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Recently, evidence of superconductivity (SC) has been reported in pressurized LasNi;Oyo. Here we study its
possible pairing mechanism and pairing symmetry. Through fitting the density-functional-theory band structure,
we provide a six-orbital tight-binding model. In comparison with the band structure of La;Ni, O, the additional
nonbonding d_> band is important to the pairing mechanism here. When the multiorbital Hubbard interactions
are included, our random-phase-approximation based study yields an s*-wave SC. The dominant Fermi-surface
nesting with vector Q; & (r, ) is between the y pocket contributed by the bonding d_> band top and the «;
pocket contributed by the nonbonding d,» band bottom, leading to the strongest pairing amplitude and opposite
gap signs within the two regimes. The dominant real-space pairing is the interlayer d_-orbital pairing. This
s*-wave pairing pattern is insensitive to the band details. Upon electron doping, the 7, would increase promptly
before the system enters the Néel-ordered spin-density-wave phase.
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Introduction. The recent discovery of superconductivity
(SC) in the nickel-based family [1-8], especially the high-
temperature SC near 80 K in the bilayer nickelate La3zNi, O
under pressure [9-28], has raised a surge of interest in explor-
ing the electron correlation and pairing nature in this family
[29-92]. La3Ni,O; belongs to the Ruddlesden-Popper (RP)
phase with formula La,;Ni, O3, [93,94], which consists
of n layers of perovskite-type LaNiOs, separated by a sin-
gle rocksalt-type LaO layer along the c-axis direction. While
n =2 is for LazNi,O7, the n = 3 member of this family is
R4NizO19 (R = La, Pr, Nd). Recently, clear zero resistance
and diamagnetism of LasNi3Ojy under pressure below 20—
30 K were observed [95-98], indicating signatures of SC. The
maximum 7. of LasNiz;Oy¢ is lower than La3zNi,O;, while
its superconducting volume fraction is found to be very high
[97], indicating that the superconductivity in LasNi3Oyy is a
bulk property rather than filamentary as in the present-stage
La3N1207 [18]

LasNizOy hosts a quasi-2D crystal structure, with approx-
imate unit cell comprising three NiO, layers interconnected
by the Ni-O-Ni o bond. Under high pressure, there is a struc-
tural transition from monoclinic P2, /a to tetragonal I4/mmm
[95-108]. It takes the 164.8° Ni-O-Ni angle between adjacent
octahedra layers forced to 180.0° in the high-pressure phase,
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reminiscent of the bilayer La3zNi,O; [9-19]. While the NiO,
plane in LayNizOyy is isostructural with the CuO, plane in the
cuprates, the nominal valence state of Ni is +2.67, leading
to the electron configuration d’33, which is different from
the d° state in the cuprates, the d’ state in the infinite-layer
nickelates, and the 47 state in bilayer La3Ni,O. Particularly,
the filling fractions of both 3d orbitals in LasNizO( are near
1/3, which is quite different from that in La3zNi,O; [99-108].

The density-functional-theory (DFT) based calculations
suggest that the low-energy degrees of freedom in LasNizOyg
are mainly Ni 3d> and 3d,>_,» orbitals [99-108]. Similar to
La3Ni,O5, the interlayer coupling in LasNi3O9 is mainly
realized through the strong Ni-O-Ni hybridization involving
the Ni-3d,. and O-p, orbitals [72,73,102]. Such strong inter-
layer coupling renders that the 3d,> orbital dominant bands
are split into the bonding, nonbonding, and antibonding bands
[99-108]. Similarly to La3Ni,O7, the pressure lifts up the top
of the bonding 3d,> band to cross the Fermi level, forming into
a hole pocket near the Brillouin zone (BZ) corner M (x, 7)
point [99—-108], which might be important for the emergence
of SC [109]. The antibonding 3d,> component is well above
the Fermi level. The nonbonding 3d band is a new band
absent in La3;Ni,O7 [99-108]. As this band has a local bottom
at the I'-point near the Fermi level, different band structures
at the I point may host an electron pocket [103—106] or not
[107,108], depending on the band details. This band might
also be important for the pairing mechanism [106].

In this Letter, we study the pairing mechanism and pair-
ing symmetry in pressurized LasNizOjo through a standard
random-phase-approximation (RPA) approach. We start from
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a six-orbital tight-binding (TB) model fitting our DFT band
structure. After adding multiorbital Hubbard interactions, our
RPA result provides an s*-wave SC. The dominant nesting
is between the y pocket centering around the M point con-
tributed by the bonding d» band and the «; pocket centering
around the I' point contributed by the nonbonding .. band.
The pairing gap is mainly distributed on the two pockets, with
opposite gap signs on them. The real-space pairing pattern is
dominated by the interlayer pairing between the 3d,> orbitals
in the top and bottom layers within a unit cell. While the
pairing symmetry maintains s for low doping levels, the
T, arrives at its maximum at slight electron doping before
the system enters the Néel-ordered spin-density-wave (SDW)
phase. This s* pairing pattern is insensitive to band details.

Band structure and TB model. To study the band structure
of pressurized LasNizO9, we adopt the tetragonal 14/mmm
conventional cell with six Ni atoms. Our DFT calculations uti-
lized the projector-augmented wave (PAW) pseudopotentials
with the exchange-correlation of the Perdew-Burke-Ernzerhof
and the GGA approach, as implemented in the Vienna ab initio
Simulation Package (VASP) [110-112]. To account for the
correlation effects of 3d electrons in Ni atoms, we employed
the GGA+U scheme [113], setting U to 3.5 eV [13]. Note
that possible local moment fluctuations have been neglected
in the DFT+U method, which is left for future study. The
cutoff energy for the plane-wave basis was set to 600 eV. The
reciprocal space was sampled using a 20x20x3 k mesh for
structural optimization and self-consistent calculations. The
lattice constants measured experimentally at 40 GPa were
utilized [102], and the atomic positions were subsequently
relaxed until the atomic force on each atom was less than
1073 eV/A. The obtained band structure is shown in Fig. 1(a),
and the density of states (DOS) contributed by different orbital
components shown in Fig. 1(b) suggests that the low-energy
DOS is mainly contributed by the two Ni-3d orbitals, i.e.,
3d. and 3d,2_,». The DFT band structure in Fig. 1(a) and
the DFT DOS calculation in Fig. 1(b) are both based on the
three-dimensional structure, including all possible hoppings
in every direction. To acquire a TB description of the DFT
band structure, we constructed maximally localized Wannier
representations [114] by projecting the Bloch states (with a
20x20x3 k mesh) from the DFT calculations onto the 3d..
and 3d,>_ orbitals. As depicted in the Supplemental Material
(SM) [115], the band structure obtained from the complete
Wannier representations agrees very well with that from DFT
calculation across the entire energy range of interest.

To facilitate subsequent studies involving electron inter-
actions, we neglect the coupling between the upper three
layers and the lower ones within a unit cell, and by taking
each three layers as a unit cell we extract from the Wannier
representations the following six-orbital TB model up to the
third-nearest-neighbor hopping,

Hp = ) €iuClugCino + ) lijumClugCive +Heo (1)

ino ij,pv,0

Here i/j denote combined in-plane coordinate and layer in-
dices, /v label orbitals, and o labels spin. &, represents
the on-site energy of orbital w at site i. While the full hop-
ping integrals f;; ,, are provided in the SM [115], only those
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FIG. 1. DFT band structure and six-orbital TB model of pressur-
ized LayNiz 0,9, with experimental refined lattice constants adopted.
(a) The DFT (black solid) and six-orbital TB (red dashed) band
structure of LayNizO;y under 40 GPa. (b) The DOS for different
orbital components of the DFT band in (a). (c) Schematic of the
trilayer six-orbital TB model with the hopping integrals marked.
The red (blue) pattern represents Ni-d2(d,2_,» ) orbital. (d) The band
structure along the high-symmetry lines. (e) FS in the BZ. The five
pockets are labeled. The FS-nesting vector is marked by Q. The
color bar in (d) and (e) indicates the orbital weight of d,»_,» and
d. (f) The distribution of the RPA-renormalized spin susceptibility
x“(q) in the BZ for U = 1eV. The maximum of the distribution
locates only at Q.

up to the next-nearest-neighbor (NNN) bonds are illustrated
in Fig. 1(c). Here the notations x/z indicate d,»_,»/d or-
bitals, i/o represent inner/outer layers, 1/2 indicate NN/NNN
intralayer hoppings, and , /| ; mean interlayer hoppings. Sim-
ilarly to La3NiyOs, the d;» and d»_,> orbitals dominate the
interlayer and intralayer couplings, respectively [74—77].
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The obtained band structure for this TB model is shown in
Fig. 1(d). A comparison shown in Fig. 1(a) between this band
structure and the DFT one suggests that the essential feature
of the DFT one has been captured. The associate FS is shown
in Fig. 1(e). The strong interlayer hoppings in combination
with the weak intralayer hoppings for the d» orbital render
that the d bands are split into the bonding, nonbonding,
and antibonding bands. These d,2-dominant bands are mixed
with the d,>_,» component through hybridization. The top of
the bonding d.» band crosses the Fermi level, forming the
hole-like y pocket centered around the BZ corner M point,
as shown in Fig. 1(e). The antibonding d,» component by
itself is completely above the Fermi level (see the red part).
Furthermore, it hybridizes with the d,>_,> component to form
a new band crossing the Fermi level, leading to the hole-like
B1 pocket around M, whose dominant orbital component is
d,>_y». The nonbonding d» band is near the Fermi level and
significantly hybridizes with the d,2_,» component. This band
has a local bottom at the I' point, which slightly crosses
the Fermi level, forming the electron-like o; pocket centered
around I'. In addition, this band also contributes a large hole-
like B> pocket with comparable d.> and d,>_,» components. In
comparison with LazNi,O7, the nonbonding d,» band is new.
In addition, an extra electron-like o, pocket centering around
I" is contributed by the d,>_,> orbital.

Interaction and pairing symmetry. We adopt the following
multiorbital Hubbard interaction,

Hyy =U Zni,uTniui + WU —2Jy) Z NileNie’ + JH Z

in i,o0,0’ ioo’
X [C;rlgC;ZU’Cilﬂ/cizﬂ + (C,TlTCiTuCQLCiZ? +H.c)l. (2

Here, U, and Jy denote the Hubbard repulsion, and the Hund’s
rule coupling (and the pair hopping) respectively. For subse-
quent calculations, we fix Jy = U/6.

We employ the multiorbital RPA approach [116-124] to
treat this Hamiltonian, with details provided in the SM [115].
For the present band structure, the critical value of U for
the spin-density-wave (SDW) is U, =~ 1.2 eV, which is deter-
mined by where the denominator’s determinant becomes zero
in Eq. (S5) in the SM [115]. And it indicates the onset of mag-
netic ordering. In the RPA approach, we define the static spin
susceptibility matrix X,ES)(pq, st) = xP(k, iw = 0), where
w is the Matsubara frequency. The largest eigenvalue of this
Hermitian matrix for each momentum k is defined as x (%),
the largest eigenvalue of the spin susceptibility. The distribu-
tion of the spin susceptibility x (k) over the BZ is shown in
Fig. 1(f) for U = 1 eV < U,. Notably, the strongest suscepti-
bility locates near the momentum Q; ~ (;, 7), which is the
nesting vector between the o pocket and y pocket, as shown
in Fig. 1(e).

When U < U,, the spin fluctuations can mediate SC,
whose T, is related to the largest pairing eigenvalue A via
T, < e~!/*, and the pairing symmetry is determined by the
corresponding eigenvector. The U dependencies of the largest
A for different pairing symmetries, including the s wave,
d, wave, d>_» wave, and degenerate (p., py) wave, are
shown in Fig. 2(a). Consequently, the s wave is the leading
pairing symmetry and dominates other ones, similarly to the
case in pressurized LazNiyO; [78-84]. The calculated pairing
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FIG. 2. Pairing eigenvalues A and leading pairing gap function
for undoped LayNizO;p under 40 GPa. (a) The largest A of the
various pairing symmetries as function of U with fixed Jy = U/6.
(b) Distribution of the leading s-wave pairing gap function on the FS
forU = 1eV.

eigenvalue A (~0.25) of the s*-wave SC is smaller than
that in pressurized LazNi,O7 (~0.69) for the same U = 1eV
[57], which is consistent with experiments. Note that for the
simplified two-orbital model adopted here, this U can be dif-
ferent from the bare U employed in the DFT+U calculations
[125].

The distribution of the relative gap function is shown on the
FS in Fig. 2(b). Consequently, the «; and y pockets connected
by the nesting vector Q; are distributed with the strongest
pairing amplitude, with their gap signs opposite, forming the
s*-wave pairing similarly to the Fe-based SC [126].

When this k-space pairing gap function is Fourier-
transformed to the real space, we obtain a dominant interlayer
pairing of the d. orbitals, as shown in the Fig. 3(a). Since
the orbitals in this trilayer system are distinguished as upper,
middle, and lower ds>_,2, d2_,» orbitals, we classify the
pairing components as interlayer [Fig. 3(a)] and intralayer
[Fig. 3(b)] pairing. As our results suggest that the interorbital
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FIG. 3. The real-space pairing pattern and spin-fluctuation pat-
tern. (a), (b) The inter- and intralayer pairing patterns in real space.
The main plot shows the distance r dependence of the pairing gap
between each two orbitals listed, and the inset shows the spatial
distribution of the largest pairing gap among the four listed ones.
Here r is the distance in unit cell between the two orbitals involved
in the pairing, “00” means interlayer pairing between the outer and
outer layers, “oi” means interlayer pairing between the outer and
inner layers, and “o/i” means intralayer pairing within the outer or
inner layer. ds2_,2 and d,2_,» orbitals are represented as “z” and “x”
respectively. (c) The leading spin-fluctuation pattern within a unit
cell, in which red (blue) pattern represents Ni-d2(d,>_,>) orbital.
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pairing is much weaker than the intraorbital one, we only
provide the latter. Figures 3(a) and 3(b) together show that the
strongest pairing occurs in the interlayer pairing between the
ds,2_,2 orbitals in the top and bottom outer layers within a unit
cell. This is consistent with the fact that the dominant orbital
component of the two pockets distributed with the strongest
pairing amplitude, i.e., the «; and y pockets, is d,2. Note that
the quasiparticle mass renormalization effects of the shallow
Ni-d3,_,» band at the M point are not taken into account.
While this effect may influence T, it is not expected to impact
the essential characteristics of the superconducting pairing
symmetry and spin susceptibility.

The interlayer pairing for the outer layer—outer layer ds 2,2
orbitals is determined by the dominant spin-fluctuation mode
which mediates it. While the inter-unit-cell modulation for
the dominant spin-fluctuation mode takes the wave vector
Q; =~ (, m) as suggested by Fig. 1(f), the intra-unit-cell dis-
tribution of this mode is depicted in Fig. 3(c). This distribution
is determined by the eigenvector corresponding to the largest
eigenvalue of the spin-susceptibility matrix defined as x [(fz =
AP (ke iw, = 0) withk = (77, ). Here x 7P (k, iwp = 0)is
the element of the spin susceptibility tensor x ™7 (k, iw, =
0). A remarkable feature of Fig. 3(c) is the strong antifer-
romagnetic spin correlation between the d,» orbitals in the
top and bottom outer layers, which naturally mediates the
interlayer pairing between the ds.._,» orbitals in the top and
bottom outer layers, as shown in Fig. 3(a).

Doping dependence. The doping § dependence of U, and
DOS is shown in Fig. 4(a). The maximal DOS locates at
6 ~ 0.2, which takes place when the Fermi level touches the
flat bonding d,» band top. The doping 6, for the minimal U, is
slightly lower, which takes place when the o and y pockets
are best nested to each other with nesting vector Q; = (7, 7).
The A ~ ¢ relation is shown in Fig. 4(b). With hole doping,
the pairing symmetry maintains s* but the A and hence T,
obviously drop, while with slight electron doping, the A and
hence T, promptly arise. In a finite doping regime near éy,, the
Néel-ordered SDW emerges for U = 1eV.

The relative gap function for § = 0.05 is shown in
Fig. 4(c). The FS nesting for this doping is much better than
that for § = 0, which is also reflected in the very sharp sus-
ceptibility peak at Q, displayed in Fig. 4(d), leading to much
higher T,.. Meanwhile, the s* pairing pattern is maintained and
is even more obvious. The real-space pairing pattern qualita-
tively remains unchanged from that for 6 = 0 [115], i.e., the
interlayer d,» pairing.

For 6 = —0.1, the y pocket is large while the «; pocket
vanishes, as shown in Fig. 4(e) (see the solid lines for the FS).
In this case, there is no geometric nesting between the y
pocket and the already vanished «; pocket. However, as the
local bottom of the nonbonding d,» band at the I" point is very
close to the Fermi level, there still exists a spin-susceptibility
peak at the vector Q connecting the I" point and the boundary
of the y pocket, as shown in Fig. 4(f). In this sense, the vector
Q; can be viewed as a “virtual” nesting vector which works
in the pairing pattern. To show the effect of this virtual
FS nesting, we provide the distribution of the gap function
within an energy shell of £0.02 eV around the Fermi level in
Fig. 4(e). Consequently, the regime near the I" point still hosts
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FIG. 4. Doping-dependent study for pressurized LasNiz;Ojq.
(a) U, (red solid) and DOS (blue dashed) as functions of the doping &.
(b) The largest pairing eigenvalue A of different pairing symmetries
as function of 8. The pink area indicates SDW. (c), (d) Distribution
of the leading s*-wave pairing gap function on the FS (c) and x“(q)
in the BZ (d) for § = 0.05. The Qy in (c) and (d) marks the nesting
vector. (e), (f) Distribution of the leading s-wave pairing gap function
within an energy shell of +0.02eV near the Fermi level (e) and
x“(q) in the BZ (f) for § = —0.1. In (e) and (f), Q; marks the
“virtual” nesting vector, and Q, and Q3 are real nesting vectors. In
calculating (b)—(f), U = 1€V is adopted.

the largest gap amplitude, with its gap sign opposite to that on
the y pocket. Thus we still get the s*-wave pairing. We also
note that for § = —0.1, two new FS-nesting vectors emerge:
the Q; between the y and S; pockets, and the Q3 between the
a, and B; pockets, which are showcased as spin-susceptibility
peaks in Fig. 4(f). Consequently, the nested patches between
these pockets are also distributed with gap functions with
opposite signs, but with weaker amplitude. The real-space
pairing pattern qualitatively remains unchanged [115].
Robust s*-wave pairing. As the y and «; pockets are small,
their presence or absence is sensitive to the band-structure
details. Figure 5(a) shows the new band structure obtained
after the lattice constants and atomic positions of the tetrag-
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FIG. 5. RPA study based on band structure obtained after the
atomic positions and crystal lattices were fully relaxed. (a) The
DFT (black solid) and six-orbital TB (red dashed) band structures of
LayNiz O fully relaxed under 40 GPa. (b) Distribution of the leading
s-wave pairing gap function within an energy shell £0.03 eV near the
Fermi energy. The FSs are marked by black solid lines. (c) Distribu-
tion of x®)(q). In (b) and (c), Q; marks the “virtual” nesting vector
connecting the boundary of the «; pocket and the M point. (d) The
largest pairing eigenvalue A of the various pairing symmetries as
function of the interaction strength U with fixed Jy = U/6. In (b) and
(c), we adopt U = 1eV.

onal 14/mmm structure are fully relaxed under 40 GPa. The
resultant FS is marked by the black solid lines in Fig. 5(b).
Different from the previous band structure in Fig. 1(a), this
new one hosts the o pocket but lacks the y pocket.

Adopting the same Hubbard model (2), we reinvestigate
the issue. The obtained x (k) as shown in Fig. 5(c) still peaks
at the “virtual” nesting vector Q; ~ (7, ) which connects
the M point and the boundary of the «; pocket, as shown in

Fig. 5(b). The obtained U dependence of A shown in Fig. 5(d)
still yields the s wave as the leading pairing symmetry. The
resultant gap function shown in Fig. 5(b) still exhibits the s*
pattern, wherein the two regimes near the I' and M points
host strongest gap functions with opposite signs. The real-
space pairing pattern qualitatively maintains unchanged [115].
Therefore, the pairing pattern in this system is insensitive to
the band details as well as the slight band dispersion along the
k, direction. While we have not explicitly addressed Hund’s
rule in constructing our TB models, recent DFT+DMFT stud-
ies indicate that Hund’s rule coupling does not significantly
change the FS shape [103,104], leaving the pairing symmetry
and our main conclusions unaffected.

Conclusion. Adopting the TB model fitted from the DFT
band structure, we have studied the pairing mechanism and
pairing symmetry of pressurized LagNi3O1o through the RPA
approach. Our results provide the s™-wave pairing driven
by spin fluctuations, with a 7, obviously lower than that
of pressurized LazNi,O7. The gap amplitude is dominantly
distributed at the bottom regime of the nonbonding d,> band
near the I" point and the top regime of the bonding d» band
near the M point. These two regimes are connected by the
nesting vector Q; =~ (, ), leading to the opposite gap signs
between the two regimes. The real-space pairing pattern is
dominated by the interlayer pairing between the d,. orbitals.
This pairing pattern is insensitive to the band-structure de-
tails. Upon electron doping, the 7. would increase promptly
before the system enters the Néel-ordered spin-density-wave
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