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Electronic correlations and superconducting instability in La3;Ni,O; under high pressure
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Motivated by the report of superconductivity in bilayer La3Ni, O at high pressure, we examine the interacting
electrons in this system. First-principles many-body theory is utilized to study the normal-state electronic
properties. Below 100 K, a multiorbital non-Fermi-liquid state resulting from a loss of Ni-ligand coherence
within a flat-band-dominated low-energy landscape is uncovered. The incoherent low-temperature Fermi surface
displays strong mixing between Ni-d,» and Ni-d,»_» orbital character. In a model Hamiltonian picture, spin
fluctuations originating mostly from the Ni-d» orbital give rise to strong tendencies towards a superconducting
instability with a B;, or B,, order parameter. The dramatic enhancement of T; in pressurized La3;Ni,Oy is due to
stronger Ni-d,» correlations compared to those in the infinite-layer nickelates.
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Introduction. In a recent finding, Sun er al [1] re-
ported superconductivity near a temperature 7 = 80 K in bulk
single-crystalline LazNiyO; at pressures p > 14 GPa. This
adds a whole new chapter to the young research field of
superconducting (SC) nickelates, hosting high-T;. cuprate-akin
NiO, square-lattice planes. The field has been inaugurated by
the discovery of electron pairing in thin films of Sr-doped
infinite-layer NdNiO, with a 7, ~ 15 K in 2019 [2]. Early
follow-up studies [2—8] detected similar SC phases in thin
films of Pr;_,Sr,NiO;, La;_,Sr,NiO;, and also in multilayer
NdgNisO1, thin films. While these reduced SC nickelates
share a common motif by the lack of apical oxygens (resulting
from a topotactic reaction) and Ni(3d°~%) oxidation states,
the characteristics of bilayer La3zNi,O; differ. It still holds
the apical oxygens and Ni formally has a 3d’- configuration.
Furthermore, a comparison to high-7; cuprates with their key
Cu-d,-_,» single-orbital character becomes quite stretched.
Whereas there is an ongoing debate concerning a dominant
single Ni-d,>_,» [9-20] versus dominant multiorbital Ni-e,
[21-25] low-energy physics in reduced SC nickelates, the
nominal hole doping away from Ni(34°) is that large in
LasNi,O; as to render Ni multiorbital physics inevitable.
In this context, a Ni-e, multiorbital picture for infinite-layer
nickelates results in a competition between SC instabilities of
varying flavor [26].

On a wider scope, two further issues appear relevant.
First, even if the formal oxidation state reads accordingly,
a Ni(3d) occupation well below n; = 8 is hardly occurring
in known nickel oxides. Instead, in most cases, a 3d8L state
incorporating holes on ligand oxygen is realized [27-33],
also accompanied by a smaller charge-transfer energy A =
eq — €p between Ni(3d) and O(2p). Second, bilayer oxides
from the p-layered Ruddlesden-Popper series A, 1TM ,03,,41
(A: rare-earth, alkaline-earth; 7 M transition metal) often dis-
play a much more delicate normal-state low-energy physics
than corresponding single-laver systems. This is, e.g., ex-
emplified for ruthenates [34-36] and iridates [37]. Previous
theoretical accounts of bilayer lanthanum nickelate focused
on the paramagnetic metal [38—40] at ambient pressure. From
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density-functional theory (DFT), a charge-density-wave state
was predicted [41], while DFT+Hubbard U considerations
[42] remark the possible relevance of magnetically ordered
states.

In this Letter, we provide a theoretical description of
the correlated electronic structure of paramagnetic LazNi, O
under high pressure, by employing a combination of DFT,
self-interaction correction (SIC), and dynamical mean-field
theory (DMFT), i.e., the so-called DFT+sicDMFT approach
[43]. Moreover, a model Hamiltonian perspective via the
random-phase approximation (RPA) onto the possible super-
conducting instabilities from spin fluctuations is presented.
We reveal an intriguing low-energy physics of pressurized
La3Ni,O7 in the normal state. The highly correlated inter-
play between Ni-d, Ni-d,>_,2, and O(2p), with the former
displaying a partial flat-band character, gives rise to a dis-
tinct non-Fermi-liquid (NFL) regime below 7' < 100 K. The
model RPA investigation points to a By, or By, SC order
parameter that would emerge from this multiorbital scenario.
Most importantly, we argue that the Ni-d,. orbital is much
more correlated in the bilayer case than in infinite-layer nick-
elates. Consequently, it interacts in a much more concerted
fashion with Ni-d,>_,>, which could explain the much higher
T; in the bilayer case. Note that Ni-d,>_,» is always close to
half filling in superconducting nickelates and alone cannot
explain the difference in 7. between these two classes of
materials.

Theoretical approach. The charge self-consistent [44]
DFT+sicDMFT framework [43], where the Ni sites act as
DMEFT impurities and Coulomb interactions on oxygen enter
by SIC on the pseudopotential level [45], is put into prac-
tice. The DFT part consists of a mixed-basis pseudopotential
code [46—48] and SIC is applied to the O(2s,2p) orbitals
via weight factors w,. While the 2s orbital is fully corrected
with w, = 1.0, the choice [22,43,45] w, = 0.8 is used for
2p orbitals. Continuous-time quantum Monte Carlo in hy-
bridization expansion [49] as implemented in the TRIQS code
[50,51] solves the DMFT problem. A five-orbital general
Slater-Hamiltonian, parametrized by Hubbard U = 10 eV and
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FIG. 1. k-integrated electronic spectrum from DFT+sicDMFT
at T = 80 K. (a) Fmmm crystal structure of La;Ni,O; with the ¢
axis vertical: La (green), Ni (gray), and O (red). Note the bilayer of
edge-sharing NiOg octahedra in the center and along ¢, bounded by
LaO; layers up and below. (b) Total spectral function of low-pressure
Amam and high-pressure F'mmm phase (inset: low-energy blowup).
(c) Site- and orbital-projected spectral function for the F'mmm phase
(inset: low-energy blowup).

Hund exchange Jy = 1 eV [22,23], governs the correlated
subspace defined by Ni(3d) projected local orbitals [52].
Crystallographic data are taken from experiment [1]. Further
calculational details are given in the Supplemental Material
[53] (with Refs. [54-61]).

Results. In experiment, there is a structural transition in
La3NiyO; from a low-pressure Amam phase with finite NiOg
octahedral tilting to a high-pressure F'mmm phase without
tilting [1]. The Amam (space group No. 63) crystal structure
has four equivalent Ni sites in the primitive cell, in contrast
to two Ni sites for the Fmmm (space group No. 69) one.
The key feature of the latter structure at p = 29.5 GPa [see
Fig. 1(a)] is a rather small distance of ~1.76 A between Ni
and apical oxygen within the bilayer. The calculations show
[cf. Fig. 1(b)] that the spectrum of the Amam phase at p =
1.6 GPa s (nearly) gapped, in line with the measured different
transport properties [1]. For the rest of this Letter, we will
restrict the discussion to the properties of the high-pressure
Fmmm phase.

The electronic spectrum in Fig. 1(c) exhibits a metallic
state with Ni-e, {d2, d\>_,»} and O(2p) character at the Fermi
level eg, but lacks a strong quasiparticle (QP) signature. The
Ni-tog {dy., d,, d,,} manifold is mostly filled with a peak at
~ —1.5eV. The main O(2p) weight peaks at ~ —3.5eV.
Sizable O(2p) weight in the unoccupied part of the spectrum
points to ligand-hole states. And indeed, the integrated pro-
jected spectral parts yield occupations ny = 7.98 and n, =
5.60, resulting in a substantial content of 0.4 holes per oxygen
and a near Ni(3d®) configuration. Thus maybe unsurprisingly
for this high-pressure system, the degree of covalency is sig-
nificant and about 1.8 formula-unit-cell valence electrons have
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FIG. 2. FL-like vs NFL behavior with 7 in the Fmmm phase
from DFT+sicDMFT. (a) Top panel: Total spectral function (inset:
wide energy scale). Middle panels: Local Ni-e, spectral function (in-
set: wide energy scale including local Ni-t,, spectra for 7 = 80 K).
Bottom panel: Ni-e, hybridization function (inset: same protocol
as for middle panels). (b) Imaginary part of the Ni-e, self-energies
2(iw,) on the Matsubara axis [colors according to the middle panel
of (a)].

to reside in states of La(5d6s) and/or Ni(4s) character. The
DFT+sic computed charge-transfer energy A = 3.6 eV lies
in between the infinite-layer values of 5.0 eV for NdNiO,
and of 1.3 eV for SrCuO, [22]. Note in this respect that
while the Ni-e, character dominates at ¢, the corresponding
O(2p) content is still larger than in NdNiO;, hinting to a
comparatively enhanced role of oxygen degrees of freedom
at low energy.

As anticipated for a bilayer oxide, and already documented
by the subtle Amam vs Fmmm low-energy difference, the
electronic states near the Fermi level are delicate. To reach
a better understanding of the relevant coherence scales, we
therefore performed additional calculations at higher 7. Fig-
ure 2 shows that the low-energy regime reacts sensitively
to temperature. The total spectral function [top panel of
Fig. 2(a)] evolves from a QP-like structure at room tempera-
ture to a flattened weight around the Fermi level at T = 80 K.
On the local level [middle panel of Fig. 2(a)], it is first noted
that Ni-d» and Ni-d,>_,» are both half filled. Second, upon
lowering T, the near-eg Ajoc(w) transforms from QP-like, to
a pseudogap, and finally to a low-amplitude peak. A link
between the total and local spectrum may be established via
the hybridization function —Im Ay, shown in the bottom panel
of Fig. 2(a). It displays a (pseudo)gap at T = 80 K, altogether
rendering it obvious that a NFL state is reached. The Ni-e,
self-energies shown in Fig. 2(b) underline this picture with a
low-frequency upturn at low 7. A Fermi-liquid (FL) fit to the
room-7" data yields effective masses m}, = 6.4 and mjz_yz =
5.6. But note that even the ambient system is not a good FL.
Though a linear-in-frequency regime holds for the smallest
Matsubara w,, the scattering rate ~ — lim,, ¢ X(iw,) re-
mains quite large for the given T, and already the 7 = 150 K
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FIG. 3. k-dependent spectral features of the Fmmm phase from (a), (b) DFT and [(c)—(f)] DFT+sicDMFT at T = 80 K. (a) DFT band
structure in Ni(3d)-fatspec representation. Note that red, green, and purple colors correspond to mixed-orbital states according to the color-
coding inset. (b) DFT k, = 0 Fermi surface in Ni-fatspec representation. (c) Interacting spectral function in a large energy window, and (d) in
a small window around ¢g. (¢) Same as (d) but in Ni-fatspec representation. (f) Interacting k, = 0 Fermi surface from left to right: regular

intensity, 10x increased intensity, Ni-fatspec representation.

data display further NFL tendencies. Because of half-filled
Ni-e, (one electron in each of the two orbitals) as well as
the very low-energy scale for non-QP formation, a sole U-
or Jy-driven NFL behavior does not seem likely.

Let us thus turn to the k-resolved spectra to gain insight
into the origin of the NFL behavior. Figures 3(a) and 3(b)
display the DFT band structure and Fermi surface to set the
stage. The Ni-fatspec representation [62] marks the dominant
Ni(3d) character, showing that there are majorly four Ni-e,
dispersions, associated with the two equivalent Ni sites in
the unit cell, governing the low-energy region. The inner two
bands form a («) electron pocket around I" and a () hole sheet
opening towards X . Note that those two Fermi-surface sheets
are strongly Ni-d>/d»_,» mixed. The upper (antibonding)
Ni-d,.-dominated band, also having a sizable apical O(2p)
character, is not crossing ¢g. Instead, a self-doping mainly
La-based band mingles into the Ni-e, fourfold dispersion and
gives rise to a large electron pocket around Z. Finally, the
lower (bonding) Ni-d,>-dominated band forms flattened (y)
hole pockets around M. The Ni-t,, character very weakly
mixes into part of the Fermi-surface sheets, but otherwise has
major weight below e¢r and does not play a key role for the
low-energy physics.

With correlations at 7 = 80 K, i.e., deep into the NFL
regime, the low-energy picture changes quite dramatically
[see Figs. 3(c)-3(f)]. First, the near-er dispersions become
generally very weak in intensity. Figure 3(d) shows that while
the dispersions away from the Fermi level still keep some
renormalized coherence, right at er they dissolve. This is
orthogonal to the understanding of a FL state and marks
the strong NFL nature of the pressurized bilayer system.
Accordingly, the (weakly k,-dependent) interacting Fermi sur-
face displayed in Fig. 3(f) becomes very weak and blurry.
Only when raising the representation intensity [the middle

part of Fig. 3(f)] does a holelike “sheet” structure around
M emerge. It is reminiscent of the original DFT Ni-d. flat-
band-based y sheet, but with a stronger mixed Ni-e, character
[cf. right part of Fig. 3(f)]. The enhanced intermixing pre-
sumably comes from a correlation-induced meet-up with the
Ni-d,>_,> branded 8 sheet in the I'-M direction. This is also
supported from the disappearance of the self-doping Z pocket
from the Fermi surface. Such strong correlation-induced shifts
of self-doping bands have already been observed in other
nickelates [33,62,63]. It becomes intuitively obvious that all
these very-low-energy ramifications in the interacting regime
have to strongly build up on the present flat-band scenario.
There, the introduced renormalizations create a large phase
space for intriguing quantum fluctuations, rendering robust
QP formation impossible [64-66].

Albeit the NFL character may be relevant for supercon-
ductivity, let us get a handle on SC instabilities from a
weak-coupling perspective for coherent Fermi-surface sheets
and leave the discussion of the role of the NFL behavior and
its relevance for superconductivity to future studies. To do
this, we constructed a4 x 4 maximally localized Wannier [67]
Hamiltonian for the Ni-e, based DFT bands. It carries hopping
integrals ¢/ for £,¢' = 1d2, 1de_y, 2d.2, 2d,>_,» and lattice
sites i, j. Here, 1 and 2 refer to the two Ni sublattices in
the F'mmm structure. Adding local Coulomb interactions, the
effective Hamiltonian reads

H= Y e

i#j. o

(i) ()
107 Cjeo + Z Hmlt +H0;b (H

The on-site interaction H,) has a Slater-Kanamori form, i.e.,
includes density-density terms as well as pair-hopping and
spin-flip terms, parametrized by U and Jy (here given in

units of the tight-binding bandwidth). Note that within the
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FIG. 4. (a) RPA spin susceptibility xs(q, » = 0) for U = 0.36
and Jy = U/7 at T = 80 K. (b) Absolute value of the inverse Fermi-
surface velocity, showing significant anisotropy. (c), (d) Leading B,
and By, solutions of the linearized gap equation for the same U and
T as in (a) and Jy = U/4 and Jy = U7, respectively. (e) Sketch
for hole doping (red arrows) near the SC regime, relating flat-band
scenarios of pressurized bilayer and reduced nickelates (see text).

downfolded model, the Hubbard interaction is screened more
strongly, resulting in a smaller value than in the comprehen-
sive DFT4-sicDMFT treatment. The remaining noninteracting
on-site H(fﬁl)3 carries crystal-field terms via on-site levels ;.
In order to investigate the pairing symmetry starting from the
effective band structure, we employ the standard multiorbital
RPA treatment, developed by Graser et al. [68], to derive
a linearized gap equation. This treatment is, i.e., a pertuba-
tive weak-coupling expansion in the Hubbard-Kanamori-type
interaction and provides reliable insight into the leading pair-
ing instabilities in layered unconventional superconductors,
including nickelates [26]. Further details are presented in
the Supplemental Material [53]. We calculate the RPA spin
(charge) susceptibility xs(q, ® = 0) (x¢) based on a two-
dimensional cut through the first and second Brillouin zone
to include relevant scatterings between the k, = 0 and k, =
1/2 layers. Figure 4(a) shows the obtained peak structure at
T = 80 K, which is similar to previous findings [58]. The
inverse of the band velocities Vi = /i"'Vge)' at the Fermi
surface is illustrated in Fig. 4(b). Here, 6]’(‘ is the uth eigen-
value of the noninteracting Hamiltonian. The anisotropy of the
band velocities proves relevant when solving the linearized
gap equation. For Jy = U/4 the By, solution depicted in
Fig. 4(c) is the leading solution. When the Hund exchange
is weaker, the B, solution is leading. It is shown in Fig. 4(d)
for Jy = U /7. A subleading s.-wave solution, which belongs

to the Ay, irreducible representation, becomes dominant when
alterations to the band structure either reduce the anisotropy
of the inverse band velocity on the z2-dominated y sheet near
the M point, and/or when the van Hove singularity at the X
shifts closer to the Fermi surface. This shift effectively also
increases the inverse of the Fermi velocity of the B sheet.
A more detailed discussion of the distinct solutions and their
dependency on the details of the band structure is presented in
the Supplemental Material [53], using the tight-binding model
by Luo eral. [58] as an additional illustration. The total pairing
strength given by the leading eigenvalue is strongly driven by
U, and generally, superconductivity would sensitively react to
the level of of Ni-d,>_,»/d incoherence. This issue should
be a subject of further theoretical and experimental study. Let
us reiterate that the present RPA study of the superconducting
instability is not perfectly adequate for the uncovered NFL
normal state, but a reasoning can be given as follows. First, the
Ni-e, renormalizations in the (near) FL state at higher T are
only weakly orbital dependent and therefore the Fermi surface
of a highly renormalized FL approximant to the NFL state
is expected to resemble the LDA picture. Second, the NFL
Fermi surface just singles out the y sheet, which is indeed
most relevant for superconductivity in our RPA analysis.

Discussion. We have shown that the peculiar corre-
lated electronic structure and concomitant SC instability of
La3NiO; originates from the interplay of half-filled Ni-e,
orbitals within a Ni-d-created flat-band scenario. The role
of O(2p) is enhanced compared to reduced nickelates, yet a
decisive role cannot be deduced from this initial theory study.
But note that the Ni-O distance along ¢ within the bilayer
turns out remarkably small, thus intersite Ni-Ni self-energies
may not be negligible. Those could, e.g., be addressed in a
two-site, two-orbital cluster-DMFT study, which, however, is
beyond the present scope. Comparing to the phenomenology
of reduced nickelates, a line can be drawn between these and
the bilayer system as sketched in Fig. 4(e) for a modelized
single-Ni unit-cell system: In the reduced systems, the hole
doping relevant for superconductivity occurs mainly in the
Ni-d,. upper-branch flat-band part around k, = 1/2 [23,55],
corresponding to a well-filled Ni-d,» orbital. For pressurized
La3;Ni,O7, however, the hole doping takes place in the lower-
branch flat-band part around k, = 0. There, Ni-d,: is close to
half filling, much more correlated and therefore more on par
with Ni-d,>_,2. This should be the reason for the different 7;
in the unlike nickelates. One may speculate that this different
flat-band doping regime can also be realized in reduced mul-
tilayer nickelates [7,62,69] via tailored doping protocols even
at ambient pressure.
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