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The wide tunability of strongly correlated transition metal (TM) oxides stems from their complex
electronic properties and the coupled degrees of freedom. Among the perovskite oxides family,
LaMO3 (M =Ti-Ni) allows an M-dependent systematic study of the electronic structure within the
same-structure-family motif. While most of the studies have been focusing on the 3d TMs and oxygen
sites, the role of the rare-earth site has been far less explored. In this work, we use resonant inelastic
X-ray scattering (RIXS) at the lanthanum N4 5 edges and density functional theory (DFT) to investigate
the hybridization mechanisms in LaMO3. We link the spatial-overlap-driven hybridization to energetic-
overlap-driven hybridization by comparing the RIXS chemical shifts and the DFT band widths. The
scope is extended to highly covalent Ruddlesden-Popper perovskite La,CuQ,4 by intercalating
lanthanum atoms to rock-salt layers. Our work evidences an observable contribution of localized

lanthanum 5p and 4f orbitals in the band structure.

Transition metal (TM) perovskite oxides [ABOs, A = rare earth (RE) cation,
B =TM cation] are canonical strongly correlated ternary oxides. They have
drawn considerable scientific interest due to their rich phase diagrams
resulting from coupled orbital, spin, lattice, and charge degrees of
freedom'™"". Consequently, the transport, magnetic, and optical properties
can be tuned by, e.g., doping, strain, temperature or external fields, which
bring about their functionalities. Their wide applications include
catalysis'™”, energy storage', and electronic devices'>'® to name a few.
One of the factors that underlies the rich tunable physical properties is
the orbital overlap'”'®. Most of the studies of ABO; have focused on the
oxygen and TM sites, which are the dominant components of the valence
band maxima and the conduction band minima'**. For example, e, orbital

mixing is the key to understanding the spin-, and orbital-order transition in
manganites”™. The 4f states of trivalent RE are generally considered to be
highly localized due to the relativistic contraction” . Indeed, RE elements
are often treated merely as geometric structure modulators or charge
reservoirs in the context of complex oxides"”. However, it has recently
been suggested the RE 5d or 4f orbitals can be electronically hybridized with
TM 3d’*. The role of the RE has started to gain attention from the infinite
layer nickelates where the hybridization between RE 5d and Ni 3d could
have an influence on the Fermi surface and magnetic exchange”**~*. In fact,
it is still under debate how RE is participating in the hybridization scheme”
and whether nickelates possess similar superconducting mechanisms in

comparison to the cuprates®”’.
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The lanthanum perovskite oxides LaMO; (M = Ti-Ni) are paradig-
matic strongly correlated transition-metal oxides in which the physical
properties are dominated by the partially filled d-states: from anti-
ferromagnetic (AFM) Mott insulator to AFM charge-transfer insulator
(TM = Ti-Fe), then to paramagnetic narrow gap insulator LaCoQOs, and
finally to correlated metal LaNiO;"*". Several theoretical approaches were
dedicated to bridging the relationship between electronic, geometric, and
magnetic structures”™**. The key frontier orbitals that determine the func-
tionalities are mainly TM 3d, O 2p and their degree of hybridization"*™*.
Locally, the TM*" is coordinated by 6 O*” in an octahedron and La*" is
coordinated by 12 O”~ and intercalated in the cubic unit cell [Fig. 1(a)]. The
TM 3d orbitals hybridize with the O 2p"’ and the hybridization can be found
as a general feature of 3d TM oxides**. Higher TM 3d - O 2p hybridization
results in a delocalization of 3d electrons, an enhanced covalency, a lower
on-site Coulomb interaction, a higher hopping term, and a broader band
width. Covalency, which is associated with the hopping term in Hubbard
model has a direct impact on the superexchange, which is a crucial para-
meter to determine the alignment of spins. For example, an ionic framework
fails to describe magnetism in cuprates where covalency is significant
between Cu and O*. However, the degree of involvement of La orbitals in
the hybridization scheme remains ambiguous.

Resonant inelastic X-ray scattering (RIXS) is a spectroscopic technique
capable of probing the electronic structure and the elementary excitations of
a material®. The coherent second-order optical process is element- and
orbital-selective and has delivered important insights on a wide range of
functional materials, including transition metal oxides, quantum materials,
and correlated metals™ . Final states with constant energy loss represent an
intrinsic excitation energy. A schematic excitation of charge and orbital is
illustrated in Fig. 1b.

In this work, we revisit the TM perovskite oxides hybridization scheme
from the perspective of the rare-earth site. We present high-resolution RIXS
experiments at the La N, s-edges and determine the energy positions of the
’D, state (5p°4f' configuration) in LaMO; (M = Ti-Ni) and La,CuO,. We

observe chemical shifts and we link them to the spatial and energetic overlap
between TM 3d and La 4f, O 2s and La 5p. By combining the spectroscopic
observables with first-principle density functional theory (DFT) calcula-
tions, we evidence the electronic hybridization between La and TM in
perovskite oxides. The coupling mechanisms between La, TM, and O atoms
are explained with intra- and interatomic orbital hybridizations.

Results
Figure la depicts an illustrative perovskite crystal structure and relative
positions of the atoms in a LaMO;. The excitation and radiative decay
channels are shown in Fig. 1b. Two X-ray absorption (XAS) features similar
to those reported in Ref. 56 are observed, which correspond to the *D, and
’P, intermediate states. Due to being well self-screened, these two multiplet
features show no observable chemical sensitivity. If we resonantly excite the
electrons to the intermediate *D, (4d’4f') state, three main radiative decay
pathways are possible: (a) Elastic channel: The excited electrons relax back to
the ground state. (b) Charge transfer (CT) channel: Electrons from O 2p
shell refill the transient La 4d core hole. (c) Inner valence channel: A 5p
electron decays via electric dipole transition and refills a 4d hole. The latter
appears as a multiplet structure in the spectrum, which corresponds to
atomic multiplets of the 5p*4f' configuration®*. The present study exploits
the chemical shifts of the energetically lowest multiplet due to the change of
the chemical environment along the 3d TM perovskite oxide series.
Indeed, it has been recently evidenced that these multiplets show
chemical sensitivity, which indicates that hybridizations involving La 5p and
4f atomic orbitals affect the final state energy™. In a free-ion picture, the ’D,
state is the only pure state while the rest of the multiple states are mixed of
terms to some degree™. Previously, the *D, energy positions in a wide range
of La-containing systems were determined by the LaAlO; empirical model*.
As described in Ref. 56, this model consists of a double-Voigt fit where the
energy distances, the relative intensity ratios, and the intrinsic lifetime
broadening are constrained and chemical broadenings are coupled. We
apply this model to the perovskite compounds investigated in this work
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Fig. 1 | Resonant inelastic X-ray scattering (RIXS) process in perovskite oxides.
a General lanthanum perovskite oxide structure and scheme of orbital overlap based
on radial wave functions. TM represents transition metal ion. b Scheme of the X-ray
absorption and RIXS process in La. >D; and °P; depict the atomic terms of 4d’4f'
electronic configuration. Charge transfer between ligands and metal centers is

denoted as CT. ¢ High-resolution RIXS spectra and fitted result. The purple- and
green-dashed curves represent the *D; and *D, RIXS final states (electronic con-
figuration 5p’°4f'), respectively. The error bars are defined by the square root of the
cumulative photon counts.
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Fig. 2 | Resonant inelastic X-ray scattering (RIXS) chemical shifts and their
correlation to transition metal (TM) ionic radii. a RIXS °D; energy and TM ionic
radii as a function of nominal 3d electron counts. Note that the axis of the ionic radii is
plotted inversely. b Negative correlation between RIXS °D; energy and TM (and AI’*)
ionic radii in perovskite oxides and Ruddlesden-Popper La,CuO,. We define the error
bars as three times the standard errors” obtained from the model fits. Dashed linear
regression line serves as a guide to the eye. High-spin ionic radii are selected for panel (b).

[Fig. 1c]. The model captures the lineshapes and determines the energy
positions of the *D; RIXS final state. Moderate differences in the peak widths
(0.175-0.268 eV, details arelisted in supplementary Table S1) are attributed
to different degrees of chemical broadening. We note that strain and tem-
perature have a marginal influence on the La RIXS shift (See supplemen-
tary Fig. S1).

Figure 2a shows the energy of the °D, peak (in red) with respect to the
nominal 3d electron counts on the TM site. By comparing the structurally
similar perovskites, we first observe an increase of the peak energy when
increasing n from n=1 (Ti**) to n =6 (Co’*), i.e. when the 3d shell is half
filled. From # = 6 to n =9, as the 3d orbitals become doubly occupied and a
pronounced decrease is observed. The evolution of the °D, peak energy vs.
the number of 3d electrons is put in perspective with the TM ionic radii in

Fig. 2a in blue. The effective ionic radii are based on an octahedral crystal
field with a coordination number of six”. As the ionic radii are strongly
dependent on the local spin configuration, both high and low spin config-
uration radii are shown. On one hand, as the atomic number increases, the
increasing attractive Coulomb interaction between nuclei and electrons will
contract the radial wave function, which shrinks the ionic radius. On the
other hand, the increasing unpaired spin expands the radial distribution of
the electrons. These two aspects contribute to the monotonic increase of the
’D, peak energy with the decreasing ionic radii shown in Fig. 2b. We
especially highlight the highly covalent Ruddlesden-Popper cuprate
La,CuO,4 where the overlap between TM and La is further enhanced by
reduced charge and intercalation of La in the rock-salt layer. We also note
the fact that Co’" lies on the turning point, indicating that the highest
ionicity (lowest covalency) between La-TM might correlate with the optimal
cathode potential in Li-ion batteries®'.

In the following, we use density functional theory (DFT) calculations of
the element- and orbital-resolved density of states (DOS) in combination
with our experimental measurements in order to thoroughly understand the
different intra- and interatomic hybridizations at play in LaMOs.

Covalency is defined as the wavefunction overlap integral divided by
the energy difference®™’. By constraining the geometric structure, coordi-
nation number and varying the 3d electron numbers, we compare both
spatial-overlap-driven covalency (Experiment) and energetic-overlap-
driven covalency (Theory). A larger spatial orbital overlap is generally
associated with a higher hopping term, which leads to a broader band. The
results of our approach are summarized in Fig. 3.

From an energetic overlap perspective, our DFT calculations first show
a clear energetic overlap of the La 4f with TM 3d from Ti to Mn (n = 1-4).
Moving on to late TMs, the 4f band isolates from the 3d band. In addition,
TM 3d orbitals hybridize with the O 2p orbitals, which further intra-
atomically hybridize with O 2s, also known as O sp” hybrid orbitals. At last,
the O 2sand La 5p orbitals hybridize as they lie close to each other in terms of
energies. We note that even though La RIXS at N5 edges does not
directly probe the La 5d orbitals, intra-atomic 4f-5d hybridization was
proposed earlier®®. Therefore we cannot exclude the La 5d - La 4f
mechanism from the RIXS chemical shift. From crystal field’s perspective,
La 5d - O 2p interaction is expected to be larger than the TM 3d - O 2p due to
the extended radial distribution. Likewise, we cannot exclude the La 5d - TM
3d (O 2p) - La 4f hybridization pathways.

Orbital hybridization modifies the effective on-site Coulomb repulsion
U and hopping term t under Hubbard model. Hence, the hybridization is
associated with the band width. To further address the degree of hybridi-
zation, we analyze the La 5p and 4f band widths (W, and W} respectively),
extracted from the projected density of states by taking the energy difference
between the top and bottom edges of the La 5p and 4f peaks respectively. In
particular, states below 2% of the peaks maxima are neglected. First, we plot
the sum of the W, and Wy against RIXS energy [Fig. 4a]. The trend in
W, + Wyalong the 3d TM series is akin to the °D; RIXS energy. Figure 4b
displays how the W, and Wyevolve across the TM series: When going from
early TM to late TM, the 4f band shrinks, indicative of a more localized
character, while the La 5p band expands, indicative of a more itinerant
character. This can be partially rationalized by the increasing effective
nuclear charge of the TM. Heavier TM will shrink the effective ionic radius,
which decreases the overlap with the La 4f band. Therefore, while in early
TM perovskites the TM 3d band has moderate overlap with the La 4f band,
the La 4f starts to localize when going to late TM. This trend can be linked
back to the experimental observations: as the TM ionic radius decreases, the
3d orbital wave function has less overlap with the La 4f wave function.
Finally, we examine the layered perovskite La,CuO, which has an even
higher orbital overlap and a larger ionic radius due to the nominal charge
Cu*" and Ruddlesden-Popper structure. The increase in band widths and
RIXS red shift of La,CuO, observed in Fig. 4 further indicate high La-Cu
covalency besides the well-known Cu-O covalency. However, it is still
unclear whether it is the structure change or the ionic radius change that has
more contribution in the RIXS redshift.
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Conclusion

Our work demonstrates the direct observation of orbital-overlap-driven La-
TM and La-O hybridization via high-resolution RIXS °D; final state. By
increasing the orbital overlap between TM and La, we increase the band
widths and reduce the energy distances of the La 5p-4f transition. The
hybridization mechanism of the valence and conduction band is established
between La (4fand 5p), TM (partially filled 3d) and O (2p and 2s). With help
of DFT calculation, we observe that the 4f bands are getting more localized

when increasing TM atomic number, whereas the 5p electrons are getting
slightly more delocalized on the La atom in the LaMOj series. Our inves-
tigation provides experimental evidence for the previously hypothesized
role of covalency between La and the neighboring ions. The 4f covalency is
contributed from hybridization with the TM 3d, whereas the 5p covalency is
from the O 2s. Last, we further enhance the radial overlap between La and
TM by probing highly covalent layered perovskite La,CuQO,. An even larger
redshift in RIXS °D; is achieved by reduced-charge-enhanced ionic radius
and the intercalation of La atoms in rock-salt layers. The experimental result
suggests that the La atom does not just serve solely as a spacer but elec-
tronically contributes to the band formation in perovskite oxides and the
parent compound of cuprate superconductors.

Methods

The N, 5-edges RIXS experiments were performed at BESSY II (Helmholtz-
Zentrum Berlin) at the beamline UE112-PGM1 with the meV-RIXS
spectrometer® and beamline U49” with the SolidFlexRIXS end station®*. All
thin films were grown on SrTiO; (STO) substrate if not explicitly noted.
LaTiO;, LavVO;%, LaCrO;, LaFeO; (Nb:STO), LaCoO; (on STO and
LaAlOj; substrates)’®”!, LaNiOs, and La,CuO,4 (on LaSrAlO, substrate)”
thin films were grown by pulsed laser deposition. LaMnO; thin film was
grown by molecular-beam epitaxy. Single crystal LaCoO3 was grown by the
floating-zone method”. The samples were acquired from the laboratory
sources and details about synthesis methods and characterizations can be
found in the according references. The RIXS measurements were carried out
at room temperature at 10 mbar pressure with a linearly horizontally
polarized beam. The experimental geometry was defined with the incident
beam at 30° to the sample surface at a fixed scattering angle of 90" on the
horizontal plane. The combined spectral resolution is ~ 60 meV. Each RIXS
spectrum required at least 40 minutes data-acquisition time for sufficient
statistical counts.

Calculations were performed using the projector augmented wave
scheme as implemented in the VASP code’™ . Heyd-Scuseria-Ernzerhof
screened hybrid functionals’” have been employed for LaMO; with M = Ti-
Co and La,CuO,. Different values of the mixing parameter have been
chosen to better reproduce the experimental band gap. In particular, for
LaMO; we used the values reported in Ref. 41, while we chose « = 0.25 for
La,CuO,. The correlated metal LaNiO; has been described using the PBE
functional”, as even small corrections open an unphysical band gap*'. Low
temperature, experimental structures*"”” are used for all compounds.
k-point space is sampled with 4 x4 x4, 6 x6x 6 and 4 x4 x 2 grids for
M = Ti-Fe/M = Ni, M = Co and La,CuQ,, respectively.
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Data availability
Full RIXS datasets collected in this study are available from the corre-
sponding author upon reasonable request.
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