Universal orbital and magnetic structures in infinite-layer nickelates
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We conducted a comparative study of the rare-earth infinite-layer nickelates films, RNiO2 (R = La,
Pr, and Nd) using resonant inelastic X-ray scattering (RIXS). We found that the gross features of the
orbital configurations are essentially the same, with minor variations in the detailed hybridization.
For low-energy excitations, we unambiguously confirm the presence of damped magnetic excitations
in all three compounds. By fitting to a linear spin-wave theory, comparable spin exchange coupling
strengths and damping coefficients are extracted, indicating a universal magnetic structure in the
infinite-layer nickelates. Interestingly, while signatures of a charge order are observed in LaNiOs in
the quasi-elastic region of the RIXS spectrum, it is absent in NdNiO2 and PrNiOs. This prompts
further investigation into the universality and the origins of charge order within the infinite-layer

nickelates.

I. INTRODUCTION

The discovery of superconductivity in the infinite-layer
nickelates has marked a new milestone in the field of un-
conventional superconductivity [1]. While the nickelates
were first thought to resemble the cuprates due to their
similiar crystal structure and electron count in the 3d or-
bitals [2, 3], the initial stages of the experimental investi-
gations have revealed notable differences between the two
systems [4-10]. As a result, the nickelates have emerged
as a new class of strongly correlated materials, presenting
fresh opportunities to study the role of strong electronic
correlations in unconventional superconductors.

To date, superconductivity has been found in La-, Pr-,
and Nd-based infinite-layer nickelate thin films [4, 11, 12].
The doping-temperature phase diagram in these com-
pound appears to be quite similar, indicating a similar
underlying microscopic origin. However, subtle differ-
ences have also been observed. For example, London
penetration depth measurements indicate that La- and
Pr-NiO; exhibit a node in the superconducting order pa-
rameter, whereas it is less clear in NdNiOsg, possibly due
to the magnetic moment carried by the Nd ions [13]. An-
other example is the recent demonstration of substantial
variations in the anisotropy of the upper critical field
across La, Pr, and Nd-NiOs [14]. These observations im-
ply that the rare-earth element may play a role in the

* Corresponding author: leews@stanford.edu

low-energy electronic behavior.

Indeed, theories have suggested that 5d orbitals of the
rare-earth element hybridize with the Ni 3d orbitals and
gives rise hole-like Fermi surface (FS) pockets, making
the infinite-layer nickelates multi-orbital systems [15-25].
The minimal model should at least consist of a hole-like
band with dominant Ni 3d,>_,> character which is cou-
pled to an electron-like band with a dominant character
of rare-earth 5d orbitals. It has been an intriguing ques-
tion regarding whether rare earth element could serve as
a tuning knob to control the properties of the infinite-
layer nickelates, as it does in the well-known cases of the
perovskite nickelates [26, 27]. Along this line, theoretical
studies have investigated the variation of electronic, mag-
netic, and lattice structures as a function of rare earth
elements [25, 28, 29|, suggesting the possible occurrence
of nontrivial phase transitions. Thus, it is of great inter-
est to investigate the rare-earth dependence by examin-
ing the microscopic behaviors via spectroscopic measure-
ments.

Owing to the element-specific capability, resonant in-
elastic x-ray scattering (RIXS) has been a powerful tool
to reveal the electronic structure [7], magnetic excita-
tions [30, 31], and charge order in the infinite-layer nick-
elates [10, 32-34]. To date, most of the RIXS studies
were focused on one family of the infinite-layer nickelates
from various sample sources, which is not ideal for a sys-
tematic study between La-, Pr-, and Nd-NiOs. In this
article, we report RIXS data that were measured with
identical measurement conditions on Nd-, Pr-, and La-
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FIG. 1. Ni Lg-edge XAS of NdNiOz, PrNiO3z, and LaNiO2
obtained by total electron yield in both normal (solid circles,

= 90°) and grazing incident (open squares, = 10°) ge-
ometry. The measurement geometry is sketched in the right
panel. A constant background has been removed and the
post-edge intensity has been normalized for comparing XAS
taken at both geometries. The raw XAS of LaNiOy (light
red) is superimposed with the the La-M4-edge-removed XAS
(dark red) for reference. The data of NdNiO; is adapted from
Ref. [8].

NiOs thin films. Importantly, the samples were grown
and prepared using the same synthesis and characteri-
zation standard. Since uncapped infinite-layer nickelates
are prone to heterogeneity, and their synthesis is hard
to control [35], we focus our studies on samples with a
protective SrTiO3 capping layer, for which we have previ-
ously demonstrated uniform crystallinity throughout the
the thickness of the nickelate film [12, 35, 36]. We show
that the gross features of orbital configurations are essen-
tially identical with some minor variations in the detailed
hybridization. For the low-energy excitations, we com-
pare the dispersion and the bandwidth of the magnetic
excitations in the three compounds and conclude that
the magnetic structure is universal in the nickelates. In-
terestingly, in the quasi-elastic RIXS spectra, we found
signatures of a charge order only in LaNiOy, but not
in NdNiO; and PrNiO,. In the context of recent de-
bates about the charge order in infinite-layer nickelates
[37, 38], we leverage cross-sectional scanning transmis-
sion electron microscopy (STEM) to investigate the sec-
ondary phases present in our LaNiO, film, and discuss
the implications on the observed charge order peak in the
LaNiOs film.

EXPERIMENT DETAILS

Thin films of the precursor perovskite RNiO3 (R =
La, Nd, Pr) with a thickness of 10 nm were grown on a
substrate of SrTiO3(001). The c-axis oriented infinite-

layer RNiOy was obtained by employing a topotactic re-
duction process [35]. To protect and support the crys-
talline order, a capping layer made of five unit cells of
SrTi03(001) was grown on top of the nickelate films be-
fore the topotactic reduction. X-ray diffraction (XRD)
measurements were conducted to confirm the quality of
the infinite-layer nickelate. The XRD data were included
in the Supplementary Material [39]. XAS and RIXS mea-
surements were performed at beamline 121 of the Dia-
mond Light Source (United Kingdom). The combined
energy resolution of the RIXS measurements was ap-
proximately 40 meV at the Ni L3 edge. For the inci-
dent energy RIXS map (Fig. 2), the spectra were col-
lected at an incidence angle of 35° and scattering angle
of 154°. Measurements were taken at a temperature of
20 K. For the dd excitations, magnetic excitations, and
quasi-elastic map, the RIXS spectra were taken at the
photon energy of 852.6 eV at which the intensity of the
dd and magnetic excitations is maximal. Since the mag-
netic excitations are quasi-two-dimensional [30], the mo-
mentum dependent data have been denoted as a function
of the projected in-plane momentum transfer g, which
can be varied by rotating the sample angle with a fixed
scattering angle. For all the momentum-dependent RIXS
data shown here were obtained with the scattering angle
set to 154° using 7 polarization of the incident photons
with grazing exit geometry, at which the magnetic cross
section is dominant.

Cross-sectional specimens for STEM analysis were pre-
pared by the standard focused ion beam (FIB) lift-out
process on a Thermo Fisher Helios G4 UX FIB and im-
aged on an aberration-corrected FEI Titan Themis 300
operating at 300 kV with a probe convergence angle of
21.4 mrad and inner (outer) collection angles of 68 (200)
mrad.

RESULTS

We begin by examining the orbital configurations of
La-, Nd-, and Pr-NiOy. Figure 1 (a) illustrates the x-
ray absorption spectra (XAS) near the Ni Ls-edge for
these three parent compounds. In the normal incident
geometry (6 = 90°), where the polarization of the in-
cident photons aligns with the Ni-O bond direction, all
XAS exhibit a single main peak, as reported in previ-
ous experiments [7, 8, 30, 31, 33, 34]. We note that the
absorption is significantly reduced in the grazing inci-
dent geometry (6 = 10°), where the majority of the inci-
dent photon polarization lies in the normal direction of
the NiOs plane. This observation indicates a significant
anisotropy between the in-plane and out-of-plane orbital
configurations of the system. The presence of a single
XAS peak and the linear dichroism in XAS support the
notion of a quasi-two dimensional electronic structure,
primarily consisting of a dominant 3d° character with a
half-filled 3d,2_,2 orbital [7-9].

Further insights into the orbital configuration can be
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FIG. 2. (a) RIXS intensity maps of LaNiO2, NdNiO2, and PrNiOs as a function of incident photon energy across the Ni Ls
edge. 3d®°R denotes the spectral feature at approximately 0.65 eV. dd and FL indicate the excitations within the Ni 3d orbitals
and the fluorescence emission, respectively. (b) The energy loss spectra taken at the incident photon energy of 852.4 eV, as
indicated by the white dashed lines in (a). Data of NdNiO> are adapted from Ref. 30.

obtained from RIXS spectra across the Ni Lz-edge. As
depicted in Fig. 2 (b), the overall features of the RIXS
incident map exhibit similarities among the three com-
pounds. These include magnetic excitations below an
energy of 0.2 eV, a spectral feature around 0.65 eV (re-
ferred to as 3d®R), dd excitations within the 3d orbitals in
the energy range of 1.0 to 2.5 eV, and fluorescence emis-
sion (FL) above 2.5 eV. The presence of similar energy
scales for dd and FL excitations reflects a generic crystal
field splitting characteristic of the three families of nick-
elates, as expected. Notably, the 3d®R feature has been
associated with an excitation related to the hybridized
rare-earth 5d ligands and Ni 3d states [7]. Its observa-
tion in all three compounds indicates that it is a com-
mon feature of infinite-layer nickelates. This observation
aligns with various theoretical predictions that suggest
a multi-orbital nature in infinite-layer nickelates, where
the rare-earth 5d states contribute to the band struc-
tures near the Fermi energy [15-25]. This is in contrast
to high-T. cuprates, where the states near the Fermi en-
ergy are primarily dominated by a mixture of Cu 3d,2_,
character and the O 2p ligand states.

Despite the overall similarity, we have observed a sub-
tle difference in the dd excitations. Figure 3 illustrates
the dd excitations obtained at three different angles, ef-
fectively varying the incident photon polarization with
respect to the crystallographic axes. As a result, the
cross-section of dd excitations associated with different
orbital symmetries are modulated [40]. Specifically, in
the normal incident geometry (§ = 90°) depicted in Fig-
ure 3(a), the electric field of the incident photon polar-
ization lies in the NiOy plane, favoring transitions associ-
ated with in-plane orbitals such as d2_,2 and dy,. In the

other geometry (f  138.5° in Figure 3), the photon po-
larization now includes a notable component perpendic-
ular to the NiOy plane, enabling excitations associated
with out-of-plane d,,,. orbitals. Since the dd excita-
tions in the RIXS incident photon map are generic (Fig.
2 (a)), we follow the assignment of dd peaks described
in our previous work [8], as also denoted in Figure 3.
Interestingly, as shown in Figure 3(c) and (d), while the
excitations associated with the d, ., . orbitals are promi-
nent in Nd- and Pr-NiOsy, they are significantly weaker in
LaNiO,. This observation suggests that LaNiOg exhibits
more extended d,/,. orbitals.

Next, we discuss the magnetic excitations, which bear
the hallmarks of the underlying electronic correlations
[30]. Figure 4(a) shows the unambiguous presence of
a branch of dispersive magnetic excitations in all three
compounds with similar characteristics. Specifically, the
dispersion emanates away from the zone center and
reaches respective maxima near (0.5, 0) and (0.25, 0.25),
consistent with the spin wave dispersion in an antiferro-
magnetically coupled spin-1/2 square lattice system. By
comparing the RIXS spectra near the two maxima, as
shown in Figure 4(b), we found that the peak positions
of the magnetic excitations are essentially identical in the

Ji (meV) J; (meV)| c-axis (A)
LaNiO» 61.6 4.2 -11.3 3.0 3.39
PrNiOq 66.9 3.2 -11.4 2.3 3.31
NdNiO2 64.1 34 | -10.2 24 3.28

TABLE I. A summary of the nearest neighbor and next near-
est neighbor spin exchange coupling obtained by fitting the
dispersion to a linear spin wave theory.



FIG. 3. (a) A sketch of the -scattering geometry used for
taking the data reported in this article. In this geometry,
the electric eld polarization of the incident photon (denoted
as "E") is in the scattering plane. RIXS spectra of LaNiO »,
NdNiO 2, and PrNiO, at (b) = 90 and (c) 1385
with the (100) direction ( i.e. the Ni-O bond direction) in the
scattering plane. (d) RIXS spectrum taken at 1385 with
(110) direction in the scattering plane.

three compounds within the uncertainty of our experi-
ments. This suggests that the bandwidth of the magnetic
excitations are quite similar across the three families of
nickelates. Additionally, we observe that the magnetic
peak spectra are broad (Figure 4(b)), indicating that the
excitations are heavily damped. This is consistent with
the presence of rare-earth 8 FS pocket in the undoped
parent compounds, which can dissipate the magnetic ex-
citations in the particle-hole continuum [30].

To obtain a more quantitative comparison, following
our previous work on NdNiO; [30], we t the RIXS mag-
netic spectrum to a damped harmonic oscillation func-
tions %q;!) [41], given by

|
09 ~- - q-
((q’!)"(!Z 12)2+4 212

(1)

where! 4 is the undamped mode energy and 4 damping

coe cient. The extracted ! 4 and 4 are summarized in
Fig. 4(c). All three nickelates exhibit a similar energy-

momentum dispersion with a similar degree of damping.
Then, we t the extracted dispersion to a linear spin

wave form for the spin-1/2 square-lattice Heisenberg an-
tiferromagnet [42], including nearest- and next-nearest-
neighbor exchange couplings,

X X
S Sj + Js S

i ifi 0

Sjo 2

where S, S; and Sjo denote Heisenberg spins at sitd,
nearest-neighbor siteg, and the next- nearest-neighbor
sites i% respectively. The tted J; and J, are summa-
rized in Table I. Both J; and J, are comparable in all
three nickelates, except that the J; of PrNiO, appears
to be slightly larger than the others, consistent with the
higher peak position in the raw magnetic spectra shown
in Fig. 4(b). This nding aligns with the weak rare-
earth dependence on the spin exchange interaction pre-
dicted by theoretical models [25, 28]. We also note that
there appears to be no clear correlation with thec-axis
lattice parameter, which monotonically decreases by re-
placing the rare-earth element from La to Nd. This null
correlation suggests that the spin exchange interaction
is essentially insensitive to the electronic structure along
the c-axis direction. Thus, the magnetic interactions are
dictated by the in-plane low energy electronic structure,
presumably the 3d.> 2 orbitals.

It is important to emphasize that our results do not
necessarily imply the existence or nonexistence of long-
range antiferromagnetic order (AFM), as the putative
AFM wave-vector is beyond the reach of the NilL-
edge RIXS. Indeed, multiple studies of bulk poloycrys-
talline sample do not shown long range AFM order [43{
45]. Nevertheless, the observation rmly establishes the
universal presence of substantial antiferromagnetic spin
interactions in in nite-layer nickelates, suggesting that
Mott physics should play a signi cant role in shaping the
microscopic electronic structure of these nickelates.

Another hallmark of strong electronic correlations is
a complex phase diagram comprising multiple quantum
phases. Particularly, those quantum phases that break
the translation symmetry can be detected by examin-
ing the momentum distribution of the quasi-elastic peak
intensity in the RIXS spectrum (See, for example, Ref.
46). Indeed, previously, we observed a charge order in
LaNiO, and investigated its doping and temperature de-
pendence using RIXS in -scattering polarization [10],
where the incident x-ray polarization is perpendicular to
the scattering plane. Using a di erent scattering geom-
etry (e.g, -polarization), as shown in Fig. 5, a peak
at (0.345 0.0007, 0) is observed in LaNi@, con rming
the presence of the charge order. Interestingly, the sig-
nature of the charge order scattering peak is absent in
the RIXS data of Nd- and Pr-NiO,. While this may ap-
pear to indicate that the charge order is not universal in
in nite-layer nickelates, recent ndings have presented a
puzzle. Speci cally, a peak with a wavevector of (0.333,
0) has been reported in NdNiQ Ims prepared without
a SrTiO3 capping layer [32, 33] and PrNiG with a STO
capping layer [34]. Notably, the peak intensity in un-
capped NdNiO, exhibits a positive correlation with the
spectral weight of the RIXS 3d®R feature [32, 33], but
our LaNiO, exhibits the least pronounced 38R peak in
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