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Sensitivity of electronic structure to crystal distortions in infinite-layered LaNiO,
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Recent observations of unconventional superconductivity (SC) in thin films of LaNiO, (critical temperature
T. ~ 10 K) and in bulk single crystals of La;Ni,O; under pressure 7; ~ 80 K have cemented a long sought-after
class of SC nickelates. In La;_,Sr,NiO,, SC appears only in films for reasons not understood. We perform
a combination of experiments to probe the crystal structure and magnetic order in bulk LaNiO, together with
ab initio calculations of the electronic structure. We find that the infinite layers are naturally buckled out-of-plane.
The electronic bands are largely unaffected by the buckling, but uniaxial compression along the ¢ axis may lead

to a Lifshitz transition.
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I. INTRODUCTION

High-temperature superconductivity (SC) cuprates whose
parent compound is an antiferromagnetic (AFM) insulating
ground state have driven much of the research in strongly
correlated electron systems [1]. In this class, the CuO, plane
is a critical component to SC, intimately related to the band
position and hybridization between the Cu 3d,:.,» and d3z_,2
orbitals that influence the shape of the Fermi surface and the
transition temperature. The distance of the Cu ion from the
apical oxygen is significant to hybridization and the transition
temperature, as predicted by the Maekawa plot [2].

Recently, SC was reported in (La, Sr)NiO, and
Nd;_,Sr,NiO; thin films with 7, ~10 K [3,4]. The
(RE, S1r)NiO, (RE = rare earth) has an infinite layered
structure [Fig. 1(a)] that is isostructural to (Ca, Sr)CuO,,
the parent compound of Sr;_,Nd,CuO, (T, ~34 K) and
Sri_,La,Cu0O, (T, ~43 K). Previous electronic band
structure calculations indicated that the bands near the Fermi
energy in LaNiO, resemble those of CaCuO; [5], and the Ni'*™
ion in the 3d° electronic configuration is like the electronic
state of the Cu®* ion with § = % [5-9]. Recent resonant
inelastic x-ray scattering on NdNiO3 provided evidence for
dispersive excitations with 200 meV width, reminiscent of
spin waves arising from an AFM lattice [10]. However, the
role of the RE spin and magnetism is still ambiguous, as
SC has been observed in lanthanum-doped systems as well.
Moreover, authors of several studies have suggested that the
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Ni3d, orbital is critical to SC, but the absence of an apical
oxygen in the infinite layer system brings into question the
mechanism for hybridization.

In this paper, we obtain hints on the origin of the ab-
sence of SC at ambient pressure and its possible emergence
under pressure in bulk LaNiO;, like bulk La3Ni,O;. First,
we performed neutron scattering experiments to probe the
atomic and magnetic structures and local distortions. Sec-
ond, we performed specific heat and magnetic susceptibility
measurements. Third, we performed ab initio calculations to
analyze the electronic structure and its dependence on atomic
distortions.

The main results on bulk LaNiO, at ambient pressure
are (A) the layers are naturally buckled out-of-plane with
an Ni-O-Ni bond angle that is temperature dependent. This
provides a basis for further studies and calculations. (B) We
show that there is no static long-range magnetic order. This
may be related to the absence of SC at ambient pressure.
(C) The ab initio calculations suggest the band structure and
Fermi surface have little dependence on the buckling, but
compression along ¢ causes the metallization of empty bands
with La 5d5,2.,2 and Ni 3ds,.,» character near the I" point.
This is like La3NipyO7, in which the emergence of SC under
pressure coincides with the metallization of the Ni 3d;,2_,»-like
occupied band near the I" point [11].

II. METHODS

LaNiO; is synthesized by reducing the perovskite LaNiO;
to the infinite layered structure [12—14]. Ni'* (34°)is a spin-%
ion in a square planar configuration with the orbital bands

©2025 American Physical Society
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FIG. 1. (a) Crystal structure of LaNiO, with P4/mmm symmetry. (b) Temperature dependence of the magnetic susceptibility of
La;_,Sr,NiO, fosr x = 0, 0.1, and 0.2 under an applied magnetic field of H = 1 kOe [1 Oe = (1000/47) A/m, 1 emu/g = 1 Amz/kg].
The inset is a schematic of the electronic configuration of Ni'fina NiO; square lattice. (c) Powder x-ray diffraction data of La,_,Sr,NiO, (x
=0, 0.1, 0.2, and 0.3). (d) Lattice parameters a and ¢ for La,_,Sr,NiO, as a function of x. Error bars indicate 1 o.

split into e, and 1, levels [inset of Fig. 1(b)]. The sample
crystallinity was confirmed using powder x-ray diffraction.
Figure 1(c) shows the x-ray diffraction data for 0 < x < 0.3
at room temperature. Attempts to synthesize samples with
higher x were unsuccessful. The refinement yields the tetrago-
nal symmetry P4/mmm [13]. Pure LaNiO, is very close to its
presumed stoichiometry, with very little oxygen, if any, at the
apical site [13,15]. Shown in Fig. 1(d) is a plot of the lattice
constants as a function of doping. Note that, while the a axis
barely changes with doping, the ¢ axis expands as expected
with the Sr substitution. The origin may be the larger ionic
radius of Sr** compared with that of La3*, which increases
interatomic distances by increasing the internal chemical pres-
sure in the crystal (see, e.g., the discussion in Ref. [16]).

The dc-magnetic susceptibility measurements were per-
formed using a SC quantum interference device. The data
were collected in field-cooled mode under an applied mag-
netic field of H = 1 kOe [Fig. 1(b)]. The neutron diffraction
measurements were carried out at the BT-1 high-resolution
diffractometer of the NIST Center for Neutron Research [17]
in the temperature range of 5-300 K using the highest neutron
flux condition [monochromator: Ge (311); collimation: 60;
wavelength: 2.079 A] and at the Nanoscale Ordered Materials
Diffractometer (NOMAD) at the Spallation Neutron Source
of Oak Ridge National Laboratory (ORNL). At NOMAD, a
white beam was used to obtain the total structure function
S(Q), where Q is the momentum transfer [18]. The Fourier

transform of S(Q) yields the pair correlation function G(r).
The G(r) is a real-space representation of the atomic cor-
relations [19]. Here, Q data up to 40 A~! was used for the
analysis [20,21]. Third, specific heat measurements were also
performed on the samples in search of phase transitions.

III. DISCUSSION

In pure LaNiO,, no static long-range magnetic order ex-
ists down to 5 K, as discussed below. First, the temperature
dependence of the specific heat is smooth without any peak
[see Fig. 2(d)]. Second, in the O dependence of S(Q), there
are no new Bragg peaks at 5 K with respect to 300 K at which
LaNiO, is paramagnetic [see the neutron powder diffraction
data on pure LaNiO; in Figs. 2(a) and 2(c)]. The anticipated
AFM magnetic peak positions in reciprocal space based on
several possible AFM propagation vectors are listed in Table I
[23-25], considering the magnetic form factor of Nil* [26].
Third, the temperature dependence of the magnetic suscepti-
bility in Fig. 1(b) suggests a Curie-Weiss behavior with no
hints of a transition to an AFM or ferromagnetic ordered
state, not only in pure LaNiO; but also in La;_,Sr,NiO,, with
x=0.1and 0.2.

Still, magnetic fluctuations may persist despite the absence
of static long-range magnetic order. Careful examination of
S(Q) as a function of temperature provides evidence of a
broad diffuse background observed at low Q that increases on
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FIG. 2. (a) Powder neutron diffraction patterns of LaNiO, at 5 and 300 K from BT-1 (the data at 5 K were collected over a 24 h period,

and the 300 K data were multiplied by 10). The peaks indexed as * are

observed both at 5 and 300 K. These peaks are close to (0.5 0.5 1) but

not exactly. The calculated and observed Q are 2.068 and 2.155 A~! at 300 K and 2.070 and 2.162 A~ at 5 K. (b) Oxygen thermal factors

in LaNiO, obtained by the Rietveld refinement method are plotted as
constants a and ¢ for LaNiO,. (d) Temperature dependence of the speci

a function of temperature. (c) Temperature dependence of the lattice
fic heat of LaNiO,. Error bars indicate 1 o. (¢) Temperature-dependent

S(Q) obtained from NOMAD. The instrumental background, empty can, and normalization with vanadium were performed at all temperatures.

(f) Difference between (2-100) K, (2-300) K, and (100-300) K in (e).

warming [see Figs. 2(e) and 2(f)]. The S(Q) has the instrument
background and empty can subtracted from the data, but a

TABLE I. The calculated momentum transfer, Q, positions, and
magnetic form factor for potential magnetic Bragg peaks.

(hkl) 0™  fue(Q)? Reference
0.500) 0.7959 0.9204

000.5) 0.9224 0.9077

(0.500.5) 1.2183 0.8266 SrCuO, [22]
(0.50.50.5) 1.4553 0.7647 Cagg5Srg 15Cu0, [23],

SeFeO, [24]

broad, temperature-dependent continuum remains. The origin
of this scattering can either be due to (a) magnetic diffuse
scattering or (b) lattice disorder. In scenario (a), if the para-
magnetic fluctuations are reduced upon cooling, this may lead
to an ordered state, but no AFM peaks have been detected.
At the same time, the condensation of fluctuating spins may
produce ferromagnetic (FM) interactions. Even though there
is no long-range FM transition, FM correlations may still
persist. Careful examination of the nuclear Bragg peaks at low
momentum transfers indicates subtle changes, but it is difficult
to discern that any change in the nuclear Bragg intensity is
solely due to FM fluctuations. With regard to scenario (b),
defects or other lattice effects may contribute to the elevated
background. While the presence of interstitials and vacancies
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FIG. 3. (a) Pair correlation function G(r) corresponding to the local atomic structure of LaNiO, for powder diffraction data collected at 2 K
is compared with a local model shown in (b). (b) The local model consists of alternating oxygen vertical displacements along the a direction.
The + and — signs correspond to displacements in the positive or negative z direction. The displacement d° ~ 0.05 A at 2 K, increasing steadily
t0 0.17 A by room temperature. (c) Plot of the Ni-O-Ni bond angle as a function of temperature. Starting at 2 K, the bond is bent away from
180°, while the bending continuously increases with warming. (d) and (e) are side views of the bond bending.

was ruled out from the refinement of the diffraction data, local
distortions of the square lattice are possible and discussed
next.

The G(r) corresponding to the local atomic structure of
LaNiO, at 2 K is shown in Fig. 3(a). The peaks correspond
to the probability of finding a particular atom pair in real-
space. The first peak corresponds to the shortest atom-atom
correlation length in the crystal, and that is from Ni-O pairs.
Following are the La-O and O-O correlations. The Rietveld
refinement of the neutron data yields the thermal factors (U)
plotted in Fig. 2(b) as a function of temperature for the oxygen
atom only. Of the three factors, the temperature dependence of
Us3 along the z direction shows a sudden increase ~200 K and
is larger than U;; and Uy, corresponding to thermal motion
in the ab plane. Based on this result, we construct a local
tetragonal model that is shown in Fig. 3(b). In this model,
the oxygen atoms are displaced out-of-plane, in an up/down
mode (+)/(—) consistent with the large Us; thermal factors.
Specifically, the oxygen ion displacement along the ¢ direction
buckles the infinite layer. Our calculation using this model
shows that the amplitude of the displacement is d* ~ 0.05 A at
2 K but increases to d* ~ 0.17 A by room temperature, which
is far larger than the variation in cell parameters a and c in the
same range of temperature [(0.02 A; see Fig. 2(c)]. This model
fits the data very well, which indicates that the planes are not
flat. Several other models were tested, and some additional
results are shown in Fig. S1 in the Supplemental Material
[27]. Any model where displacements of the oxygen ions are
allowed in the z direction yields good agreement with the data

but not when the displacements are in the xy plane. Thus, it is
likely that the local structure is averaged over several different
configurations with displacements along the z direction that
preserve the same bond lengths. However, it is also the case
that the model shown in Fig. 3(b) yields the lowest x?.

The distortions are analogous to what was observed pre-
viously in SrFeO,, an AFM insulator, with the same crystal
structure (see Ref. [28]). In Fig. 3(c), the temperature depen-
dence of the Ni-O-Ni bond angle is shown. At 2 K, the angle
deviates from 180° by 3°. Upon further warming, the buckling
increases, as shown in Figs. 3(c)-3(e). This buckling was also
observed in SrFeO,; [28], but the bending in the present case
is less. According to the Goodenough-Kanamori rules, the
interaction of the Ni-O-Ni via 180° bonds ought to be AFM
[22,29] if the spin is localized, but no ordered moment was
observed down to 5 K from neutron diffraction [13].

The dependence of the electronic structure on local distor-
tions was examined by performing band structure calculations
using QUANTUM ESPRESSO [30,31] and optimized norm-
conserving Vanderbilt pseudopotentials [32,33] using the
GGA + PBE functional [34]. To model the buckling of Ni-O-
Ni bonds, a 2 x 1 x 1 supercell was used. As for the lattice
constants a and ¢, we considered the experimental values
ap =3.9479 A and ¢y = 3.4032 A at 5 K. For the buckling
displacement d*, we considered the experimental value d§ =
0.173 A at 300 K. The orbital character at the Fermi level is
analyzed as follows. From the bands that are closest to the
Fermi level, we used the RESPACK code [35,36] to compute
the maximally localized Wannier orbitals (MLWOs) with Ni
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FIG. 4. (a) and (b) Band structure and partial densities of states of maximally localized Wannier orbitals (MLWOs) for LaNiO, with crystal
parameters (a, ¢, d*) = (ao, o, d§) and (a, ¢, d*) = (ao, 0.8c, d). We show the generalized gradient approximation (GGA) band dispersion
and the dispersion of the Wannier subspace that consists in Ni3d, O 2p, La 5d;_,2, and interstitial s MLWOs. The origin is the Fermi level.
The high-symmetry points in coordinates of the reciprocal lattice are I' = [0, 0, 0], D = 0.5, 0, 0], X =[0.5,0.5,0], Z =[0,0,0.5], R =
[0.5,0,0.5], and A = [0.5, 0.5, 0.5]. (c) Fermi surface and contributions of Ni3d,>_2, Ni3ds,2_2, La5d;.2_, and interstitial s MLWOs, for
(a, ¢, d*) = (ag, cp, d§) and (a, ¢, d*) = (ay, 0.8¢y, d§). Blue, green, and red indicate the areas in which the character of the MLWO has a
weak, moderate, and strong contribution, respectively. The white edges show the full Brillouin zone, and the points I and Z are indicated in

the first plot.

3d, O 2p, La5d;,2.,2, and interstitial s dominant character. In
Figs. 4(a) and 4(b), we show the band dispersion of the Wan-
nier subspace as well as the partial density of states (pDOS)
for each MLWO. The MLWOs whose pDOS is nonzero at the
Fermi level contribute to the Fermi surface. The Fermi surface
and orbital character at Fermi level have little dependence on
the buckling in the experimental range of values but are sub-
stantially modified by compression along the ¢ axis. Starting
from the crystal parameters (a, ¢, d*) = (ay, cp, 0), increasing
d* from O to d has little effect on the band structure. See

Fig. S2 in the Supplemental Material [27] for a comparison of
the electronic bands with no buckling as in (ag, ¢g, 0) and with
buckling as in (a, ¢, d*). On the other hand, at (a, ¢, d*) =
(ao, co, d§), reducing ¢ by 20% has a significant effect on the
band structure [see Figs. 4(a) and 4(b)] and particularly on the
Fermi surface [see Fig. 4(c)].

The compression along ¢ induces a Lifshitz transition,
which modifies the electron pockets at the Fermi surface.
Two main changes are observed in Fig. 4(c): (i) The electron
pocket near the I" point is tiny for ¢ = ¢( but becomes larger
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for ¢ = 0.8¢y. (ii) The pocket near Z = (0, 0, 0.5) for ¢ = ¢y
disappears for ¢ = 0.8¢y, and the dependence of the Fermi
surface on (ky, k) at fixed k;, = 0.5 is modified.

The dominant contribution at the Fermi surface is that from
the Ni 3d,._,»-like orbital. Other orbitals also contribute to the
Fermi surface, but the contributions that depend the most on ¢
come from specific orbitals. The Ni 3d3,2_,2-like and La5d;2_,»
orbital characters at the Fermi level increase significantly from
¢ = co to ¢ = 0.8¢p. Consistently, the Ni 3d3,2_,.-like on-site
energy becomes closer to the Fermi level [see Fig. 4(b)], and
its occupation number decreases from 1.658 to 1.526, sug-
gesting a more prominent role of this orbital in the low-energy
physics. The interstitial s orbital also contributes to the Fermi
surface, and its occupation number increases from 0.579 to
0.666.

The character of the electron pockets near I' and Z is dis-
cussed below. From the pDOS in Fig. 4, we select the MLWOs
that have significant contributions to the Fermi surface (Ni
3d,..2-like, Ni 3d3..2-like, La 5d3.2-like, and interstitial
s-like), and we examine their contributions to the Fermi sur-
face in Fig. 4(c). We see that the Ni 3d,2_,2-like MLWO does
not contribute to the pockets, and the pocket near the I' point
has dominant La5d,._.-like character. For ¢ = cg, the pocket
near the Z point has mixed interstitial s-like and Ni 3d3,2_,2-
like characters.

It is intuitive that the electron pockets are mainly formed by
orbitals that extend along z (Ni 3d5,2_,2, La5d;,2_,2, and inter-
stitial s). Indeed, the compression along ¢ prominently affects
the isosurface of the orbitals that extend along z. Consistently,
the pDOS of these orbitals has a significant dependence on ¢
(see Fig. 4). On the other hand, the pDOS of Ni 3d,2.,» and O
2p. orbitals (which mainly extend along x and y directions)
has little dependence on c.

Finally, we discuss the possibility of realizing SC in
LaNiO, under pressure. First, note that the Ni-O-Ni buck-
ling at ambient pressure is not necessarily destructive for
SC. Indeed, such buckling also occurs in the Cu-O-Cu
bonds in SC cuprates, and it may even explain the increased
T. from Bi,Sr,CuQOg (without buckling) to Bi,Sr,CaCu;,Og
(with d* ~ 0.28 A) [36,37]. This is because the buckling re-
duces the overlap between orbitals on neighboring Cu atoms.
This increases the correlation strength of the cuprate [36,38]

and contributes to increasing the superconducting order
parameter [37].

However, in bulk LaNiO,, the pressure-induced Lifshitz
transition that is suggested by the ab initio calculations has
similarities with that in bulk La3Ni,O7, which may suggest
a pressure-induced emergence of SC in bulk LaNiO, like
La;Ni,O5. In La3NiyO5, the band structure calculation cor-
responding to the high-pressure SC phase shows that hole
pockets with dominant Ni3ds,._,. character appear at the
Fermi surface [11]. In LaNiO,, our calculation suggests a sim-
ilar Lifshitz transition. Also, by solving a bilayer, two-orbital
t-J Hamiltonian, authors of a recent study on pressurized
La3;NiyO; [39] suggested there is an sT-wave pairing driven
by the interlayer ds,.,» magnetic coupling. Thus, in high-
pressure bulk LaNiO,, the Ni 3ds,2.,» orbitals may play a
role in the pairing mechanism like La3Ni,O;. For complete-
ness, note that there are differences between LaszNi,O; and
LaNiO;: In La3NiyO7, the layers are connected by oxygen
atoms [11] that are absent in LaNiO,, and the Fermi pockets
are hole pockets [11], in contrast with LaNiO, in which they
are electron pockets.
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