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Theory of magnetic excitations in the multilayer nickelate superconductor La3;Ni, 0,
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Motivated by the recent reports of high-7, superconductivity in La;Ni,O; under pressure, we analyzed
theoretically the magnetic excitations in the normal and the superconducting state in this compound, which
can be measured by inelastic neutron scattering or resonant inelastic x-ray scattering. We show that the bilayer

structure of the spin response allows us to elucidate the role of the interlayer interaction and the nature of the
Cooper pairing in a very efficient way. In particular, we demonstrate the key difference between the potential
s+- and d-wave gaps, proposed recently, by comparing the corresponding response in the even and odd channels
of the spin susceptibility. We show that the mostly interlayer driven bonding-antibonding s, Cooper pairing
produces a single large spin resonance peak in the odd channel only near the X point, whereas spin resonances
in both the odd and the even channel are predicted for the d-wave scenario.
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Introduction. The discovery of unconventional supercon-
ductivity in hole-doped thin films of infinite-layer and reduced
multilayer nickelates [1-3] has stimulated further interest in
studying exotic quantum states and potential superconduc-
tivity in the so-called Ruddlesden-Popper (RP) series of the
nickel-based oxides, denoted as R, 1Ni,, 03,1, where R refers
to a rare-earth element and n is the number of consecutive
layers. The most recent breakthrough in this direction are
reports of high-pressure superconductivity around 80 K in
La;Ni,O7 [4-11] and around 20 K in LaysNizO;y [12-15].
These exciting discoveries have motivated massive theoretical
investigation [16-54], yet the full structural characterization
of these systems is still under debate [7,55,56]. Nevertheless,
a striking increase of the superconducting transition tempera-
ture in La3Ni,O; with multilayer or bilayer structure calls for
a careful theoretical examination.

Considering La3Ni,O; as a RP bilayer system yields a
formal Ni 3d7 (or 3d® when considering ligand-hole physics
[16]) electronic configuration with both Ni e, orbitals crossing
the Fermi level. The low-energy physics in this system is
ruled by the multiorbital and the bilayer effects with strong
hybridization between the Ni d,» orbitals and the apical O-p,
orbitals [40]. The multiorbital structure seems to be one of
the key differences between La;Ni,O; and the bilayer cuprate
superconductors where Cu®" ions with a 3d° configuration
possess only one unpaired valence electron in the 3d,>_,
orbital, whereas the Ni ion has unpaired valence electrons
in both the 3d,>_,» and 3d,> orbitals. Various Hubbard-Hund-
type or ¢-J like models have already been proposed to capture
the superconducting and normal state properties of this multi-
orbital system [16-22,28-37].

Within the variety of model -considerations, one
of the most interesting theoretical question concerns
the interplay between the intralayer and the interlayer
Cooper pairing [57], which yields a competition between
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the si-wave symmetry of the superconducting order
parameter, driven mostly by the interlayer Cooper pairing
[16-27,54] and the d,>_,.-wave or the d,,-wave symmetries
of the superconducting order parameters, driven mostly by
the intralayer interaction, respectively [16,17,27,28,46].
Given the likely nonphononic origin of superconductivity
in pressurized LaszNiyO7, the strange metal behavior of the
normal state [4,6,10], and the signatures of magnetic ordering,
seen at the ambient pressure [58,59] at around 150 K, it is
instructive to study the bilayer-structure impact on the spin
response in this system in the normal and superconducting
states. Recall that one of the important hallmarks of the su-
perconducting state in unconventional superconductors is the
occurrence of the so-called spin resonance. It is seen by the
inelastic neutron scattering in various systems at the antifer-
romagnetic (AFM) wave vector Qapv = (77, 77) at energies
below or around the superconducting gap energy threshold of
about 2A [60]. Its presence in various unconventional super-
conductors ranging from high-T, cuprates [61-65], iron-based
superconductors [66—69], and some heavy-fermion supercon-
ductors like CeColns [70,71] is considered to be one of the
strong signatures of spin-fluctuation-mediated Cooper pairing
[60,72]. In the simplest theoretical picture, the spin resonance
peak occurs due to a change of sign of the superconducting
order parameter at the parts of the Fermi surface which are
connected by the AFM wave vectors Ay and Ay [73-81].
The occurrence of the resonance peaks and their dispersion
in bilayer systems not only allows one to confirm the uncon-
ventional nature of superconductivity and to learn about the
superconducting gap symmetry but also allows one to under-
stand the importance of the interlayer coupling. In particular,
due to two CuO; layers per unit cell, the spin response in
bilayer cuprates splits into even and odd channels. This in turn
can be connected to the bonding and antibonding character
of the electronic bands, showing modulations in g, directions
[82]. The magnetic susceptibility splits into even x, and odd
Xo susceptibilities [§3—86] and they can be accessed individu-
ally by measuring the spin response at different g, momenta.
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FIG. 1. (a) Schematic representation of the bilayer model with e, orbitals. Panels (b) and (d) show the Fermi surface for the model [33]
with bonding (b) and antibonding (a) bands shown by blue (solid) and red (dashed) curves, respectively. Note the sign-changing bonding-
antibonding s, gap follows the same red-blue color distribution referring to the negative and positive regions of the gap. Greek indices denote
the notion of the bands, accepted in literature. The arrows in panels (b) and (d) highlight the important scattering wave vectors in the even
and odd channels, respectively. Panels (c) and (e) show the even (x.) and the odd (),) parts of the static RPA susceptibility in arbitrary units,
respectively, calculated in the normal state (T = 80 K) for U = 0.9U,,, and Jy = U/7. Peaks are labeled according to scattering vectors

displayed in panels (b) and (d).

In bilayer cuprates, the spin resonance peak was found in both
channels in a wide doping range with clear splitting between
Xe and x, [87,88]. Furthermore, analyzing their intensities
and frequency positions, one was able to extract important
information of the overall structure of the paramagnon con-
tinuum and the interplay of interlayer exchange interactions
and interlayer hopping matrix elements [83-86]. In La3;Ni, O,
the situation is even more intriguing, because the splitting of
bonding and antibonding bands is much stronger.

In this work, we provide a theoretical description of the
spin response of paramagnetic La3NiyO; in the pressurized
normal and superconducting state. We begin by consider-
ing the spin response in multiorbital bilayer systems and
then focus on two different scenarios for the superconducting
pairing. First, we consider s interlayer pairing with a sign
change between bonding and antibonding bands. Using the
tight-binding model from Ref. [33] we discuss the important
scattering vectors contributing to x. and yx,. We find that ¥,
gives a much larger spin response. In the superconducting
state, this scenario manifests in a dominant spin resonance
peak near the X point. The second scenario is a cupratelike
d_y gap symmetry which is discussed in the context of the
model presented in Ref. [16]. Here, the spin response for x,
and y, channels is of the same order. Correspondingly, this
scenario yields different spin resonance peaks in the supercon-
ducting state in both x, and x,. Measuring the spin response in
both channels can, therefore, clearly reveal the actual Cooper-
pairing scenario and clarify the role of the interlayer exchange
interaction in this system.

Theoretical approach. We consider an effective quasi-
two-dimensional bilayer Hamiltonian for the Ni e, orbitals,
illustrated in Fig. 1(a), which follows from the tight-binding
models developed previously [16,33]. The considered Hamil-
tonian consists of noninteracting and multiorbital on-site

interacting parts H = Ho + Hin. Note that the combination
of the large interlayer hopping of the system and the on-
site interaction results in an effective interlayer interaction
corresponding to the superexchange process through the inner
apical oxygen.

In momentum space the noninteracting part reads

Ho=Y "> Hiortor(k k)], (K, ko)cro, (K, ko), (1)

k.k, 11,1, 01,02

where c;’o(k, k;) creates an electron in layer / and orbital o
with in-plane momentum k = (k,, k). In our modeling, the
out-of-plane momentum k, only enters in the phase factors
arising from the Fourier transform for a bilayer system. We
denote the upper and the lower layer with A and B, respec-
tively. As the Hamiltonian must be invariant under exchange
of layers, we find Has = Hpg = H) and Hap = Hpa = H, for
the intralayer and interlayer hoppings, respectively, yielding
the general form

Hy(k)

L (e .

A ik,d
Ak k)= ( Hitk)e )

H(k)

Here the k, dependence only appears due to the phase fac-
tors, with d being the height of the bilayer sandwich. The
hats are used to remind the reader that all blocks are, in
principle, square matrices in the orbital degree of freedom.
The above Hamiltonian can be block-diagonalized using the
transformation

1 1 1
Vi=—7| —ikd
V2 \Le ™ -1
where the blocks belong to the bonding (b) and antibonding

(a) subspaces. Note that the phase factor is not present in the
(ab) space.

) HY =1, +H,, )
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For the interaction part of the Hamiltonian we include
the on-site intraorbital (U) and interorbital (U’), Hund’s
type (Ju), and pair hopping (J') interaction, and we assume
spin-rotational invariance, which yields the relations U’ =
U —2Jyand Jy = J' [16,89].

The noninteracting multiorbital susceptibility in the su-
perconducting state can be written in terms of normal and
anomalous Green’s functions as

T _
(oln(@) = > [Fyn(k + @)Fy, (k)
k

- Gmnz (k+ q)Gﬂsm (k)]’ (4)

where we use the four notation k = (k, k;, iw,) and short-
hand indices n = (I, o, s). To compute the spin susceptibility,
we use the random-phase approximation (RPA) [16,89]. The
interacting susceptibility can be written as a matrix equa-
tion with susceptibility matrices of the form

R N 5 olded
x(qz)=< AL K )

RLe e A )

where we suppress the in-plane momentum dependence q and
the dependence on Matsubara frequencies and the ¢, depen-
dence only enters via the phase factors. The Dyson-type RPA
matrix equation can be decomposed into even and odd chan-
nels with respect to the exchange of layer index by defining
R0 =23 £ 1)

-1

N L (e/oypy :
20 = [11 — 5 ")U} 677 6)

where xo denotes the noninteracting susceptibilities. The
above expression holds in general for both the spin and the
charge susceptibilities, but the interaction matrix U has to be
chosen differently. For the physical paramagnetic susceptibil-
ity we have to contract the orbital and sublattice degrees of
freedom at the free vertices. In terms of %, and %,, it can be

written as
e+
(¢ = 20)e et

Xspin = Z
d d
= Z |:f(§],02 cos? <qu> + X 0 sin’ (%)} @)

(% - x0>e"q:d)
e 50
Xt X Lioyshoy

lil,0102
01,02

This expression of the spin susceptibility has been initially
derived for the bilayer cuprates [76,82,85]. By explicitly using
the matrix elements from Eq. (3), we can express the even
and the odd susceptibilities through susceptibilities in the (ab)
space: {5 = X+ 2% and X = 2% + %%, For more infor-
mation on the theoretical approach and the used parameters,
see the Supplemental Material [90].

Results. In what follows we compute the bilayer spin re-
sponse for pressurized LazNiyO; for two slightly different
tight-binding parametrizations of the noninteracting Hamilto-
nian to observe the general trends. In Figs. 1(c) and 1(e) and
Fig. 3(c) we show the normal-state even and odd components
of the bilayer spin susceptibility using the tight-binding model
from Refs. [16,33], respectively. One immediately sees that,
independent of the model used, the magnetic responses in the
odd and the even channels strongly differ from each other
with respect to the dominant scattering peaks. Specifically, the

— sc even

— sc odd
- ns even
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FIG. 2. Calculated frequency dependence of the imaginary part
of the even and the odd spin susceptibility in the bonding-
antibonding sy-wave superconducting (solid curves) and normal
(dashed curves) states using the tight-binding parameters from
Ref. [33]. The representative wave vectors qf (a), q5 (b), and qf
(c) are chosen from Fig. 1.

main scatterings in the even channel stem from the scattering
within the antibonding § band and within the bonding y band
(q{ and q5), as well as from scattering between bonding o«
and y bands (q5), which is illustrated in Fig. 1(b). At the
same time, the main scatterings in the odd channel stem from
scattering between bonding « band to antibonding 8 band (q9
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FIG. 3. (a) Sketch of the d,2_,2-wave gap solution for the tight-
binding model [16] where blue and red colors refer to the opposite
signs of the gap magnitudes. Panel (b) shows the even (x,.) and the
odd (x,) parts of the static RPA susceptibility, respectively, calculated
in the normal state (T =80 K) for U = 0.9Uy,, and Jy = U/4.
Panel (c) shows the calculated frequency dependence of the imag-
inary part at the characteristic maximal scattering wave vectors of
the even and the odd spin susceptibility for the d,»_,»-wave super-
conducting (solid curves) and normal (dashed curves) states and the
maximum gap magnitude of Ay = 15 meV. Note that in the bottom
panel the blue lines are near 0.
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and bonding y band to antibonding B band (q), which is
displayed in Fig. 1(d). Apart from different magnitudes, these
peaks are dominant in both models. The different behavior
in both channels arises from the large bonding-antibonding
splitting of the electronic bands, as can be seen by looking
at the noninteracting susceptibility presented in Fig. 1 of the
Supplemental Material [90], and does not require the effective
interlayer interaction.

Despite the similar q dependence of the spin response
in both models, the dominant superconducting instabilities
appear to be different. While models based on Ref. [33]
and spin-fluctuation-mediated pairing mostly predict sign-
changing bonding-antibonding s-wave solutions [18,19], sim-
ilar spin-fluctuation-based analyses reveal d-wave symmetries
to be present in the other model [16,17]. One can un-
derstand this difference by simply looking into the overall
magnitudes of the even and odd susceptibilities. In the case
of the tight-binding model of Ref. [33], the odd susceptibility
appears to be twice larger in magnitude than the even sus-
ceptibility, which indicates the dominance of the interlayer
itinerant magnetic fluctuations. This dominance of the mag-
netic fluctuations in the odd channel supports the interlayer
(bonding-antibonding) si-wave Cooper pairing with large
interlayer superconducting gap [36,38]. At the same time,
within the other tight-binding model [16], the different peaks
in the odd and the even susceptibilities appear to have similar
magnitudes, and among several candidates, the d-wave super-
conducting gap appears to be the most stable solution. One
should further note at this point that the d-wave symmetry is
usually more stable against the inclusion of the local Coulomb
interaction, and even in the case of near competition between
various channels this solution usually wins [91].

The strong differentiation of the even and the odd suscep-
tibilities seen in the normal state offer now a practical tool
to disentangle between various Cooper-pairing scenarios. For
this, we now extend the calculations of the spin response to the
superconducting state by comparing the structure of the spin
response for the model giving the sign-changing bonding-
antibonding s-wave solution [33] and that which gives the
d-wave solution to be the most dominant [16].

Note that the bonding-antibonding si-wave solution in
the (ab) space allows for a simple decomposition of the
Cooper-pairing to the interlayer and intralayer contribution.
In particular, we can write the gaps in the sublattice space as
A% = A 4+ A+, where Al and At are the intralayer and the
interlayer superconducting order parameters, respectively. By
setting A;i},z = Azlz and Al = 0, one ends up with a constant
magnitude gap, which, however, changes sign between bond-
ing and antibonding bands. This gap symmetry is consistent
with the numerical solutions found in the literature [16-27]
and is illustrated in Fig. 1(b).

Given the peculiar structure of the sign-changing bonding-
antibonding gap, the spin resonance in the spin susceptibility
exclusively appears in the odd channel with the scattering
between bonding and antibonding bands, but not in the even
channel. In particular, we show in Fig. 2 the calculated fre-
quency dependence of the imaginary parts of the even, Imye,,
and the odd, Imy,, spin susceptibilities at the characteristic
wave vectors (¢, 9, and ¢ identified in the normal state
and employing the characteristic gap size of Ay = 15 meV,

which yields a plausible gap-to-T;. ratio of about 4.3. Observe
that the enhancement occurs only for the odd spin response
at qf and q§, where the superconducting gap changes sign
between bonding and antibonding bands and the exact mag-
nitude depends on the values of the superconducting gap at
the corresponding region. On the contrary, the spin suscepti-
bility in the even channel at q{ is suppressed as generally the
scattering wave vectors within bonding or antibonding bands
connect regions of the same gap sign of the superconducting
order parameter. In this regard, the outlined behavior of the
spin response, i.e., the enhancement of the odd spin suscepti-
bility and its absence in the even channel in the experiment
probed by inelastic neutron scattering or resonant inelastic
x-ray scattering (RIXS) will be a direct probe for the interlayer
Cooper pairing and bonding-antibonding character of the s-
wave gap.

The obtained results are robust to small variations of the
gap. The solutions discussed in the literature sometimes show
nodal regions appearing in the I'-M direction, which can be
incorporated by fine-tuning and inclusion of interorbital gaps
or by including the gaps directly in band space, which we
have done for the results shown. However, we find that such
details are essentially irrelevant for the generic behavior of the
spin resonance. Three different 55 gap functions are compared
exemplarily in the Supplemental Material [90].

Let us now turn to the discussion of the spin response
for the second of the models outlined in Ref. [16], which
give the d,._,2-wave superconducting gap symmetry, shown
in Fig. 3(a). Here we should mention that due to the mixed
orbital character of the o band and the 8 band the d,>_,.-wave
solution cannot be straightforwardly decomposed in the or-
bital and sublattice degrees of freedom. Instead we introduce
the gap function in the band space, and having in mind that it
has different contributions, we include those from interorbital
and inter- and intralayer gaps, which is required to avoid
interband gaps.

In contrast to the bonding-antibonding s-wave scenario, a
sizable enhancement of Imy in the d-wave superconducting
state is seen in the odd channel at qf as well as in the even
channel near qf as shown in Fig. 3(c). The differences in the
overall magnitude can be traced back to the angular depen-
dence of the superconducting gap at the Fermi surface. For
example, there is no sign change of the gap on the 8 Fermi
surface sheet portions for the wave vectors q{ and q3, shown
as arrows in Fig. 1(b). In fact, it is the scattering across the y
pocket that causes the enhancement and happens to be peaked
at the same momentum transfer. The large intraband contribu-
tions from the y band to the susceptibility can be attributed
to its flatness. In contrast to the odd spin resonance in the
s+-wave scenario, the resonances in the odd and even channels
in the d,>_,»-wave scenario are much broader and for the even
channel are also strongly dispersing in the momentum space,
which is shown in Fig. 2(b) of the Supplemental Material
[90]. Most importantly, within the d-wave scenario there is
no sizeable difference in the magnitude of the enhancements
of the spin response in the superconducting state in the odd
and the even channel.

Let us also mention that in Refs. [16,17,27] the d,,-wave
solution was also appearing as one of the leading instabilities
for smaller Hund’s coupling. Similar to the d,-_,» case, we
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find a sharp spin resonance peak in the odd channel at qf
and a broad peak in the even channel with the dispersion
along I'-X direction, which is shown in Fig. 2(c) of the Sup-
plemental Material [90], while in the d\»_,» case one finds
the dispersion along I'-M direction. Therefore d, and d,>_,»
pairing symmetries can be distinguished by comparing the
I'-X and T'-M directions for the even channel of the spin
susceptibility.

A different Fermi surface topology in which the y pocket
sinks below the Fermi surface has been predicted in Ref. [29],
which is in line with the recent angle-resolved photoemis-
sion spectroscopy results for ambient pressure [92]. For
the bonding-antibonding si-wave Cooper-pairing scenario,
which changes sign between o and 8 bands, a spin resonance
would appear exclusively at q5. The scattering vector g5 may
also play an important role in the magnetic ordering at ambi-
ent pressure. In the reciprocal space index corresponding to
the pseudotetragonal unit cell (H, K, L), this peak is located at
(0.34,0.34, ¢/(2d) = 2.6) close to the magnetic peak (0.25,

0.25,2.5) found in very recent RIXS measurements at ambient
pressure [93]. We believe that the fact that in experiment this
peak was found to be nondispersive but losing intensity away
from L = 2.5 towards lower L (see Fig. 2(c) in Ref. [93]) is
an indicator of being present in the odd channel exclusively.

Conclusion. We have shown that the interlayer bonding-
antibonding sy and d-wave pairing scenarios yield clearly
distinguishable bilayer spin responses in the normal and the
superconducting states. The si-wave Cooper pairing gives
rise to a strong spin resonance peak in the odd channel of
the spin susceptibility, whereas the even response shows no
enhancement. In contrast, for the d-wave symmetry, spin-
resonancelike weaker peaks appear in both even and odd
channels. Therefore, studying bilayer structure of the spin
response in the La3Ni,O; may provide a crucial check for the
superconducting gap symmetry.
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