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ABSTRACT: We performed a systematic study of the complexes
of trivalent lanthanide cations with the hydridotris(1-pyrazolyl)-
borato (Tp) ligand (LnTps; Ln = La, Ce, Pr, Nd, Sm, Eu, Tb, Dy,
Ho, Er, Tm, Yb, and Lu) using both high-energy-resolution
fluorescence-detected X-ray absorption near-edge structure
(HERFD-XANES) and resonant inelastic X-ray scattering
(RIXS) at the lanthanide L, absorption edge. Here, we report
the results obtained and we discuss them against calculations
performed using density functional theory (DFT) and atomic
multiplet theory. The spectral shape and the elemental trends
observed in the experimental HERFD-XANES spectra are well
reproduced by DFT calculations, while the pre-edge energy
interval is better described by atomic multiplet theory. The RIXS
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data show a generally rather complex pattern that originates from the intra-atomic electron—electron interactions in the intermediate
and final states, as demonstrated by the good agreement obtained with calculations using an atomic-only model of the absorber.
Guided by theoretical predictions, we discuss the possible origins of the observed spectral features and the trends in energy splitting
across the series. The insight into the electronic structure of trivalent lanthanide compounds demonstrated here and obtained with

advanced X-ray spectroscopies coupled with theoretical calculations
great interest for all research fields involving lanthanides.

1. INTRODUCTION

The 15 chemical elements with atomic numbers from 57, that
is, lanthanum (La), to 71, that is, lutetium (Lu), constitute the
lanthanide series. These elements are of tremendous relevance
in industrial, technological, and scientific domains. Lanthanides
and their compounds are widely used in various fields, such as
catalysis, metallurgy, ceramics and glass production, electronic,
renewable energy, and biomedical devices.'™ A distinctive
feature of the lanthanide series is the progressive filling of the
4f electronic shell, which confers many remarkable physical
and chemical properties to lanthanide compounds.' The
presence of a partially filled 4f shell, which is weakly involved
in chemical bonding but determines many of the phys-
icochemical properties of lanthanide compounds, stimulates
considerable scientific interest in the fundamental under-
standing of its electronic structure. In these respects,
systematic studies comparing isostructural complexes having
different lanthanides as a metal center are particularly useful to
correlate specific trends in the electronic structure to chemical
properties.

X-ray spectroscopies are powerful element-selective methods
to investigate the electronic structure of matter.”* Different
techniques belonging to this family are widely applied to
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can be applied to any lanthanide-bearing compound and be of

investigate lanthanide-containing materials, for example, X-ray
absorption near-edge structure (XANES), resonant inelastic X-
ray scattering (RIXS), X-ray emission spectroscopy (XES), X-
ray photoelectron spectroscopy (XPS), and X-ray magnetic
circular dichroism (XMCD)."*~*' Nowadays, the possibility of
performing XANES in the high-energy-resolution fluorescence-
detected (HERFD) mode is of particular interest for the
lanthanide series. The conventional L;-edge XANES of
lanthanides is broadened by the large 2p core-hole lifetime.
The HERFD mode of detection allows a great improvement of
energy resolution and sensitivity.””*” In this mode, the X-ray
absorption spectrum is measured by selecting only a small
bandwidth around the maximum of a characteristic fluo-
rescence line and the resulting spectral broadening is a
combination of the core-hole lifetimes of the intermediate and
final states. For the lanthanide series, the gain in resolution at
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the L; edge is remarkable. In particular, the pre-edge features
originating from quadrupolar transitions to the 4f states,
invisible in conventional XANES, are well resolved. As a result,
HERFD-XANES on lanthanides can probe at once the 4f shell
(at the pre-edge) and the Sd shell (at and beyond the main
edge), where the first determines the oxidation state and the
second is involved in bonding. However, one should be very
careful when interpreting a HERFD-XANES spectrum because
additional features may arise due to the presence of a shallower
core hole in the final state.” RIXS spectroscopy, which records
the scattering cross section along both the incident and
emitted energy axes, considerably helps in the correct
interpretation of experimental spectra.”*®''~"7 The com-
bined use of HERFD-XANES and RIXS was shown to be a
rather powerful approach to investigate transition metal,”
actinide,”* and lanthanide® compounds.

Systematic X-ray spectroscopy studies, where a set of
isostructural samples hosting different metal centers are
investigated, are particularly helpful to understand which
information can be extracted from the spectra. As for
lanthanides, these studies are very rare. One first challenge is
represented by the synthesis of the series of isostructural
samples. If, on the one hand, the whole lanthanide series share
a common stable oxidation state, that is, Ln%",’ making it easy
to fulfill valence requirements, the ionic radius markedly
decreases when going from La to Lu, making it hard to
maintain the same structure throughout the series. To the best
of our knowledge, there are only a few reports on the synthesis
of lanthanide-containing isostructural compounds at
present.”> " In almost all cases, the isostructural complexes
are formed with multidentate ligands that demonstrate enough
flexibility to accommodate ions of different sizes while
encapsulating them within a fixed coordination environment.*’
Hydridotris(1-pyrazolyl)borato (Tp) is a widely applied
tridentate ligand with chemical formula of [HB(C;N,H;);]7,
which is known to form stable complexes with lanthanides.”>**
Using this ligand, we succeeded in overcoming the highlighted
chemical challenge and synthesized the stable Tp complexes
with a series of trivalent lanthanide compounds (Ln*") that are
isostructural over almost the entire series.

In this work, we present experimental L;-edge HERFD-
XANES and 2p3d RIXS on the series of LnTp; complexes (Ln
= La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb, and Lu)
and analyze the experimental results with theoretical
calculations based on the density functional theory (DFT)
and the atomic multiplet theory for XANES and RIXS,
respectively. The isostructural LnTp; (Ln = La, Pr, Nd, Sm,
and Eu) complexes were chosen as the model series for DFT
calculations of the lanthanide XANES spectra. The whole
lanthanide series was computed using the atomic multiplet
theory because, as explained later, the pre-edge transitions
measured by RIXS spectroscopy are mainly affected by atomic
electronic interactions and the structure of the complex has
limited effect. We show the sensitivity of specific postedge
features to the local environment, bond distances and cation
type by the analysis of edge and postedge XANES regions. On
the other hand, we demonstrate that atomic multiplet
calculations nicely reproduce the complexity observed in
RIXS measurements of the pre-edge region. We additionally
discuss RIXS and pre-edge HERFD-XANES, which are simple
RIXS cuts, to highlight the importance of collecting the full
RIXS plane for a correct interpretation of the observed
features.
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2. EXPERIMENTAL AND THEORETICAL DETAILS

2.1. Sample Synthesis. The complexes have been synthesized by
the reaction of the lanthanide trichlorides with K[HB(N,C;H;);]
(KTp), following the procedure described in the literature.”* The
LnTp; compounds from La to Tb are nine-coordinated, while the
compounds of the heavier ions (Dy to Lu) are eight-coordinated.
Detailed structural and spectroscopic investigations have been carried
out on LnTp; (Ln = La, Ce, Pr, Nd, Sm, Eu, Tb, and Yb). 3%

2.2. Experimental Techniques. The experiment was performed
at the ID26 beamline of the European Synchrotron Radiation Facility
(ESRF) in Grenoble® using LnTps-pressed powder pellets. The
incident energy was selected using the (111) reflection from a double
Si crystal monochromator. Rejection of higher harmonics was
achieved by two Si mirrors working under total reflection at an
angle of 2.5 mrad. The emission energy for measuring XANES in the
HERFD mode and 2p3d RIXS spectra was selected using spherically
bent crystal analyzers (bending radius R = 1 m) aligned at the Bragg
angle, as detailed in Table 1.** The Ln HERFD spectra at the L, edge
were obtained by recording the intensity of the Ln L, emission line
as a function of the incident energy.

Table 1. Experimental Parameters and Crystal Analyzer
Reflections Set to Perform HERFD-XANES and RIXS
Measurements of the LnTp; Compounds

L, Bragg
lanthanide  edge L, line crystal angle estimated ener;
(Ln) (eV) (ev) analyzer (deg) resolution (eV
La 5483  4647.0  Si(440) 79.3 1.2
Ce $723 48392  Ge(331) 80.7 13
Pr 5964 50352 Si(331) 812 13
Nd 6208  5227.6  Si(331) 722 13
Sm 6716 56326  Si(422) 832 14
Eu 6977 58495  Ge(333) 76.7 14
Gd 7243 60534  Si(333) 78.5 14
Tb 7514 6272.9 Ge(440) 81.2 14
Dy 7790 64980  Si(440) 83.5 L5
Ho 8071 67200  Si(440) 74.0 Ls
Er 8358 69490  Ge(620) 85.7 L5
Tm 8648 71800  Ge(620) 74.8 1.6
Yb 8944 74160  Si(620) 76.7 L6
Lu 9244 74160  Ge(444) 82.6 1.6

2.3. Theoretical Calculations. XANES spectroscopy at the L;
edge of lanthanides probes both the 5d and 4f orbitals. While 5d
orbitals are involved in chemical bonding and therefore strongly
affected by the local environment, 4f orbitals are highly localized and
are only weakly affected by the surrounding atoms. Consequently, the
intra-atomic electron—electron interactions will be dominating for
transitions to the 4f orbitals, while they can be approximated for
transitions to the Sd orbitals.” Thus, we used two theoretical methods
to analyze the LnTp; spectra: first-principles calculations based on
DEFT to reproduce transitions to the Sd orbitals, that is, edge and
postedge regions of L; edge spectra, and atomic multiplet theory to
calculate the transitions to the more localized 4f orbitals, probed in
the pre-edge region of L;-edge spectra with 2p3d RIXS.

The XANES spectra of Ln** Ly-edge (Ln = La, Pr, Nd, Sm, and Eu)
were calculated with the FDMNES code that is based on DFT with
local density approximation.*> The calculations are relativistic
following Wood and Boring™ with a full treatment of spin—orbit
interaction, and the finite difference method is used to solve the
XANES equation. Both dipolar and quadrupolar transitions were
included, as well as scalar relativistic and spin—orbit effects. The
atomic potential around the absorber was calculated self-consistently
within a radius of 6 A, and the absorber was set to be excited. The
spectra were calculated in the energy range from —15 to +65 eV
relative to the Fermi level. The atomic coordinates of LnTp,
molecules were obtained by X-ray diffraction measurements on single

https://doi.org/10.1021/acs.inorgchem.1c01525
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crystals but were available only for a subset of lanthanides (La, Pr, Nd,
Sm, and Eu); therefore, only a subset of experimental data could be
calculated with this approach that requires the coordinates of a cluster
of atoms around the absorber as inf_ut. The computed XANES spectra
were convoluted after calculation.™

oo

1 I;
dEGnonconv(E)_ f
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)

Here, I'{(w) is the energy-dependent full width at half-maximum
(fwhm) of the Lorentzian function which accounts for the core-hole
broadening (I',.) and to the spectral width y(@) of the final state.
The convolution was limited to the unoccupied states which lie above
the Fermi level (Ej).

Ep
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The core-hole broadening (I'},;.), which for lanthanids has values
between 341 and 4.68 eV, was reduced to reproduce the high
resolution of HERFD-XANES spectra. The energy-dependent part
[y(w)] was calculated using an empirical arctangent model.*®

uf- 1)

1 1
IH(E — Eg) = Ly + Lo X | — + — arctan z
2 3

The best agreement between theoretical spectra and experimental
data was found for Iy, Iy (maximum width of the final state), E,
— Eperm; (the center of the arctangent function), and E; (width of the
arctangent function) set to 1.2, 15, 30, and 30 eV, respectively. A
subsequent convolution was done using a Gaussian function with a 1
eV fwhm. The smaller value compared to the experiment was used to
better distinguish features from the edge region.

The 2p3d RIXS planes corresponding to the 2p — 4f absorption
and 3d — 2p emission transitions were calculated with the multiplet
theory as implemented in the Quanty library*’~>° using the input files
generated by the Crispy graphical user interface.”’ We have used an
atomic representation to describe each system, that is, we did not
include the effect of the coordinating atoms. The multiplet
calculations are semiempirical, and, therefore, parameters are required
for the terms included in the Hamiltonian. We have used the suite of
codes developed by Robert Cowan®® to calculate the parameters
required for the present Hamiltonian, which included the electron—
electron term and spin—orbit coupling term (calculations details for
the parameters can be found in the Supporting Information). The
calculated values for the Slater integrals, which parameterize the
electron—electron interaction, and the spin—orbit coupling integrals
are tabulated in Table 2. In the spectroscopy calculations, the former
values have been scaled using a 0.8 factor to account for the intra-
atomic configuration interaction neglected in the Hartree—Fock
approximation (see pages 464—465 of ref 52 for a detailed
discussion). It is common practice to further tune these scaled values
to increase the agreement with the experimental spectra. However, as
detailed later in the text, this was not required in the present study.
The spectra are calculated using Green’s function approach, as
detailed in the Quanty publication,”’” and are shifted in energy to
match the experimental data. The Lorentzian broadening parameters
for the incident energy and energy transfer directions, corresponding
to the lifetime broadenings of the intermediate and final-state core
holes involved in the RIXS process, are applied as parameters in the
Green'’s function approach calculations (I in eq 3, ref 47). The two-
lifetime broadenings are set to the previously published values (see
Table S1)**** which were reasoned by a generally satisfactory
agreement with the fwhm values derived from the fitting of the
experimental RIXS data cuts. To better distinguish the features in the
theoretical RIXS data, we decided not to perform additional
convolution of the natural spectra by a Gaussian function which is
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commonly applied to account for the experimental broadening. The
energy step was set to be 0.3 eV in the incident energy direction and
0.03 eV in the energy-transfer one.

3. RESULTS AND DISCUSSION

3.1. HERFD-XANES Studies of the LnTp; Systems. The
experimental L;-edge HERFD-XANES of the LnTp; com-
pounds (Ln = La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb,
and Lu) are provided in Figure 1. To compare the results on a
common energy scale, the maximum of the absorption edge
has been set to zero. The spectra present four main spectral
features: the main absorption peak (so-called white line), some
pre-edge structures, and two postedge peaks. These spectral
features are marked in Figure 1 as W, A, B, and C, respectively.
The white line (W) and the postedge features originate from
2p®5d® — 2p°5d" dipolar transitions.”® The pre-edge features
(A) originate from quadrupolar transitions to the Ln*" 4f
orbitals, 2p°4f¥ — 2p°4f¥*!. The reason why quadrupole
transitions appear at lower energies than dipole ones is that the
intermediate state with an extra 4f electron (2p°4f¥*') is more
strongly bound than the intermediate state with an extra Sd
electron (2p°4f¥sd!).'*" Looking at the relative energy
positions of spectral features over the lanthanide series, it
can be noticed that the energy separation between the pre-edge
(A) and the white line and between the white line and the
second postedge peak (C) increases, while the energy
separation of the first postedge peak (B) and the white line
decreases (see Figure 1). Possible origins of the observed
trends will be discussed in the following section.

Figure 2 shows the comparison of experimental HERFD-
XANES spectra and finite-difference calculations on the
selected samples (LnTp; with Ln = La, Pr, Nd, Sm, and Eu)
for which experimental crystal structures were available.
Theoretical spectra are in very good agreement with
experimental data and the shift of the postedge features B
and C is reproduced, as indicated by the vertical lines
interpolating the maximum of features B and C along the
series. A closer look at the white line region reveals that the
calculated spectra for all examined elements present a fine
structure of the white line (W), specifically a shoulder on the
left side of the main peak that is not distinguished in the
experimental data. The effect can be observed in Figure 2 and
in Figure 3, which reports the detail of the edge region for the
calculated spectra and the density of states (DOS) of Ln and
Eu cases (Figures S1 and S2 shows La, Pr, Nd, Sm, and Eu
cases). Inspection of the projected DOS reveals that the fine
structure arises from the crystal field splitting acting on the Sd-
DOS. The local environment of the lanthanide atom consists
of nine nitrogen atoms in the tricapped trigonal prism
geometry (Dy, symmetry, see Figure 2). In this local symmetry,
d orbitals split into three groups as follows: d.* (a,"), d,>_, and
d,, (e’),and d,, and d,. (e”) (the d orbitals are provided in the
order of increasing energy as resulting from the finite-
difference calculations). The discrepancy may originate from
an overestimation of the attractive force of the core-hole
potential on d orbitals of different symmetries. At the same
time, the limited experimental resolution makes it difficult to
establish if the experimental spectral features are split,
especially by an amount smaller than that provided by
calculations. Increasing the Gaussian convolution of theoretical
spectra results in the vanishing of the fine structure of the
white line, but for Eu, the overall white line width after
additional convolution exceeds the experimental one (as

https://doi.org/10.1021/acs.inorgchem.1c01525
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Table 2. continued

“All values are in electronvolts. In the spectroscopy calculations, the Slater integrals were scaled by 0.8 to correct for the Hartree—Fock approximations (see the text for details). Only the unfilled orbitals

are shown in the configuration column.
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w Ln L; edge in LnTp,

Normalized intensity, arb. units
g
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Relative energy, eV

Figure 1. Experimentally measured XANES spectra of the Ln*" L,-
edge absorption in the LnTp; compounds (Ln = La, Ce, Pr, Nd, Sm,
Eu, Tb, Dy, Ho, Er, Tm, Yb, and Lu). For the sake of clarity, the
spectra have been scaled to the same maximum height and offset
along the Y-axis. The curves are shown in a unified energy scale, with
zero corresponding to the position of the white line (W). Other
spectral features (pre-edge structure and two postedge peaks) are
marked as A, B, and C, respectively. Maximal positions of feature C
are indicated with crosses. Dashed and dotted lines are guides to the
eye.

shown in Figure S3, EuTp; exhibits the highest crystal field
splitting of the white line across the series). Therefore, we
conclude that the crystal field splitting is overestimated by
calculations, and it is not distinguished in experimental data
due to limited energy resolution.

Another difference between experiments and calculations is
the presence of low-intensity spectral features at ca. 2 eV above
the Fermi level in the theoretical spectra (see Figures 3 and
S2) which are not visible in the experiment. The projected
DOS shown in Figure 3 demonstrates that these features stem
from transitions to relatively low-lying states of d symmetry,
hybridized with p orbitals of ligand atoms (Figures 3 and S2
show, as an example, the calculations for nitrogen atoms), as
indicated by the superposition of the outlined DOS. The
presence of the low-intensity features in the theoretical spectra
may again be related to an overestimation of the attracting
effect of the core-hole potential, which pulls down the
projected DOS (the effect of a core hole on the calculated
spectra of LaTp; and projected DOS is shown in Figure S4).

The first postedge peak observed in the experiment, feature
B, is reproduced by calculations and originates from d states as
it could be concluded from the inspection of the projected
DOS of the lanthanide atom (see Figures 3 and S2). According
to the finite-difference calculations, a noticeable contribution
of the ligand p orbitals occurs at the position of feature B,
suggesting possible hybridization of the ligand p and metal d
orbitals of the absorbing atom in correspondence with this
feature. However, finite-difference-calculated XANES of the
LaTp; molecule with different cluster radii shows that feature
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Figure 2. XANES spectra of the Ln*" L;-edge absorption in the LnTp; compounds (Ln = La, Pr, Nd, Sm, and Eu): experimentally measured (a)
and calculated with the finite-difference calculations (b). For the sake of clarity, the spectra have been scaled to the same maximum height and
offset along the Y-axis. The curves are shown in a unified energy scale, with zero corresponding to the position of the white line (W). Other spectral
features (pre-edge structure and two postedge peaks) are marked in the left panel as A, B, and C, respectively. Dashed and dotted lines are guides to
the eye. The fragment of the NdTp; structure (Nd and the first coordination shell of Dy, symmetry) is provided in the right panel. Bond lengths are
in angstroms.
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Figure 3. Finite-difference-computed ligand DOS (Ln** cation d- and f-orbitals and N atom s- and p-orbitals) and normalized XANES spectra (left
panel); d.3 d2_> and d,, d,,, and d,, orbitals of the lanthanide atom (right panel) in the LaTp; and EuTp; compounds. The experimental spectra
are provided with the dashed—dotted lines. The spectral intensities have been scaled to the same maximum height, while the ligand DOSs are
presented in arbitrary units (note that the ligand DOSs are scaled by the factors indicated in the legend). The theoretical curves are shown in a

unified energy scale, with zero corresponding to the position of the white line. The Fermi-level positions are marked with vertical dashed lines. The

experimental spectra are aligned along the X-axis to match the theoretical data.

B appears only when including atoms beyond 3 A, that is,
second nearest neighbors. Furthermore, the energy separation
between feature B and the white line increases with the
enlargement of the cluster radius (see Figure SS). This result
implies that distant coordination shells contribute to the
intensity and the relative position of feature B, which therefore
cannot be ascribed to hybridization with only nearest
neighbors. It can be concluded that this feature originates
from the promotion of a photoelectron to the continuum states
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of d symmetry (as suggested by Bartolomé et al.'').
Furthermore, it is worth noticing that feature B, observed in
the L;-edge XANES spectra of several Ln,O; substances, was
also interpreted in terms of continuum resonance caused by
more distant coordination shells,” which supports the present
assignment.

As could be seen in the experimental spectra in Figure 1, the
energy gap between the white line and feature B gradually
decreases from La to Lu. The decrease of the separation
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presumably results from the increased screening of the core
hole by the f electrons, leading to a weaker attraction of the 5d
states and, therefore, to a higher energy position of the white
line. Because the d states originating feature B are in the
continuum, they are less affected by the core hole and the
position of feature B remains unaffected by the additional
screening. The experimentally and finite-difference-calculated
energy gaps between feature B and the white line for La, Pr,
Nd, Sm, and Eu are provided in Figure 4. We may notice that

La Ce Pr Nd Pm sm Eu
32 [ T T T T T T : —
30 _ % { % £ % -------- % _
SO N SN SRR AN v SR T
©
s 28} ]
: i
©
§ sl 1 I
> m Experiment (B)
§ ® Experiment (C)
g A FDMNES (B)
" v FDMNES (C)
T S % % v FDMNES (C) + 3.015 eV
6 C -
1 1 1 L R . .
57 58 59 60 61 62 63

Atomic number

Figure 4. Dependence of the energy separation between the white-
line position and the maximum of the feature B (feature C) on the
atomic number of the absorbing lanthanide atom obtained by the
analysis of the experimental L;-absorption-edge XANES spectra of the
LnTp; compounds (B, squares; C, circles) and the corresponding
spectra calculated by the FDMNES code (B, apex-up triangles; C,
solid apex-down triangles). To fit the experimental data for feature C,
the offset of 3.015 eV was added to the finite-difference calculated
values (empty apex-down triangles). The offset value was obtained by
the least-square fitting procedure. Dashed lines are guides to the eye.

the relative positions of the maximum of feature B, as
calculated by the FDMNES code, are in good agreement with
the measured ones within the experimental error. To
investigate the dependence of feature B on bond distances
and the lanthanide species, we performed finite-difference
calculations in which La was placed in different Tp; structures
(see Figure SS). Interestingly, the relative position of feature B
is approximately constant in these calculations, in contrast to
feature C that follows the same trend shown in the
experimental spectra despite the change of the lanthanide.
This result indicates that weak structural variations have little
impact on feature B, which appears to be more affected by the
lanthanide species and confirm the fact that screening of the
core hole by f electrons might be the reason for the observed
changes.

As shown in Figure 2, finite-difference calculations also
reproduce the second postedge peak observed experimentally
(labeled C in Figure 1). The experimental energy separation
between the maximum of feature C and the white line
increases from La to Eu (Figure 1). Theoretical calculations
well reproduce this elemental trend. However, an offset of ca. 3
eV to the theoretical values is needed to achieve agreement
with the absolute position (see Figure 4). A similar
disagreement has already been observed at L; edges of heavy
elements and may be due to the underestimation of the
attracting effect of the core-hole potential on the white line or
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to other factors affecting the position of the spectral features
involved. The shift to higher energies of feature C when going
from La to Eu recalls the behavior of a postedge feature
corresponding to a bond that shortens across the series.
Indeed, analyzing the structure of LnTp; (Ln = La, Pr, Nd, Sm,
and Eu) used for calculations, one can see that the R(Ln—N)
distance decreases from La to Eu (Eu 2.53 A < Sm 2.54 A <
Nd 2.60 A < Pr 2.61 A < La 2.65 A). A similar decrease of
nearest-neighbor distances across the series, previously
observed for other isostructural complexes of lanthanides,
was ascribed to lanthanide contraction.””™*' Further con-
firmation of the structural nature of feature C comes from the
finite-difference calculations where lanthanum was placed
inside the Tp; structures of Nd and Eu (see Figure SS). The
relative position of feature C increases with the decreasing
R(Ln—N) distance and is not significantly affected by the
nature of the lanthanide.

It is worth noting that feature C appears already for clusters
including only the nearest nitrogen atoms, indicating that
multiple scattering from the closest nitrogen atoms is the main
contributor to this feature (see Figure S5). Calculations with
smaller convolution parameters show that feature C consists of
two peaks that are unresolved experimentally, and this
probably reflects the splitting of the first-shell bond lengths.
The first shell of the lanthanide atom consists of six nitrogen
atoms at the 2.5-2.7 A distance from Ln and three more
nitrogen atoms at 2.7—2.8 A (Figure 2 shows the example of
the Nd first shell).

The pre-edge region marked A in Figure 1 presents features
corresponding to quadrupole transitions to the 4f orbitals.
From the experimental HERFD-XANES spectra in Figure 1, it
can be noticed that the energy separation between the white
line and the pre-edge structures A increases while progressing
along the lanthanide series, in reasonable agreement with the
literature data'® (additionally, see Figure S6). This trend can
be understood by considering the change in the energy of the
involved transitions when the number of 4f electrons increases.
The first effect is the increased screening of the 2p core-hole
potential which weakens the attraction of the 5d orbitals. A
second effect that goes in the same direction is the repulsion
between 4f and the excited 5d electron, which becomes
stronger and leads to the increase of the 2p — Sd transition
energy. In contrast, the stronger repulsion of 4f electrons along
the series increases the 2p — 4f transition energy. The
tendency observed in Figure 1 indicates that the sum of the
first two effects prevails over the latter. The absolute values of
energy separation of the white line and the pre-edge A
obtained in this work are a few electronvolts larger than those
observed by Bartolomé et al. for the Ln,Fe,B intermetallic
series.'” The difference can be easily understood as an effect of
the chemical environment, which significantly affects the
energy of the 2p — 5d excitation. As an example, the
maximum of the L; edge of ionic TbF; lies at higher incident
energy (+3.3 eV) than that of the intermetallic TbCo,."” In
intermetallic TbCo,, Tb 5d states are found in correspondence
to the Fermi level due to the strong overlap with Co 3d® states.
In the more ionic TbF;, 5d orbitals lie higher in energy because
of the insulating gap. In contrast, the position of the 2p — 4f
excitation remains unchanged because of the localized nature
of 4f orbitals, less sensitive to the chemical environment. As a
result, the separation between the white line and the pre-edge
is larger for more insulating systems, such as LnTp;, compared
to the intermetallic compounds of refs 10 and 11.
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Figure 5. Atomic multiplet-calculated (first and the third columns) and experimentally measured (second and fourth columns) 2p3d RIXS planes
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emission energy used to record the HERFD cut is given in the top-left corner.
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Figure 6. Pre-edge regions of the Ln** L-edge absorptions (Ln = La, Ce, Pr, Nd, Pm, Sm, and Eu) were obtained by the integration of the
calculated 2p3d RIXS planes along the Y-axis. The curves are shown in a unified energy scale, with zero corresponding to the position of the white
line. For Pm, the energy of the pre-edge feature was set to fit the data for the other lanthanides. A and A, labels represent low- and high-energy
quadrupolar features, respectively (left panel). The energy separation between the A; and A, features across the series was derived by the
integration of the calculated 2p3d RIXS plane along the energy-transfer axis. Theoretical data from ref 56 are shown by open circles. Dashed lines

are guides to the eye.

A closer look at the pre-edge region along the series shows a
rich structure (Figure S6), arising from the complex intra-
atomic interactions among the 4f electrons and the core holes
involved in the process. Former RIXS studies on lanthanide
compounds interpreted the pre-edge structures as made by two
groups of features whose ori%in may be simplistically explained
by the following scheme:'”"" a low-energy feature (features)
originating from the promotion of a core electron in the
partially filled “spin-up” 4f subshell and a high-energy feature
(features) originating from the promotion of a core electron in
the full empty “spin-down” 4f subshell. Owing to the first
Hund rule, the former configuration is less energetic than the
latter one. For La*, with no electrons in the 4f shell, a single
transition to 4f states is observed. From Figure S6, showing the
HERFD-XANES pre-edge of the entire series, it is clear that
such a distinction is hard to make because even for lanthanides
with a filled “spin-up” 4f subshell (Tb—Yb), the pre-edge
region has a complex structure with multiplet peaks. As
mentioned in the Introduction, the complex interelectronic
interactions in the intermediate and final states of the process
may induce additional features in the HERFD-XANES spectra.
More precisely, the intra-4f subshell interaction and that
between 4f electrons and the core holes (2p in the
intermediate and 3d in the final state) are both relevant.
These interactions cause sizable energy splitting of the
multiplet states and have received special attention in the
attempts to provide a theoretical interpretation of X-ray
spectroscopies results.”* ™% As a consequence, HERFD-
XANES spectra are not sufficient to properly visualize the
pre-edge region in 4f systems and multiple scans varying both
the incident and the emitted energy are required. Previously
published systematic examinations of lanthanide compounds
by RIXS'”'"'* provide stacks of emission energy spectra
recorded at fixed incident energy. This way of visualizing RIXS
data makes it complex to follow the dispersion of peaks along
the incident and transferred energy axes. Organizing the same
scans of the pre-edge region as a 2D map, referred to as the
RIXS plane, allows one to readily visualize all electronic
transitions constituting the pre-edge and helps to extract the
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information on the observed trends.”® We recorded the RIXS
planes for the pre-edge region of all investigated LnTp; and
calculated them with atomic multiplet theory to verify that the
rich structures observed are due to intra-atomic interactions. In
this regard, the FDMNES code is not appropriate since it is
based on the single-electron approximation and neglects
intrashell electron correlations, which are the main contrib-
utors to the pre-edge region. In the following section, we
discuss the experimental results against atomic multiplet theory
calculations.

3.2. RIXS Planes of the LnTp; Series. The experimental
2p3d RIXS planes for the investigated lanthanide compounds
are provided in Figure 5 together with the results of the
calculations (experimental data on Gd and Lu are provided in
Figure S7). As expected, the pre-edge structure starts quite
simple, increases in complexity up to Eu®’, and then gradually
regains a relative simplicity going toward Yb**, which presents
a single and unstructured peak. Lu®" has a filled 4f shell and has
no pre-edge (see Figures S7 and S8), which further confirms
the assignment of pre-edge features to 2p — 4f transitions. The
increasing complexity of the pre-edge structures obviously
correlates with the increasing number of 4f electrons. A closer
inspection shows that starting from Ce, two groups of
structures can be identified, the first at a lower incident and
emitted energy and the second closer to the white line. These
groups become more structured and separated along the series
up to Eu, where almost three groups may be distinguished. The
energy splitting up to ca. 5 and 6 eV in the incident and
transferred energy directions, respectively, demonstrates the
magnitude of interelectronic interactions in the intermediate
and final states of the RIXS process. A decrease in the number
of features is then observed from the Gd*" ion, most probably
because we are left with only “spin-down” available transitions.
However, also “spin-down” 4f transitions in the heavy
lanthanide trivalent cations result in a rich structure of peaks
that is generally less spread in the incident energy direction
compared to the first half of the series.

All the described trends are very well reproduced by the
calculated RIXS planes, as shown in Figure S (theoretical
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results on Pm and Gd are provided in Figure S7). The
calculated results have been shifted in energy to have the best
correspondence with the experimental data. The scales for the
incident and emitted energy are the same. We recall that the
calculations were performed considering only atomic inter-
actions, that is, neglecting the effect of ligands that could be
included as crystal field and charge-transfer effects. The good
agreement confirms that they play the main role in shaping the
pre-edge region of 4f systems. It has been previously shown®
that the energy separation of the RIXS features in the incident
energy direction is influenced by 4f—4f interactions. For La*",
Ce*, and Yb** systems, where the 4f ground- or intermediate-
state configuration is either full or empty, no splitting in the
horizontal direction has been detected. Concerning the vertical
direction, the energy separation of the RIXS features is mainly
influenced by the 4f—3d interactions. These interactions are
present along the whole series and explain the richness of
structures found also in the second half of the series.

Some discrepancies between atomic calculations and
experimental data may be observed for Er**, where calculations
predict a much higher intensity of the feature at higher energy
transfer. Additionally, we notice that the experimental pre-edge
of Yb* is more asymmetric than the calculated one. Overall,
the main trends are very well reproduced and minor
discrepancies may be because the Slater integrals and the
spin—orbit coupling parameter have been kept to the
uniformly scaled (80 per cent) values calculated using
Hartree—Fock. Another explanation for the minor discrep-
ancies is the absence in our calculations of weaker interactions
such as the crystal field splitting. The experimental results
suggest that further investigation in this direction may start
from Yb®', which is the simplest case showing sizable
discrepancies with atomic calculations.

To compare our results with previous calculations by
Nakazawa et al,>® who calculated the pre-edges of Ln ions
for conventional XANES, we integrated our calculated RIXS
planes along the energy transfer axis, that is, the Y-axis. The
resulting curves, shown in Figure 6, are the pre-edges of
conventional XANES, which in real measurements are not
visible due to the large core-hole lifetime broadening of the
white line. The richness of structures observed in the RIXS
plane of Figure S is reduced to two main features, whose
energy separation is in excellent agreement with previous
calculations, also shown in Figure 6. The good agreement of
our calculated RIXS with both Nakasawa’s results and
experimental RIXS confirms the goodness of atomic multiplet
calculations in predicting 2p — 4f transitions. Additionally, the
separation between these features gradually increases with the
increasing atomic number, which was previously observed
experimentally.'”"" The larger splitting is due to the increase
of the exchange energy with the progressive addition of
electrons with parallel spins. The double structure was
interpreted to be due to “spin-up” and “spin-down” transitions.
However, our 2D RIXS plane shows that several features,
spread along the vertical axis, contribute to the same peak and
a clear-cut separation between “spin-up” and “spin-down”
transitions is hard to make.

The good agreement between the experimental and
theoretical results can be further checked on HERFD cuts of
the calculated RIXS planes, as shown in Figure S8. We did not
subtract the white line intensity from the experimental data;
therefore, the intensity of pre-edge features closer to the white
line is different between data and the calculated cuts. Since we

1827

carefully aligned the calculations to the experimental data, we
use the same emitted energy used in the experiments to cut the
calculated RIXS planes. It is worth highlighting that the shape
of the HERFD-XANES pre-edge depends strongly on where
we cut the RIXS plane, and a demonstration is provided in
Figure 7. Our overview on the pre-edge RIXS planes of the
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Figure 7. HERFD-XANES spectra (solid lines) of the Eu®" L,
absorption edge in EuTp; calculated in the pre-edge region by
atomic multiplet theory. The experimental spectrum is shown by the
dashed—dotted line. For the sake of clarity, the spectra have been
scaled to the same maximum height and offset along the Y-axis. The
emitted energy at which the HERFD cut was recorded is provided on
the left-hand side.

LnTp; series nicely shows that the interpretation of the pre-
edge into a “spin-up” and “spin-down” group of transitions is
far too simple and that it is not straightforward to ascribe
features to one group, especially if only a single cut of the RIXS
plane is measured, such as in HERFD-XANES. At the same
time, it is very encouraging to observe that the rich pre-edge
structure is very well reproduced by the atomic multiplet
calculations along the whole series. Our recommendation is
therefore to always record the full RIXS planes of the pre-edge
region when investigating 4f systems.

4. SUMMARY AND CONCLUSIONS

In the present work, we systematically studied the LnTp;
complexes (Ln = La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm,
Yb, and Lu) via a combination of L;-edge HERFD-XANES
and 2p3d RIXS spectroscopies. We described and discussed
the trends observed along the series in detail. In particular, the
energy separation between the main features constituting the
spectra (pre-edge, white line, and postedge features) and the
nature of postedge features with the help of finite-difference
calculations. The postedge features showed a high sensitivity to
the local structure around the absorber, while crystal field
effects at the white line were not resolved with the present
experimental resolution. The effects of the core-hole potential
and the 4f screening on the observed trends were also
discussed and found to be important. The XANES spectra
calculated by the FDMNES code were found to reproduce the
main absorption edge and two postedge features detected in
the experiment, giving overall reasonable agreement. However,
finite-difference calculations failed to correctly calculate the f-
DOS and corresponding pre-edge features originating from the
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quadrupolar transition, which is better described in the
framework of atomic multiplet theory.

We showed that the pre-edge region of the considered
complexes is very rich and complex, and it is better visualized
by 2p3d RIXS maps. Atomic multiplet calculations of the 2p3d
RIXS maps show very good agreement with the experimental
data and demonstrate that the complex pre-edge pattern arises
from intra-atomic electron—electron interactions in the
intermediate and final states of the RIXS process. The
comparison with previous RIXS experimental and theoretical
investigation is reported in detail, and our results are found to
be in good agreement. Overall, RIXS maps greatly facilitate the
visualization and interpretation of the pre-edge region. It
confirms that the L; pre-edge structure of Ln is due to the 2p—
4f quadrupole transitions. We found excellent agreement
between experimental data and theoretical calculations where
we did not take into account the 5d electron configuration and
the interaction between 5d-, core-, and valence-electron levels.
This is an indication of the strong localized character of the 4f
states in the investigated Ln compounds. In conclusion, our
work constitutes the first systematic collection of experimental
and calculated HERFD-XANES and 2p3d RIXS planes of all
trivalent lanthanide cations (except Pm and Gd, reported in
Figure S7) embedded in an isostructural complex, a valuable
guide for further fundamental and applied research studies
devoted to the 4f elements.
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