Additionally, the corresponding eigenvector determines
the pairing gap function and the pairing symmetry.

The s*-wave pairing.—The critical interaction strength,
denoted as U E‘Y), at which the spin susceptibility diverges, is
approximately 1.26 eV following the RPA calculation for
the model in consideration. We choose the value of the
Hubbard interaction U to be 1.16 eV, in order to match the
experimentally measured critical temperature 7. of approx-
imately 80 K. Note that for the simplified two-orbital model
adopted here, this U can be different from the bare U
employed in the DFT calculations [45]. Figure 2(a) depicts
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FIG. 2. (a) The distribution of the largest eigenvalue y(q) of the
RPA-renormalized spin susceptibility matrix in the Brillouin
zone. This distribution peaks at three unequivalent momenta,
which are marked as Qq, Q,, and Qj, respectively. (b) The FS-
nesting with the nesting vectors Qq, Q,, and Q3 marked.
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FIG. 3. (a) The largest pairing eigenvalue A of the various

pairing symmetries as function of the interaction strength U with
fixed Jy = U/6. (b)—(c) The distributions of the leading s and
d-wave pairing gap functions on the FS for U = 1.16 eV.

the distribution of the RPA-renormalized spin susceptibil-
ity, represented by y(q) the largest eigenvalue of the spin
susceptibility matrix, across the Brillouin zone. Notably,
the distribution exhibits peaks at three unequivalent
momenta, which we have labeled as Qq, Q,, and Qj;.
These momenta precisely correspond to the three Fermi
surface (FS) nesting vectors, as illustrated in Fig. 2(b), and
the vector Q) is associated with the highest intensity of spin
susceptibility.

Figure 3(a) illustrates the dependence of the largest
pairing eigenvalue, denoted as 4, on the interaction strength
U for different potential pairing symmetries. The D, point
group of LasNi,O; allows for several possible pairing
symmetries, including nondegenerate s-wave, d-wave, g-
wave, and degenerate (p,, p,)-wave pairings. However, for
clarity, we focus on the three dominant pairing symmetries
in this analysis. It is evident that for U < 1 eV, the s-wave
and d-wave pairings exhibit similar magnitudes, suggesting
a competition between these two symmetries. On the other
hand, for U > 1 eV, the s-wave pairing becomes dominant.
Notably, the (p,,p,)-wave pairing is consistently sup-
pressed across the entire range of U values considered. To
further analyze the pairing pattern, we examine the dis-
tribution of the leading s-wave gap function on the FS, as
depicted in Fig. 3(b). Here, we observe that the gap
functions on the a and y pockets of the FS are negative,
while that on the f pocket is positive. This characteristic,
known as the s*-wave pairing, also verified by the

functional renormalization group based studies [7,10],
bears resemblance to the pairing pattern observed in Fe-
based superconductors [63—66]. Additionally, Fig. 3(c)
shows the distribution of the dominant d-wave pairing
gap function on the FS, specifically a d,,-wave pairing
symmetry. These findings provide important insights into
the favored pairing symmetries and shed light on the nature
of unconventional superconductivity in LazNi,O;.

The role of the emergent y-pocket under pressure for SC
can be elucidated in three aspects. First, the Cooper pairing
in this system is mediated by spin fluctuations that peak
at momentum Qq, as depicted in Fig. 2(a). These spin
fluctuations arise from the FS nesting, which connects the
pocket and the emergent y pocket, as illustrated in Fig. 2(b).
Second, the emergence of the y pocket is beneficial for
energy gain in the superconducting state. Figures 3(b)
and 3(c) demonstrate that for both the s*- and d.y-wave
pairings, the gap functions A(k) on FS patches connected
by the nesting vector Q; possess opposite signs. Such a
sign distribution of A(k) maximizes the energy gain,
similar to the d,2_2-wave pairing in the cuprates and the
s*-wave pairing in the Fe-based superconductors. The s*-
wave pairing obtained here can be verified by combined
phase sensitive experiments [67] and the sharp neutron
resonance peak at Q. Third, the orbital component of the
dominant s*-wave pairing crucially relies on the presence
of the y pocket. Specifically, considering the pairing
between interlayer (intralayer) d;._,. orbitals as Aj
(A§), and the pairing between d_y orbitals as A} (Aj )
our findings indicate A}/A] =0.59, Aj/Aj = —0.18,
and A§/Aj = 0.17. These results highlight that the strong-
est pairing is between the interlayer d;._. orbitals.
Importantly, Fig. 1(b) shows that the d,._,» orbital com-
ponent is predominantly distributed on the y pocket.

Role of apical oxygen deficiencies.—Previously, it was
known that the reduction of the oxygen atoms number
within a unit cell from 7 to 6.5 causes the metal-insulator
transition [45]. Here we examine the impact of a slight
concentration of apical-oxygen deficiencies on the system.
We introduce a simulation considering the oxygen atom
located between two layers of Ni atoms, known as the
apical oxygen. During sample preparation under insuffi-
cient oxygen pressure, a certain ratio of apical oxygen may
be deficient, as illustrated in Fig. 4(a). The absence of
apical-oxygen atoms disrupt the electrons hopping between
the Ni-atoms locating on different layers within a unit cell.
To mimic this phenomenon, we randomly select some unit
cells in which the hopping parameters # and #| in Eq. (1)
are set to zero. Since these apical-oxygen defects introduce
randomness and break the translation symmetry, it is
necessary to employ a real-space RPA approach to inves-
tigate the problem, see the Supplemental Material [68]
for details.

We first calculate UES) for each configuration of the
apical-oxygen distribution. Then we compute the statistical
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FIG. 4. (a) Schematic lattice structure with the apical-oxygen
deficiency represented by the dotted circle in the black box.
(b) The phase diagram with respect to U and the oxygen-
deficiency concentration 6. SC(LMP) is short for superconduc-
tivity (local moment phase). For each data point, we generate one
hundred random deficiency configurations to calculate the

statistical expectation value of U E-s), ie., U, 5-” and mark the error

bar. (c) The 7, dependence of U, ES) in the uniform system. (d) The

FS of the model with 7, set to zero.

expectation value, denoted as U ES), by averaging U (CS) over a

large number of configurations. Figure 4(b) presents the

dependence of Uﬁ” on the deficiency concentration, 9,

represented by the black line, where the statistical error

associated with U is also shown. It is evident that U/"

decreases rapidly with §. In the context of our specific
chosen interaction strength of U = 1.16 eV, indicated by
the red dotted line in Fig. 4(b), the system transits from the
superconducting phase to the magnetic phase when o
exceeds approximately 0.02.

In order to reveal the mechanism behind the suppression
of U<CS> due to apical-oxygen deficiencies, we investigate
the dependence of the critical strength U, (C‘Y) on the interlayer
hopping parameter 7, in a uniform system. Figure 4(c)
displays the results of this analysis, clearly demonstrating

that Uﬁ” is significantly suppressed as ¢, is reduced. The
underlying reason for this lies in the improved FS nesting
that arises with the reduction of 7, as detailed in the
Supplemental Material [68]. Figure 4(d) visually show-
cases the nearly perfect FS nesting at 1, = 0, leading to an

impressive 50% reduction in uY.
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FIG. 5. (a)—(c) Real-space distribution of the magnetic moment
for the apical-oxygen deficiency concentration § = 7%, specifi-
cally focusing on the dominant d;_2_ . orbital in the top layer, and
that in the bottom layer is oppositely oriented. (a) Unique
configuration with segregated regions of high deficiency concen-
trations. (b) Zooming in the region delineated by white dashed
lines in (a) to highlight the magnetic pattern. The arrow indicates
the orientation of the magnetic moment. (c) Representative pattern
with randomly distributed clusters of deficiencies of varying sizes
and shapes. Regions with abundant deficiencies are marked by red
boxes. In (a) and (c), the color scale represents the magnitude of the
magnetic moment. (d) The J dependence of 7.

However, the suppression of TS by apical-oxygen

deficiencies is not solely attributed to the reduction in
averaged t | . The deficiencies also promote the formation of
local moments. This can be observed in Fig. 5(a) where the
apical-oxygen deficiencies are segregated into distinct
regions enclosed within red dotted boxes. Consequently,
the magnetic moment localizes within or near these regions.
Focusing in on the area delineated by the white dashed line
in Fig. 5(a), which includes a representative region with
significant deficiencies, our real-space RPA calculation
yields that, due to reduction of local U, in this region,
magnetic moments emerge, distributed with the pattern
shown in Fig. 5(b). This pattern reveals a localized
antiferromagnetic (AFM) arrangement that diminishes
away from the center of the deficiency. Such localized
AFM can cause reduction of the uniform spin susceptibility
below the Neel temperature, which can be correlated with
previous measurements of magnetic susceptibility in
La;NiyOg g, [51]. These measurements revealed a slight
decrease in magnetic susceptibility between 100-300 K. In
Fig. 5(c), we show another typical pattern with randomly
distributed clusters of oxygen deficiencies with varying
sizes and shapes. Interference occurs between adjacent
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clusters, resulting in regions without deficiencies exhibiting
significant magnetic moments.

The randomly distributed magnetic moment shown in
Figs. 5(a)-5(c) can significantly harm SC. The § depend-
ence of 7. is estimated as follows. For an arbitrary
deficiency configuration, if the obtained U, < U, the
magnetic moment emerges for that configuration, under
which we set 7. = 0 as an approximation. If U, > U, we
adopt the real-space RPA approach provided in the
Supplemental Material [68] to calculate the 7. for this
configuration. For our specifically chosen U = 1.16 eV,
the averaged 7, over a large number of deficiency
configurations is shown in Fig. 5(d) as function of J,
together with the associated error bar. Remarkably, the T'.. is
significantly suppressed by the deficiency, and the SC
nearly vanishes when & surpasses 3%. In comparison with
the pressurized hydrides whose SC is driven by electron-
phonon interaction [69,70], the oxygen deficiencies here
play a more destructive role on the 7. due to the pair-
breaking effect of the local moment.

Conclusion.—We have investigated the pairing mecha-
nism and pairing symmetry of pressurized La;Ni,O; using
the RPA approach. Our findings indicate that the pairing
symmetry is s*, with the gap sign of the a and y pockets
opposite to that of the f pocket. The dominant pairing is
between the interlayer d;_>_,. orbitals. The presence of the
emergent y pocket under pressure plays a crucial role in the
pairing mechanism as it is involved in the strongest FS
nesting.

Furthermore, we have explored the impact of apical-
oxygen deficiencies using the real-space RPA approach.
Our results show that regions with abundant deficiencies
exhibit local magnetic moment, which significantly sup-
presses the SC. Therefore, maintaining sufficient oxygen
pressure during the synthesis of La;Ni,O; is necessary to
enhance the T, of the sample.
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