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Recently, the bulk nickelate La;Ni,O; is reported to show a signature of high-temperature superconduc-
tivity under high pressure above 14 GPa [H. Sun et al., Nature (London) 621, 493 (2023)]. We analyze the
pairing mechanism and pairing symmetry in a bilayer Hubbard model with two orbitals in the E, multiplet.
In the weak to moderate interaction regime, our functional renormalization group (FRG) calculations yield
s+-wave Cooper pairing triggered by leading spin fluctuations. The gap function changes sign across the Fermi
pockets, and in real space the pairing is dominated by intra-unit-cell intraorbital components with antiphase

between the on-site ones. In the strong-coupling limit, we develop a low-energy effective theory in terms of
atomic one- and two-electron states in the E, multiplet. The variational treatment of the effective theory produces
results consistent with the FRG ones, suggesting the robustness of such a pairing function. The driving force for
superconductivity in the strong-coupling limit can be attributed to the local pair-hopping term and the spin

exchange on vertical bonds. We also discuss a possible scenario for the weak insulating behavior under low
pressures in terms of the tendency toward the formation of charge order in the strong-coupling limit.
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Introduction. After the discovery of cuprate high-7, super-
conductors [1,2], there are continuing efforts to search for
superconductivity in perovskites of similar structure, such as
ruthenates [3], cobaltates [4], and nickelates [5], in order to
understand how unique the copper is in cuprates on the one
hand, and to discover new families of high-7; superconduc-
tors, on the other hand. As a possible breakthrough along this
line, a recent report shows a signature of superconductivity
in the bulk nickelate La3Ni,O; with T, as high as 80 K
at a pressure above 14 GPa [6]. It has a bilayer perovskite
structure with the nickel atom sitting in the center of each
oxygen octahedron, with a layered NiO, plane similar to
the CuO, plane in cuprates. However, the valence of a Ni
atom fluctuates between Ni?t and Ni>t, with an average 3d73
atomic configuration. Under high pressure, both 3d,>_,» and
3d;,_,2 orbitals in the E, multiplets are active near the Fermi
level [6,7]. The E, multiplet in LazNi,O5 is also different from
the ,, multiplet in iron-based superconductors [8,9] where the
Fe atom is in an edge-sharing tetrahedron. At the fractional
filling, La3Ni,O7 is unlikely to form a Mott insulator. But
quite unexpectedly, the material is weakly insulating at lower
pressures [6].

The novel attributes of La3Ni,O; motivate us to explore
the pairing mechanism and pairing symmetry therein, and to
understand the weak insulating behavior under lower pres-
sures. We perform the analysis within a bilayer two-orbital
Hubbard model by functional renormalization group (FRG)
in the the weak to moderate interaction regime, and effec-
tive theory in the strong-coupling limit. We find the Cooper
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pairing has s-wave symmetry. In momentum space, the sign
change of the gap function is compatible with the structure
of leading spin fluctuations, suggesting pairing triggered by
spin fluctuations. In real space, the Cooper pair is dominated
by intraorbital pairing on site and on the vertical interlayer
bond, with stronger amplitudes in the d3,2_,2-orbital content,
antiphase between the on-site pairs. In the strong-coupling
limit, we develop a low-energy effective theory in terms of
atomic one- and two-electron states in the E, multiplet. The
results from variational treatment of the effective theory are
consistent with the FRG results. The driving force for super-
conductivity in the strong-coupling limit can be attributed to
the local pair-hopping interaction and the spin exchange of
ds,2_ 2 electrons on vertical bonds. We also discuss a possible
scenario of the weak insulating behavior under lower pres-
sures in terms of the tendency toward charge ordering in the
strong-coupling limit.

Model. We start from a two-orbital (d3.2_,» and dy>_y)
tight-binding model on a bilayer square lattice as extracted
from the Wannier fitting to the band structure of density func-
tional theory (DFT) [7],

b &
HO = Z tgl CiragciJréba + Zgaci[agciaav (1)

i8,ab,0 iaoc

where tg’b is the hopping matrix element between the
a orbital on site i and the b orbital on site i+, o
denotes spin, and &, is the on-site energy of the a orbital.
Up to Cy, symmetry, the tight-binding parameters are
given by (5, 170 zgg%, 150 5305 téé%, 1600 t;‘é%, Ex, &) =
(—0.483, 0.069, 0.005, —0.110, —0.017, —0.635, 0.239, —0.
034,0.776,0.409) eV [7]. Here x/z denotes the dy>_y2 /d3,2_

orbital, and the vertical interlayer distance is assigned as %
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FIG. 1. (a) Band dispersion along the high-symmetry lines
I'-X-M-T. (b) Fermi surfaces in the Brillouin zone with color-scaled
orbital characters. The three pockets are labeled by «, 8, and y,
respectively.

We note that the hopping of the d3._,. electron along the
vertical interlayer bond is the strongest.

The energy bands (a) and Fermi surfaces (b) are shown in
Fig. 1. There are three bands crossing the Fermi level, leading
to three Fermi pockets: one electronlike o pocket around I,
one small holelike y pocket around M, and another large
holelike S pocket around M. From the color scale in Fig. 1(b),
both the o and B pockets show strong orbital hybridizations,
while the y pocket mainly comes from the d3,_,. orbital.
From the DFT calculations, the shallow y pocket only ap-
pears in the high-pressure phase, while it vanishes in the
low-pressure phase [6], suggesting its importance for super-
conductivity in this material.

We consider the multiorbital atomic Coulomb interactions

Hy =~ Z (U Niao Nibo ~+ JHClo Cites €l Ciao?)

i,a#b,00’

+ Z Uniathiay + Z JPC,-'MCLlCibiCibT, (2
ia i,aztb

where U is the intraorbital Hubbard repulsion, U’ is the in-
terorbital Coulomb interaction, Jy is the Hund’s coupling, and
Jp is the pair-hopping interaction. Throughout this work, we
use the Kanamori relations [10] U = U’ + 2Jy and Jyg = Jp.

Functional renormalization group. We first perform
the singular-mode functional renormalization group
(SM-FRGQG) [11,12] calculations to look for possible electronic
instabilities in the system. The FRG approach is controlled
in the weak to moderate interaction regime [13-16]. It
provides the flow of the effective interactions between
quasiparticles versus a running infrared cutoff energy scale
A (the lowest Matsubara frequency in our case). In our
SM-FRG, we define a fermion bilinear cjw (R)cza,(R 4 8) in
the pairing channel, labeled by the orbital-spin combination
(ao, bo’) and the internal displacement §, in addition to
the shared position R. Similar bilinears can be defined in
the particle-hole channels, and are transformed into the
momentum space in the calculations. As A is lowered
from the ultraviolet limit, we extract from the full effective
interactions the scattering matrices Vsc spw.cpow(q) between
fermion bilinears (of momentum q) in the superconducting
(SC), spin-density-wave (SDW) and charge-density-wave
(CDW) channels, respectively. We monitor the flow of the
leading negative eigenvalue S in each channel. The first
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FIG. 2. (a) FRG flow of the leading eigenvalues S (plot as 1/S)
versus the running energy scale A in the SC, SDW, and CDW
channels, for (U, Jy) = (3, 0.3) eV. For comparison, the subleading
eigenvalue in the pairing channel is also plotted. (b) and (c) show
the leading s-wave and subleading d,2_,»-wave gap functions on the
Fermi surfaces (color scale). (d) shows the renormalized interaction
Vspw(q) when the SC channel diverges. The two arrows indicate two
dominant scattering momenta q; », which connect Fermi points with
opposite gap signs as seen in (b) and (c).

divergence at a critical scale A = A, signals an emerging
electronic order at transition temperature 7, ~ A, described
by the bilinear combination in the eigen scattering mode
of the diverging channel. The technical details of our
SM-FRG can be found in the Supplemental Material [17] and
Refs. [11,18,19].

A typical FRG flow is shown in Fig. 2(a), where we plot
1/S versus A for the case of (U,Jy)=(3,0.3) eV. The
SDW channel is strongest at high energy scales, as in the
bare interaction. The CDW channel is initially reduced by
Coulomb screening, which also causes the SDW channel to
decrease slightly. The SC channel does not show up initially
since it is repulsive. The SDW channel begins to increase
further as A ~ 1 eV, as off-site spin correlations are induced.
Meanwhile, through the channel overlap, the SDW channel
triggers the rise of the SC channel. This is a manifestation of
the well-known Kohn-Luttinger mechanism [20]. The CDW
also rises because off-site bilinears (such as the valence bond)
in this channel can be induced by SDW. As A is lowered
further, the SDW and CDW channels tend to saturate because
the phase space for low-energy particle-hole excitations de-
creases. However, the SC channel at zero bilinear momentum
q = 0 can continue to rise through the Cooper mechanism.
Finally the SC channel diverges first, suggesting an instability
of the normal state toward the SC state.

We next analyze the pairing function. It can be obtained
directly from the leading eigenmode of the SC-channel in-
teraction Vsc(q = 0) in the fermion bilinear basis (see the
Supplemental Material [17] for more details). The eigenmode
corresponds to a pairing term Hsc = ) s Ag‘bcfaTcL spy> and
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FIG. 3. (a) Schematic plot of the dominant intraorbital pairing
components in real space, with ug;, for d;_,» orbitals (vertical
rods) and vy » for d,2_,» orbitals (planar crosses), up to translation
and Cy, symmetry. (b) The critical scale A, versus Jy for two values
of U. Blue and red stars stand for s-wave SC and SDW, respectively.

the dominant pairing components are illustrated in Fig. 3(a),
where ug,1» denotes A, and vg 1, denotes Aj*. In the case
of (U,Jyg)=(3,0.3) eV and up to a global scale, (i) the
pairing within the d3,._,. orbital is up = —0.43 (on site) and
u; = 0.51 (on the vertical bond); (ii) the pairing between the
d,2_,» orbitals is vg = 0.14 (on site) and v; = 0.07 (on vertical
bond); and (iii) the intraorbital pairing on in-plane nearest-
neighbor bonds is (uy, v2) ~ (—0.05, —0.02) for d3,._,> and
d,»_y» orbitals, respectively. The pairing between the ds2_
orbitals is much stronger. The antiphase between uy and vy is
consistent with the repulsive bare local pair-hopping interac-
tion Jp. The pairing symmetry is clearly s wave.

To gain more insights, we further project the pairing func-
tion into the band basis to obtain the gap function A,x =
(nk| > s Ase™¥|nk) where |nk) is the Bloch state for band
n, As is understood as a matrix in the orbital-sublattice basis,
and we have used the time-reversal symmetry |nk) = T |nk)
(for k = —Kk) to simplify the expression. The gap function
(color scale) is shown on the Fermi surfaces in Fig. 2(b).
Both « and y pockets are fully gapped with the same sign,
while the gap on the 8 pocket is largely of opposite sign and
diminishes in the nodal direction where the two pockets are
very close. Therefore, exactly speaking, the pairing symmetry
is s1 wave, similar to the case in iron pnictides [21], bilayer
Hubbard models [22-24], and infinite layer nickelates [25].
On the other hand, we note that as the leading eigenmode
diverges, the subleading one with d,>_,» pairing is finite [see
Fig. 2(a)] and can be ruled out as a competitor for the SC
state. However, for comparison, we also plot its gap function
in Fig. 2(c). Since the y pocket is near M, the d,>_,>-wave
gap function is nodal, and tiny on the entire y pocket. This
should be unfavorable to gain condensation energy if such a
pairing would occur in the SC state. Interestingly, the exper-
iment shows that the SC phase appears when the y pocket
appears [6]. This fact supports our s+ wave instead of d,>_
wave as the leading pairing symmetry.

In Fig. 2(d), we plot the leading negative eigenvalue of
the renormalized Vspw(q) in the momentum space as the
pairing channel diverges. We see the spin interaction is strong
near momenta q; ~ (0.75, 0.75)m and q, ~ (0.84, 0)r, up to
symmetry-related images, which appear to connect the Fermi
points where the gap function has opposite signs, as seen from
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FIG. 4. (a) Atomic charge states and energy levels for 3/2-filling.
(b) Pairing components in H, versus Jy at U =8 eV. (c) Band
structure using H, for (U, Jy) = (8,0.3) eV. (d) A schematic plot
of the possible in-plane CDW at lower pressures.

the same arrows in Figs. 2(b) and 2(c). This is consistent with
pairing triggered by spin fluctuations, as the FRG flow already
suggests. A similar mechanism is believed to work in cuprates
and iron pnictides, at least in the weak-coupling scenario [26].

To see the robustness of the s-wave pairing, we performed
systematic calculations by varying Jy and U, with Jy < U/2.
Figure 3(b) shows the phase diagram. We find the s, -wave
pairing is always favored, and the critical scale increases with
Ju, until the SDW channel begins to win for larger U and Jy.
The reason is the SDW interaction is enhanced by Jy, even
at the bare level. While the exact values for U and Jy are
unavailable at this stage, our results show that the SC phase
is realized in a large regime of the parameter space.

Strong-coupling limit. We first assume U = U’, Jy = Jp =
0, and ignore the small crystal field splitting and the kinetic
hopping. (The difference to this situation will be taken as
perturbations.) In the atomic limit, the one-electron (le) and
two-electron (2¢) states on a site are degenerate if the chemical
potential is set at u = U. The energy levels for all possible
atomic charge states is illustrated in Fig. 4(a). The ground
state manifold is spanned by the le and 2e states, and the
density of both atomic states should be 1/2 to match the
average electron filling level 3/2. Then up to the second order
in the small perturbations, the effective Hamiltonian in the
low-energy sector can be written as

5 b
H = E (t,(; C,Tachbane,iQ%,j + H.c.)
(ij)a,b,o

a 1
+ i 4>Zl zjij (Si“ ’ ijl - Znianjt/I)Qne,iQne,j
ijya,n=1,

+ ZJH(QZe,ia - Qle,iane,i[z)

ia

1
N/ <Znianib —Sia - Sib)Qle,iane,ib
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i,a>b

+ ) €a(Queia + 2Q2e.ia)- 3)

This can be taken as a generalized two-orbital ¢-J model,
but with the important difference that double occupancy is
allowed. To be more specific, for a given site i, Qp. 4 1S @
projection operator for charge ne on the a orbital, S;, for spin
operator, and Q,,; for total charge ne at site i. The second
line is the superexchange by second-order hopping processes
via an intermediate atomic 3e or Oe state of energy U ~ (U +
U’)/2 = U — Jy, resulting in the antiferromagnetic coupling
Ji~ 4(t,-“j“)2 /U. Note we ignored superexchange processes
involving ti“jb or ti”_‘i“t]bf’ with a # b, since they are much smaller
than the leading orbital-diagonal cases. In the third line, a
denotes the orbital other than a, and in the last line we sub-
tracted the average of the crystal field to write ¢, = ¢, — &.
On the other hand, we dropped a constant U (per site), which
is the largest energy scale we designed to eliminate. The
Hamiltonian acts on a many-body state under a global pro-
jection operator P = Py, I1;(Q1.,;i + Q2.i), where Py, is a
projection operator for the total charge, > ,(Q1.,; + 2Q2.;) =
N,.

As the usual one-band ¢-J model, the above model still con-
tains strong correlation effects due to the projection operators
and constraints. We proceed to investigate the (uniform para-
magnetic) ground state |G) by variational principle: |G) =
P|0), where |0) is the ground state of a variational free
Hamiltonian,

HU = Zijaba [h?]bcjaocjaa + U(A?})cjaac;bﬁ + H‘C')]’

where A’s describe hopping on bonds as well as on-site en-
ergy and orbital hybridization, and A’s are the corresponding
singlet pairing amplitudes. The energy E = (G|H|G)/(G|G)
needs to be minimized by optimizing the variational param-
eters in H,. This could be performed by variational Monte
Carlo, but for a flavor of the underlying physics, we perform
the minimization semianalytically in the Gutzwiller approx-
imation [27,28]. See Supplemental Material [17] for details.
The variational calculation always ends up with intraorbital
s-wave singlet pairing, with dominant real-space components
as schematically shown in Fig. 3(a). The numerical value

is shown in Fig. 4(b) for these components versus Jy for
U = 8 eV. The two on-site intraorbital components uy and vy
are large and always antiphase, increasing with Jy, the com-
ponent u; on vertical bond for ds,._,2-orbital is subleading,
while the other components are much weaker. This demon-
strates that our FRG results obtained for weaker interactions
are robust and suggestive even for the strong-coupling case.
Moreover, we find if we switch off the Jp term in Eq. (3),
then (1, vg) — 0 and only u; survives and is also small. This
shows that the driving force for pairing in the strong-coupling
limit is the local pair-hopping interaction and spin exchange
of d3,»_,» electrons on vertical bonds. Figure 4(c) shows
the Bogoliubov—de Gennes band structure using H,. Clearly,
the gap opens along the entire line cuts, consistent with the
s-wave symmetry. We also checked that the normal state part
of H, leads to a bandwidth that is roughly a half of the
unprojected one. We should point out the above theory applies
best for smaller values of Ji. A larger Jy may eventually drive
the system into magnetic ground states [29].

Finally, we recall that in a usual one-band Hubbard model
on the square lattice, the nearest-neighbor Coulomb inter-
action V would favor a charge-ordered state provided that
V > U/4 [30]. However, in the above projected Hamiltonian
suitable for the average 3/2-filling, the le and 2e states are
near degenerate at the atomic level, so that U does not hamper
the charge ordering of the le and 2e states. In fact, it is
advantageous to form a staggered charge order of le and 2e
states on the lattice, a form of Wigner crystal [see Fig. 4(e)],
to save Coulomb energy. The charge order only has to fight
against the kinetic quantum fluctuations, and would set in
once 4V x. > 1 in the simple Stoner picture, where x. is
the charge susceptibility. In the present case, the projection
reduces the bandwidth and enhances the charge susceptibility.
More interestingly, at lower pressures the bare bandwidth is
smaller, so that the charge order is more likely to occur. The
charge order reduces the charge mobility and the transition
may be first order. This may explain the weak insulating
behavior at lower pressures, and the abrupt emergence of the
SC state at higher pressures [6], in addition to the effect of
possible aptical oxygen vacancies.
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