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covalency with the host material. For metallic lanthanum, La** ions
in mixed-covalent-ionic simple oxides and phosphates, and ionic
salts alike, we find a sizable chemical shift, indicating band-like and free-ion-like La. The different electronic relaxation of the La Sp5
hole and the La 4f' electron is discussed with local and nonlocal screening contributions. In addition, the energetics of the excitonic
La 5p°4f' Coulomb attraction is quantified in its variation from lanthanum metal to mixed-covalent-ionic La,O; and the ionic LaF;
salt. The power of the approach and analysis is applied to map the influence of geometric quantum confinement to La Sp sharing
within quantum dots and quantum wires in comparison to bulk-like microrods of monoclinic LaPO,.

Bl INTRODUCTION of La, the unoccupied 4f shell lies even higher in energy scale
and 4f orbital mixin§ with the ligand states is energetically
highly unfavorable.”””” Even though some work suggested the
contribution of RE 4f to chemical bond,**~*° it appears mostly

in higher oxidation states instead of typical trivalent
37,38

The f-block rare-earth (RE) elements (La—Lu) are present in
many compounds with a wide range of applications, including
phosphors,' ™ scintillators,”* superconductors,”” and solid-
state lasers™ as well as catalysts.'””'> The RE elements are
generally considered to be atomically localized species, mainly
caused by their highly localized frontier orbitals."*~"" This is in
strong contrast to actinides, where the Sf orbital is spatially
more diffused and evidenced to be involved in covalent bond
formation.”’"* However, recently both theoretical and
experimental work suggested that the REs contribute to band
formation and screening.”*~>’" Do the 4f-block REs participate
in chemical bonding, and which orbitals contribute to
covalency? How can this be linked to material functionality?
These still remain open questions.”®

Lanthanum, the simplest RE element from an electronic
structure perspective, occurs both as a metallic elemental solid
with the electron configuration [Xe]5d'6s® and as the La*" ion Received: March 27, 2023
isoelectronic to Xe. The frontier atomic orbitals are composed Revised:  May 12, 2023
of Sp, 6s, 41, and 5d. It is known and established experimentally Published: June 1, 2023
and theoretically from the RE series that in general the 4f states
are barely perturbed by the host material, causing narrow 4f
bands®~** and being considered “chemically inert”. In the case

compounds or in specific systems such as heavy fermions.
Sd and 6s shells’ participation in chemical bonding, on the
other hand, is generally accepted.”™*”*® The contribution to
covalency from pseudocore (inner valence) Sp shell is still
unclear.""** In lanthanides, the Sp shell is spatially extended
and penetrates into the core (Figure 1) which effectively
screens the 4f shell;** hence it is more favorable than the 4f
shell to form a spatial-driven covalent bond. Previous
experimental and theoretical studies indicate that the Sp in
the electronic structure yields a 220 eV shallow potential that
makes covalent bonding possible through inner valence
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Figure 1. Illustrative radial distribution probability for Sp, 4f, 5d, and
6s atomic orbitals of La’>". The wave functions are calculated at
Hartree—Fock level with segmented all-electron relativistically
contracted basis sets and ZORA relativistic Hamiltonian from Orca
package.*® The wave functions are analyzed by Multiwfn program.*’

molecular orbital formation.>>**** Note that throughout this

article, we define the intraactomic orbital hybridization (e.g,
sp> of carbon in CH,) as “hybridization”, and interatomic
metal—ligand bond as ”orbital mixing”.

With resonant inelastic X-ray scattering (RIXS) we can gain
insights into the energy and dynamics of charge, lattice, spin,
and collective excitations in solids and molecules."**’ The
RIXS energy loss or energy transfer quantifies the excitation

energy transferred to intrinsic excitations of the scatterer and
its host material. Lanthanum maintains in both its neutral
metallic charge state and La®" ionic state an empty 4f° shell.
Thus, RIXS at the La N, 5 edges leads always to a well-defined
La Sp°4f' final state independent of the host material.

In this work, we establish with unprecedented spectral
resolution the excitonic nature of the lanthanum Sp°4f' °D,
final state in RIXS at the La N, 5 edges and identify La Sp as a
descriptor of covalency. This is driven by both ground-state
interaction and the final state screening. For a systematic
evaluation of the various host materials, we compare metallic
lanthanum with a series of La** simple oxides, phosphates, and
fluoride. We observe scaling of the La Sp4f' final state energy
in mixed-covalent-ionic solid La*" systems with an increasing
band gap. The term “mixed-covalent-ionic” denotes ionic
crystals having a partially covalent character due to polarized
valence electrons. Metallic La is screened to a deviating, overall
lower La Sp*4f' final state energy. Ionic LaF; with highly
electronegative fluoride is at a deviating, overall higher La
Sp*4f' final state energy. The different electronic relaxation of
the La Sp® hole and the La 4f' electron is discussed with local
and nonlocal screening contributions. In addition, the
energetics of the excitonic La Sp°4f' Coulomb attraction is
quantified from underlying apparent screening factors. The
power of the approach and analysis is applied to follow the
influence of geometric quantum confinement to La Sp sharing
within shape-engineered quantum dots and quantum wires in
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Figure 2. (a) Scheme of resonant inelastic X-ray scattering (RIXS) leading independently of the lanthanum chemical state (metallic La or La**-ion)
via the 4d°4f' D, core-excited state to the excitonic La Sp*4f' D, final state. The excitonic nature of La Sp*4f' °D, gives a signature to quantify La
Sp covalent sharing. (b) X-ray absorption (XAS) step of the RIXS process created by resonantly core-excited 4d°4f' *D; multiplet state (La metal
and LaPO,:Ce, Tb in total electron yield; SrLaAlQ, in fluorescence yield). (c) RIXS via the La 4d°4f' °D, core-excited state. Region A: participator
or resonant elastic channel. Region B: charge transfer and charge fluctuation channel. Region C: La Sp4f' final state with four multiplet states, as
shown in panel. (d) La 5p’4f' final state with four multiplet states (°Dy, °D,, °F,, and 'D,). (e) High-resolution RIXS spectrum and peak
assignment of the *D; and °D, terms. All further analyses are based on the D, energy transfer peak position.
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Figure 3. (a) High-resolution RIXS spectra of the La 5p°4f' °D, and °D, final states of lanthanum metal, La,0;, SrLaAlO,, LaAlO;, LaPO,:Ce,Tb,
and LaF;. (b) La 5p*4f' D, peak position derived from the spectra of Figure 3a vs band gaps reported in the literature. The values are summarized
in Table 1. The linear regression is restricted to the mixed-covalent-ionic system and has R* = 0.999.

comparison to bulk-like microrods of mixed-covalent-ionic
LaPO,.

B EXPERIMENTAL SECTION

The X-ray absorption spectroscopy (XAS) and RIXS experi-
ments were performed at BESSY-II (Helmholtz-Zentrum
Berlin) at beamline U49°° with the SolidFlexRIXS end
station®’ for the overview RIXS spectra and at the UE112-
PGM1 with the meV-RIXS permanent end station®” for the
high-resolution RIXS spectra. The measurements were carried
out at room temperature at 10 mbar pressure with a linearly
polarized beam. The supporting XAS spectra were collected
with total electron yield (TEY) or fluorescence yield at 0.05 or
0.1 eV step. The excitation energy for RIXS was chosen at the
XAS °D, pre-edge resonance maximum position (101.8 + 0.1
€V). The high-resolution RIXS spectra were acquired from the
meV-RIXS spectrometer and were composed of fwhm =~ 45—
60 meV instrumental resolution and samples’ natural lifetime
and chemical broadening. Eight different La-containing
samples were investigated in this work and were sorted as
follows. Samples from noncommercial sources were obtained
from the referenced source. Single crystal: LaAlO; (Alineason),
SrLaAlO, (Alineason). Polycrystalline: La metal (99.9%, Alfa
Aesar), LaF; (broken crystal, Alfa Aesar). Amorphous powder:
La,0; (99.9%, Alfa Aesar). Nanoparticles: LaPO,:Ce, Tb
quantum dot (QD),” LaPO, 30 nm quantum wire (QW,
synthesis modified from Riwotzki et al.’’), and LaPO,
microrod (synthesis modified from Wang et al).>* Character-
ization and detailed synthesis are provided in Supporting
Information Figures S4—S6.

B RESULTS AND DISCUSSION

Figure 2a depicts how the La Sp*4f' final state is created in
RIXS at the La N, 5 edges. In the first step, XAS at the La N,
edges, the La 4d electron is excited to the La 4d°4f! core-
excited intermediate state. Then, radiative decay leads to La
Sp°4f' final state, which occurs for lanthanum independent of it
being neutral or ionic. In detail, the XAS step in lanthanum is
characterized by a dipole-allowed giant resonance and spin-
forbidden satellite states, on which we focus in the present
study. The dipole-allowed giant resonance is the strong
symmetry-allowed transition from the 4d shell to the 4f state
with 'P, symmetry. Since the contracted 4f radial wave

1

1113

function interacts significantly with the transiently created 4d
core hole, Coulomb and exchange interactions lead to satellite
multiplets below the giant resonance. These spin-forbidden
*P,, °D, XAS satellites of lanthanum are reached via spin—orbit
coupling within the total angular momentum ] = 1
manifold.*”**7>% The atomic nature of the °P, and °D, states
causes their presence for all lanthanum-containing systems
alike independent of being neutral La or ionic La** or its
specific chemical environment*”*”°*% (see Supporting
Information, Figure S1). Charge-transfer satellites were not
observed in all samples’ XAS, which further indicates the
chemically inert 4f states without intraatomic hybridization or
orbital mixing with the ligands. The *D; state has an order of
magnitude higher absorption cross section in comparison to
the *P, state. We thus resonantly core excite our La containing
systems always into the La 4d°4f' *D, absorption resonance as
shown in Figure 2b at 101.8 eV (dashed lines in Figure 2b)
with +0.1 eV incident photon energy bandwidth and
uncertainty. The slight system-dependent shifts on the sub
(#0.1 eV) scale can be attributed to channel interference from
the tailing of the 'P; giant resonance due to autoionization.”’
As shown in Figure 2c, this resonant excitation at the La 4d°4f'
°D, absorption resonance leads to characteristic La RIXS
spectra. Peak A is the participator or elastic contribution.
Feature B is assigned to the charge transfer from the occupied
ligand band to the empty 4f band (4f'L).*” The intensity of
peak B arises from the coupling of the 4f'L state to the Sp>4f'
state; this strong coupling transfers Sp*4f' character to peak B.
Feature C (yellow-shaded region) at 18—24 eV energy transfer
stands for the atomic multiplets of the La Sp°4f' final state.”>*’
Here, the RIXS symmetry selection rule gives access to four
multiplet final states (°D;, °D,, °F,, and 'D, (Figure 2d).
Those are a subset of the 12 discrete states that the La Sp>4f'
electronic configuration allows for in the free ion J;I coupling
scheme.®’ However, six states thereof have been identified
using the sliding spark technique®" with significant deviation
from pure J;1 coupling due to the 4f contraction and
concomitant Sp—4f orbital interaction. In a nutshell, all levels
are of mixed nature except for the energetically lowest *D,
state. For this reason, we base all further analysis on the La
Sp°4f' *D, RIXS final state shown in Figure 2e, since the high
spectral resolution®” allows us to distinguish the *D; and °D,
contributions, which were inseparable in previous work.*”>”
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We also note that the excitonic nature has been evidenced
earlier by detuning experiments which prove the peaks we are
observing are constant-loss features.”’

Figure 3a shows the experimental RIXS data of the La Sp*4f!
*D, and °D, final states of lanthanum metal, La,0;, SrLaAlO,,
LaAlO;, LaPO,:Ce, Tb, and LaF; measured with unprece-
dented subnatural line width spectral resolution of 45—60 meV
at the meV-RIXS experimental station of BESSY IL>* Gradual
shift of the leading edge and different broadening are observed.
As XAS and RIXS both possess charge-neutral final states, the
peak broadening and energy shift must stem from chemical
sensitivity. If we simply fix the Gaussian parameters to the
spectral resolution and fit all the RIXS spectra with two Voigt
profiles, inconsistent energy separation and relative intensities
are found in the fitted result. It indicates in some samples,
especially non-single crystal ones, the broadening is rather
governed by the chemical broadening instead of intrinsic
lifetime and instrumental broadening. We first fit the *D; and
’D, peaks from single crystal LaAlO; by two Voigt profiles with
Gaussian parameters fixed to spectral resolution, and the other
parameters are set free (Figure Ze). We extract the energy
position separation (0.212 eV), relative intensity ratio
(1.016:1), and Lorentzian parameters (yp; = 0.103 eV, yp, =
0.169 eV) of the two peaks and define this as our empirical
model. We then apply this model to fit all samples by fixing the
energy separation, relative intensity ratio, and Lorentzian
parameters, and we constrain the Gaussian parameters to be
coupled between °D; and D, peaks. This stringent model has
the physical meaning that the atomic nature is conserved and
both peaks have identical isotropic chemical broadening. At
first glance of the fitted results (Figure S2, Table S1), it is clear
that only single crystal samples possess the well-defined
atomic-like lineshapes. The other samples are having more or
less different degrees of chemical broadening. Chemical
inhomogeneity leads to multiple shifted features and gives
rise to a single composite feature. Using the same fitting
strategy with fixed Gaussian to spectral resolution and coupled
Lorentzian as free parameter, on the other hand, does not
capture the line shape better (Figure S3, Table S2), which
suggests that lifetime is less likely to be the dominant
broadening mechanism.

The only discrepancy of our empirical model was found in
LaF;, where the energy separation needs to be reduced to
better capture the line shape. We attribute the smaller energy
separation to different Slater integral, which originates from
different Coulomb interaction, partially from nephelauxetic
effect, between LaF; and LaAlO;.

Since *D is the lowest in energy and is the only pure state in
Sp°4f' configuration, we define the upper boundary of the *D,
state by fitting all spectra to unconstrained single Voigt. The
single Voigt peak center is always greater than or equal to the
RIXS peak maximum. The lower boundary is then defined by
the leading-edge fit, where we select the lowest limit from
either fixed-Gaussian or fixed-Lorentzian model described
earlier. We then define the two boundaries as the uncertainty
region in energy position. The fixed-Lorentzian fitted La Sp>4f'
D, peak positions and the boundaries are summarized in
Table 1 and put into perspective with the reported band gap
values of the respective materials. The data and uncertainty
region from Table 1 are displayed in Figure 3b. We note that
the error bar indicates the uncertainty we defined earlier but
not the standard error.

Table 1. Fitted Result of La 5p*4f' D, Peak Positions
(Based on Fixed Lorentzian Parameters), Estimated
Uncertainty Region, and Band Gap Energies

3D, center upper lower band gap

sample (eV) boundary (eV) boundary (eV) (eV%
La metal 18.62 18.71 18.59 0
La,O, 18.72 18.81 18.69 437
SrLaAlO, 18.86 18.92 18.83 5%
LaAlO, 18.96 19.03 1893 5.6%
LaPO,:Ce,Tb 19.38 19.47 19.36 8%
LaF, 19.44 19.48 19.42 9.7%

We observe a gradual increase of the La Sp*4f' *D, final state
energy transfer in the spectra with increasing band gap energy
of the materials. This suggests the general observation that the
chemical sensitivity of the La Sp°4f' °D, final state energy
might trace covalency or electronegativity. First of all, we
identify three regions depending on bonding type (local) and
band gap (global) shown in Figure 3b: the metallic lanthanum
(red-shaded, no band gap), the highly ionic LaF; (blue-shaded,
band gap = 9.7 eV), and the mixed-covalent-ionic simple
oxides and phosphates (green-shaded, band gap = 2—8 €V).
The La 5p*4f' *D, resonantly excited RIXS final state is charge
balanced as is the ground state. Thus, all variations in the final
state energy stem from accommodating the localized 4f' charge
involving strongly the Sp® electrons that are influenced in a
varying degree of covalency with the host material. In
lanthanum metal, even the 5d'6s® valence electrons contribute,
leading to the lowest observed La Sp*4f' *D, final state energy.
The insulating materials are lacking these mobile electrons,
which results in an offset of the final state energy scale. Within
this line of reasoning the highly ionic LaFj; salt, caused by the
high fluoride electronegativity, reduces the charge density at
the metal center. This is reflected in the highest La Sp*4f' °D,
final state energy of the series. The chemical shift seen in Sp
hence indicates the degree of covalency. Even though it is
difficult to differentiate the contribution from direct Sp
bonding and hybridization (with Sd/6s)-mediated covalent
bonding, effectively the covalency influences the Sp RIXS
energy position.

From 3d XPS*” we know that the ground state in La,O; is
4f° + 4f'L with charge transfer A = 12.5 eV, yielding the 4f'L
antibonding peak at 12 eV. Similarly, the intermediate state is
4d°4f" + 4d°4fL, with similar A, which implies that the 4d°4f'
is again more than 99% pure. One would then also expect that
the Sp*4f' will be more than 99% pure, but several mechanisms
will create a mixing of states. The Sp*4f' has large multipet
splitting, implying that the highest multiplet states of Sp 4f'
overlap with the lowest multiplet states of 5p54f2L. This will
mainly affect the highest multiplet 'D, state (Figure 2d), as is
visible in the experiments. There are other charge transfer
mechanisms at play, including the mixing with 4f'L (creating
peak B) and the charge transfer of the Sd and valence
electrons, where we note that these charge transfer effects will
become stronger when the band gap gets smaller.

We further link the local excitation process to the global
band structure: the mixed-covalent-ionic simple oxides and
phosphate show a linear dependence of La Sp*4f' °D, final
state energy with the band gap reflecting a decreased charge
sharing toward larger band gaps. From a beyond-local
perspective, “larger band gap, weaker screening” is the general
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Figure 4. (a) Scheme and energies of the screened Sp° hole, the 4f' electron, and the 5p*4f' Coulomb attraction embedded to the lanthanum metal,
the mixed-covalent-ionic La,0; solid, and the highly ionic LaF; salt. The atomic localized 4f level defines a natural reference level. (b) Tabulated
values of BEg: 5p® hole state binding energy, €,;, 4f' electron orbital energy and the additional Usssp Coulomb attraction of the screened 5p® hole
with the screened 4f' electron. The graph shows the apparent screening factor with the 4f' as an atomic reference level for the lanthanum metal, the

mixed-covalent-ionic La,O3, and the highly ionic LaF; salt.

concept for exciton which might link to the universal scaling
established earlier in 2D semiconducting systems.®”*®

Further analysis is performed by assuming a fully localized 4f
level, and we set 4f as our reference state. The assumption is
based on our XAS data where no hints of chemical sensitivity
were observed. Previous reports also stated that the
perturbation of 4f level,””~”" which can be understood under
the nephelauxetic effect, is at least an order of magnitude
smaller in comparison to the ~0.9 eV chemical shift observed
in our RIXS data. Hence, we can also see the lanthanum Sp>4f'
’D, final state as a sensor of the Sp sharing within the host
lattice, which means 5p is the leading term. In the following
and as a further step, we show how to assess the energies of the
Sp°® hole and the 4f' electron independently and then extract
the excitonic electron—hole Coulomb attraction as well as the
screening factor. Let us derive these energies for the lanthanum
metal, the mixed-covalent-ionic La,O; and the highly ionic
LaF; salt as shown in Figure 4a. In a single electron picture, the
measured RIXS excitonic Sp°4f' final state energy can be
expressed as Eppxs(span = BEsp + €4 + Ulgsp,y where BEg, is the
single hole Sp® electron binding energy, €4 is the singly
occupied 4f' orbital energy, and Ulgsp stands for the Coulomb
attraction between the 4f' electron and the 5p° hole.””

For lanthanum metal, mixed-covalent-ionic La,O5 and ionic
LaF, salt, the Sp° electron binding energies are readily available
from photoemission data’” and tabulated within Figure 4b. So
are the 4f' €, values from X-ray photoelectron spectroscopy
(XPS), electron energy loss spectroscopy (EELS), and
Bremsstrahlung isochromat spectroscopy (BIS).”” Although
the character of the host material changes from metallic to
ionic, the La Sp° hole energy BE;, changes only a few eV,
whereas the 4f' ¢, orbital energy varies by almost 10 eV.
Effectively, the atomic localization of the 4f' electron vs the
partially shared nature of the Sp> hole within the La Sp shell
makes the 4f' electron apparently experience a relatively
stronger intra- and interatomic relaxation and screening in the
respective host materials in comparison to the free ion. The
screening itself varies from metallic to dipolar or charge
transfer screening. Most notable, the screening of the Sp° hole
and of the 4f' electron still leaves room for the attractive
Coulomb interaction between the already screened Sp° hole
and the screened 4f' electron, leading to the excitonic La
Sp°4f' 3D, final state energy Epixs(spary measured in our RIXS
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experiment. Thus, our measurements allow extracting the
attractive Coulomb interaction energy between the screened
5p° hole and the screened 4f' electron Usgsp = Erixs(spat) — €
— BE;,. We note that even in the metallic lanthanum, the
atomic nature of the screened 4f' electron must be maintained
by additional Coulomb attraction to the Sp charges, and thus a
sizable excitonic Coulomb energy Ujs, of approximately —4
eV occurs. Let us finally take the localized 4f' state as a natural
reference level and plot in Figure 4b the apparent screening
factor BEg, + Uy, in which the local and nonlocal screening
are captured. The metal has the best screening, whereas in
oxides the hole is partially screened via covalent interaction.
The highly electronegative F~ withdraws the charge in its ionic
lattice and hence prohibits electron sharing. Since all La-based
compounds share the same Sp4f' final state, our RIXS data are
consistent with the independent spectroscopic methods.

We can now utilize our established sensitivity of La Sp by
looking at the changes in delocalization undergoing geo-
metrical quantum confinement.”’*”* By keeping the bond
length, coordination, and local geometry equivalent in LaPO,,
namely, monoclinic structure, we prepared 0D, 1D nanostruc-
ture and bulk samples: LaPO,:Ce, Tb quantum dots (QD),
LaPO, quantum wires (QW), and bulk-like LaPO, micro-
crystals. Diffuse reflectance spectroscopy (DRS) measurements
(Figure S7) show confinement for the nanoscale objects, and
only the bulk samples possess clear band-like absorption in the
lower energy window. Figure S contains the La Sp°4f' °D,,
final states RIXS spectra and peak positions in direct
comparison for the bulk-like microcrystals without quantum
confinement (microrod, 3D electron system), the 4 nm
nanoparticles with quantum confinement in all dimensions
(quantum dot, 0D electron system), and the 30 nm long
nanowire structures with confinement in two directions
(quantum wire, 1D electron system). We observe how
increased quantum confinement shifts the La Sp*4f' °D,,
final state energy to higher transfer energies in comparison
to the bulk-like microcrystals. We note that the La Sp°4f' °D,,
final-state spectrum of the 30 nm quantum wire shows signs of
both confinement and bulk-like properties in its spectral shape.
This reflects the fact that depending on the relative spatial
orientation to the geometric shape, two dimensions are
confined, whereas the direction along the quantum wire
remains unconfined. Hence the RIXS spectrum captures even
the anisotropy of the confinement and the valence electron
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Figure S. RIXS spectra of the La Sp*4f' °D,, final states of the mixed-
covalent-ionic LaPO, quantum dot (QD), quantum wire (QW), and
bulk-like microrods. Sensitivity to the modified Sp sharing from
geometric constraint occurs despite the identical local bonding within
the base material LaPO,. Note the presence of quantum-confined and
bulk-like features in the geometrically anisotropically confined
quantum wires.

sharing within the quantum wire structure. Based on the
LaPO, confinement study in charge-neutral well-screened
RIXS final states, we can thus differentiate band-like and free-
ion-like La, which is consistent with the benchmark materials.

B CONCLUSION

We demonstrate the use of La Sp as covalency descriptor in
RIXS experiments. With help of unprecedented spectral
resolution, we establish an empirical model from single crystal
LaAlO; and use this model to determine the La Sp°4f' °D,
RIXS final state energy positions in benchmark samples. The
La 5p*4f' D, RIXS final state exists for all host materials alike,
but its energy is highly sensitive to the screening environment
and the degree of covalency. As a result, the La Sp can serve as
atomic sensor and differentiate band-like and free-ion-like La
between La metal, mixed-covalent-ionic La*" simple oxides and
phosphates as well as highly ionic LaF; salt. The excitonic
character of the La Sp*4f' *D; RIXS final state also allows us to
verify our established relationship in an impurity model to
independent relaxation energies of the La Sp® hole state, the La
4f! electron, and the Sps4f1 Coulomb attraction from XPS,
EELS, and BIS measurements. Finally, we apply our technique
to visualize quantum confinement and its geometric anisotropy
with regard to valence electron sharing in mixed-covalent-ionic
LaPO,.
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