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Abstract

Bonding of the Ni2+(aq) complex is investigated with an unprecedented combina-

tion of resonant inelastic x-ray scattering (RIXS) measurements and ab initio calcu-

lations at the Ni L absorption edge. The spectra directly reflect the relative ener-

gies of the ligand-field and charge-transfer valence excited states. They give element

specific access with atomic resolution to the ground state electronic structure of the

complex and allow to quantify ligand field strength and 3d-3d electron correlation inter-

actions in the Ni2+(aq) complex. The experimentally determined ligand field strength

is 10Dq=1.1 eV. This and the Racah parameters characterizing 3d-3d Coulomb in-

teractions B=0.13 eV and C=0.42 eV as readily derived from the measured energies

match very well with the results from UV/Vis spectroscopy. Our results demonstrate

how L-edge RIXS can be used to complement existing spectroscopic tools for the inves-

tigation of bonding in 3d transition-metal coordination compounds in solution. The ab

initio RASPT2 calculation is successfully used to simulate the L-edge RIXS spectra.
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Introduction

3d transition metals in aqueous solution are interesting from a fundamental point of view as

their hexaaqua complexes [M(H2O)6]
n+ represent the archetype of Werner complexes with

coordinative bonding in octahedral symmetry1. Considering hydrogen bonding between

the various coordination spheres of water molecules they could even be regarded as chelate

complexes2 and new insight into their electronic structure could help understanding the

interplay of bonding, structure and dynamics in these complexes. This, in turn, forms the

basis for understanding their thermodynamic properties and reactivity, having implications

for modeling and understanding phenomena ranging from water exchange reactions3,4 to

photochemical processes5 and atmospheric liquid chemistry of 3d transition-metal ions in

solution6.

While the structure of 3d transition metal (abbreviated with TM hereafter) ions and their

complexes in aqueous solution can be addressed experimentally with numerous scattering

and spectroscopic methods7, bonding can be assessed with a limited set of spectroscopic tools

amongst which, historically, UV/Vis spectroscopy has played a dominant role. Complement-

ing such experimental results and due to the strongly polarized character of the coordinate

bond, ligand-field theory8,9 can be successfully applied to hexaaqua complexes. In particu-

lar, the dependence of the ligand field (LF) state energies on ligand field strength and 3d-3d

Coulomb interactions for all 3dn complexes were first calculated by Tanabe and Sugano in

their seminal work from 195410,11. The low energy electronic excited state spectrum of a

typical TM coordination complex can thus be described by, with increasing photon energy,

the LF excitations, followed by the charge transfer (CT) and ligand-centred excitations. At

present, the excitations to LF states of octahedral TM complexes are very well understood

at the semi-empirical level of ligand field theory. Still today, ab initio calculations of the LF

state energies pose a challenge as exact post-Hartree-Fock or advanced density functional

theory (DFT) methods are required to correctly account for static and dynamic correlation

effects. Further complications can arise for the calculation of higher energy excited states
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such as the CT states. In addition, CT states of TM ions in solution are difficult to probe

with UV/Vis spectroscopy compared to LF states. Experimental difficulties arise due to

higher transition energies which are well in the UV range and which often strongly overlap

with very intense band gap excitations of the host. Thus it appears highly desirable to char-

acterize bonding in aqueous TM ions in general and LF and CT state energies in particular

with new experimental tools.

Soft x-ray spectroscopy offers a direct way for probing the valence electronic structure in

an element specific way12. It has the intrinsic property of being sensitive to a local charge

distribution of a selected atomic site and, therefore, is ideally suited for studying charge

transfer, delocalization and screening processes. Recently, several soft x-ray spectroscopic

investigations of the electronic structure of 3d TM ions and compounds in solutions have

been reported, based on x-ray absorption spectroscopy (XAS)13–22, x-ray photoemission spec-

troscopy (XPS)23–27, resonant photoemission spectroscopy (RPES)24–27 and resonant inelas-

tic x-ray scattering (RIXS) also known as resonant x-ray emission spectroscopy (RXES)28–33.

Note that RIXS in comparison to XAS and XPS is much less affected by core-hole effects34–37.

In contrast to XAS and XPS, the resolution of the RIXS spectra is not limited by the core-

hole lifetime broadening if sub-natural linewidth excitation is employed38,39. The particular

advantage of soft x-ray RIXS for the investigation of TM complexes is that it ideally com-

plements UV/Vis spectroscopy in that it probes the same LF and CT valence-excited states.

RIXS is a type of Raman scattering, analogous to the widely used optical Raman scattering.

In RIXS the incident photon energy is scanned across the 2p core-level absorption edge of

the TM and the energy of the outgoing fluorescence photon is measured. The detected en-

ergy losses or energy transfers being the difference of incident and outgoing photon energies

directly reflect the energies of the valence excitations. The final states in RIXS are identical

to the final states of UV/Vis absorption spectroscopy. In contrast to UV/Vis spectroscopy,

RIXS at the TM L-edge is sensitive to local charge distribution in a element specific and

symmetry-selective way. In addition, tuning the incident photon energy makes RIXS a truly
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two-dimensional spectroscopy, greatly increasing the information content compared to the

UV/vis absorption spectroscopy. These features make RIXS a powerful tool for studies of

low-energy excitations of complex systems34, therefore making up the added experimental

complexity.

In the current paper we investigate electronic structure of the hexaaqua complex [Ni(H2O)6]
2+

with measured and calculated Ni L-edge RIXS. We show how the x-ray spectroscopic results

complement information from UV/Vis spectroscopy. We have chosen Ni2+(aq) for several

reasons. First, as the Ni2+-water interaction can be regarded as local and limited to the first

solvation sphere only18 the system can be treated as an octahedral [Ni(H2O)6]
2+ Werner-

type coordination complex. Second, with the Ni2+ 3d8 configuration, multiplet effects arising

from core-valence interactions in the Ni2+ 2p53d9 intermediate RIXS states are present but

expected to be computationally feasible due to the comparably small number of states in

contrast to TM ions with less filled 3d shells. The hexaaqua [Ni(H2O)6]
2+ complex is thus

ideally suited to address the interplay of local atomic and intermolecular interactions in hex-

aaqua complexes. We note that Ni2+ compounds have been used before as a test case for

XAS and RIXS spectroscopies40,41.

Currently the most successful computational scheme used to simulate the L-edge spectra

of TM compounds is the crystal field multiplet (CFM) model developed by B. T. Thole

and co-workers42,43. The CFM model is an implementation of the ligand field theory and is

thus semi-empirical. Recently a number of theoretical developments have emerged looking

for a more general and ab initio way to simulate L-edge XAS and RIXS spectra of TM

compounds: hybrids of DFT and ligand field theory44,45, 2-hole-2-electron time dependent

DFT46,47, DFT-CI48,49 and extended Bethe-Salpeter model50,51. Here we present the results

of an ab initio RASPT2 computational scheme for L-edge RIXS, developed by Josefsson et

al.52 (a similar method was recently applied in Refs. 32,33,53). Our aim is to evaluate the

performance/accuracy of the ab initio RASPT2 method with respect to experiment and the

well-known CFM model. Note that the CFM model provides an accurate semi-empirical
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description of the LF valence states and the core-excited 2p53d9 states. Given the strongly

polar Ni2+-water bond, these are expected to dominate the XAS/RIXS spectra. Although

for this relatively simple [Ni(H2O)6]
2+ complex the CFM model is sufficient, ab initio com-

putational methods have a number of advantages. First, conceptually, an ab initio method

provides maximum insight to the electronic structure (bonding, electron correlation) and

the structure-spectrum relationship. Second, quantum chemistry methods like RASPT2 are

implemented for calculations of any molecular system, thus enabling to model systems with

low molecular symmetry and/or with complicated or highly covalent bonding interactions,

i.e. systems which are difficult to model within semi-empirical ligand field theory framework

like CFM.

Methods

Experimental details

NiCl2 salt was purchased from Sigma Aldrich and used without further purification. The

salt was solved in deionized water to a concentration of 0.5 mol/l. The dominant species at

this concentration is the hexaaqua complex [Ni(H2O)6]
2+ 54,55.

The x-ray absorption (XA) spectrum was measured at the dipole beamline PM3 at the

synchrotron radiation source BESSYII of the Helmholtz-Zentrum Berlin in Germany. The

spectrum was recorded in transmission mode with a liquid transmission cell set-up17. The ex-

citation bandwidth was set to 0.4 eV. The photon energy was calibrated using the calibrated

water pre-edge peak at 535 eV.

The RIXS spectra were measured at the beamlines U41-PGM and UE52-SGM at BESSYII.

The experimental set-up, FlexRIXS, utilizing an in-vacuum liquid jet for sample delivery was

used for the measurements31. The diameter of the liquid jet amounted to 20 µm matching

the x-ray focus. The x-ray emission spectrometer is mounted at an angle of 90 degrees from

the incident x-ray propagation with the polarization of the incident radiation lying in the
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scattering plane (linear horizontal polarization) at U41. At UE52-SGM the polarization of

the x-ray radiation can be varied freely and this was used to measure spectra both with the

polarization axis of the incident radiation horizontal and vertical to the scattering plane.

The excitation bandwidth at the Ni L-edge was set to 0.35 eV. The incident photon en-

ergy was calibrated with respect to the XA spectrum measured with the liquid transmission

cell setup. The x-ray emission spectrometer was used in “slitless” mode using the jet as a

source31. The resolution of the RIXS spectra was 1.2 eV (determined by the diameter of the

jet). The emission energy scale was calibrated using elastically scattered light.

Computational details

The ab initio RASPT2 calculations on [Ni(H2O)6]
2+ were performed using the MOLCAS

software package56. The geometry of the [Ni(H2O)6]
2+ complex was optimized in the elec-

tronic ground state within D2h symmetry at CASPT2 level with an active space consisting

of the five nominally Ni 3d orbitals. ANO-RCC basis sets of VTZP quality were used in the

CASPT2/RASPT2 calculations57,58. Scalar relativistic effects were introduced via a spin-

free Douglas-Kroll-Hess transformation59,60. According to the calculations, the complex is

almost perfectly octahedral with a Ni-O distance of 2.080 Å.

Calculations of Ni 2p core-excited states and Ni 3d valence excited states were performed

at the RASPT2 level. RASSCF61 states were calculated with 2p orbitals in the RAS1

subspace (one hole allowed) and 3d orbitals in the RAS2 subspace (all possible permutations

allowed). Within each symmetry class in D2h, the states were optimized in a state-averaged

RASSCF procedure which was followed by a perturbative inclusion (PT2) of dynamical

correlation62. Spin-orbit coupling was included using the RASSI technique63. Energies of

the core-excited states were shifted by -1.9 eV to compensate for limitations in basis set

and active space and match with the experiment. Energies of the valence excitations are

presented as calculated.

For comparison we also simulated the RIXS spectra using the semi-empirical CFM model.
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The ligand field 10Dq parameter was set to 1.1 eV according to the experimentally deter-

mined value and the atomic Slater integrals calculated at the Hartree-Fock level were scaled

by a factor of 0.8.

For both the ab initio RASPT2 and the CFM calculations, RIXS spectra were simu-

lated by multiplying absorption and emission transition moments without any interference

effects included. The following convolution scheme was applied (values for the FWHM are

given): 0.35 eV Gaussian broadening taking into account the excitation bandwidth, 0.5 eV

(1.0 eV) Lorentzian lifetime broadening at the L3 (L2) edge for core-excited states, and

1.2 eV Gaussian broadening of RIXS spectra to account for the spectrometer resolution. An

additional 0.5 eV Gaussian broadening of both XA and RIXS spectra was introduced to

account for inhomogeneous broadening. No polarization effects were included in the simu-

lation of the RIXS spectra (the calculated RIXS maps thus correspond to excitation with

unpolarized light). This is justified as polarization effects on the valence-excited RIXS states

were checked to be small (see Supplementary Information) and the Ni2+ partial-fluorescence

yield XA spectrum derived from the RIXS spectra was shown before to exhibit negligible

polarization effects64.

Results and Discussion

The main frontier orbitals necessary to characterize the electronic structure of the [Ni(H2O)6]
2+

complex are also the ones probed by Ni L-edge RIXS, namely the nominal water bonding eg

and t2g orbitals and the nominal Ni 3d antibonding e∗g and t∗2g orbitals (see the Supplemen-

tary Information for a molecular orbital diagram and the symmetry labels used here). LF

excitations involve only nominal Ni 3d orbitals and correspond to electronic transitions from

the 3A2g (eg, t2g)
10(t∗2g)

6(e∗g)
2 ground state to the final states of the (eg, t2g)

10(t∗2g)
6−n(e∗g)

2+n

(n=1,2) configurations. They determine the optical properties of the complex in the UV/visible

spectral region. CT excitations involve the nominal water orbitals and correspond to tran-
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Figure 1: Schematic molecular orbital diagram for the hexaaqua [Ni(H2O)6]
2+ complex.

Antibonding orbitals are marked with *. The calculated structure of the complex is shown
in the inset. The orbital labels defined in the figure are used throughout the paper.

sitions from 3A2g (eg, t2g)
10(t∗2g, e

∗
g)

8 to states of the (eg, t2g)
9(t∗2g, e

∗
g)

9 configuration.

With the schematic depiction of the relevant transitions shown in Figure 2(a) we explain

how LF and CT states are probed with Ni L-edge RIXS. All energies are plotted with respect

to the energy of the 3A2g ground state of [Ni(H2O)6]
2+ set to zero. Absorption of a soft x-

ray photon with incident energy hνin promotes the system to a core-excited state with a

vacancy in the 2p shell and an additional electron in the unoccupied valence orbitals. The

strongest 2p x-ray transitions in [Ni(H2O)6]
2+ occur to the antibonding t∗2g and e∗g orbitals.

The 2p core-excited states in [Ni(H2O)6]
2+ are split by approximately 17 eV due to the 2p

spin-orbit interaction separating the L3-edge [(2p3/2)
5(t∗2g, e

∗
g)

9 configuration] and the L2-edge

[(2p1/2)
5(t∗2g, e

∗
g)

9 configuration]. The core-excited states my decay via fluorescence (note that

∼99% decay via Auger decay65) promoting the system back to the ground- or to valence

excited states of [Ni(H2O)6]
2+. By measuring hνout the energy transfer hνin − hνout can be

determined which in turn directly reflects the energy of the corresponding LF or CT final

states [a RIXS transition to an arbitrary LF final state is shown in Figure 2(a)].
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Figure 2: (a) Schematic representation of the relevant transitions and states in L-edge RIXS
of [Ni(H2O)6]

2+ with approximate relative energies in eV. The filled boxes represent manifolds
of closely lying states. The electron configurations of ligand-field (LF) and charge-transfer
excited states (CT) and of the core-excited states at the L3- and L2-edges are given (the
two x-ray resonances “res A” and “res B” are defined with Figure 3 and 4). (b) Calculated
RASPT2 energy diagram of the LF states of [Ni(H2O)6]

2+ denoted by their respective term
symbols (the highest-energy LF state 1A1g at 7.3 eV is out of the scale) and the corresponding
strong-field orbital configurations (for more details of the orbital and spin compositions see
the Supplementary Information). (c) Schematic representation of a selected L2-excitation
undergoing a Coster-Kronig transition with ejection of an electron (with kinetic energy εvac)
and followed by a fluorescence decay with transition to an arbitrary LF state of [Ni(H2O)6]

3+.
Note that the energy of the ground state of [Ni(H2O)6]

3+ is not drawn to scale with respect
to the ground state of [Ni(H2O)6]

2+.

10



The energies of the LF states in [Ni(H2O)6]
2+ as derived from the RASPT2 calculations

are plotted in Figure 2(b). Altogether there are 45 states in the LF manifold which can

be grouped into 11 terms (states within each term are degenerate in perfect octahedral

symmetry and without 3d spin-orbit coupling). The question arises how these LF states can

be probed in detail with Ni L-edge RIXS and how this compares to results from UV/Vis

absorption spectroscopy.
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Figure 3: (a)-(c) Measured and calculated Ni L-edge RIXS maps of [Ni(H2O)6]
2+ with (a)

experiment, (b) RASPT2 calculation, (c) CFM calculation. Spectral features denoted with
LF and CT correspond to ligand-field and charge-transfer excited states, respectively. The
features denoted CK result from fluorescence decays preceded by Coster-Kronig decays [see
schematic diagram in Figure 2(c)]. (d), (e) and (f) are zooms into the LF features at the L3

edge from experiment, RASPT2 and CFM, respectively. The intensities are normalized to
one at maximum and encoded in the color.

For this we inspect the measured and calculated Ni L-edge RIXS results displayed in
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Figure 3. The measured data [Figure 3(a) and (d)] are compared to the results of the

RASPT2 [Figure 3(b) and (e)] and the CFM [Figure 3(c) and (f)] calculations. We first note

the overall very good agreement between experiment and calculations. This is emphasized by

the zoomed-in view on the LF states in Figure 3(d), (e) and (f). Inelastic scattering features

are apparent at the Ni L3- and L2-edges at incident photon energies of 851–857 eV and 869–

874 eV, respectively. The most intense RIXS features at energy transfers of 0–5 eV at the

L3-edge correspond to the LF final states. The much weaker intensities at energy transfers

of 6–12 eV correspond to ligand-to-metal CT final states. Note that these CT states are

not included in the RASPT2 and CFM calculations and accordingly the RIXS features are

absent in the calculated RIXS maps in Figure 3(b) and (c). The CT final states are excluded

here due to practical reasons – it requires more effort to accurately model both the LF and

CT states than only the LF states. Note that the CT states nevertheless carry significant

information about the electronic structure, specially related to the covalent orbital mixing.

An attempt to model the CT states is made in an upcoming publication66. We apply there

both CFM and ab initio RASPT2 methods to calculate the CT RIXS feature. For now

we will focus on the LF states which is sufficient for discussion of ligand-field and 3d-3d

Coulomb interactions (static electron correlation).

The last set of final states can be found at 12–22 eV and at the L2-edge only. These inten-

sities are due to a cascade process including a radiationless Coster-Kronig (CK) transition67

as schematically depicted in Figure 2(c) and as discussed before for TM ions in solution in

Refs. 19 and 30. Here the 2p1/2 core-excited states decay via a CK process upon electron

ejection to 2p3/2 core-excited states of [Ni(H2O)6]
3+ complex. These then decay radiatively

to the valence-excited states of the [Ni(H2O)6]
3+ complex. In Figure 3 the corresponding

features are labeled with CK. As shown in Figure 2(c), the energy transfers of the CK fea-

tures can be estimated from the [Ni(H2O)6]
2+ LF-state energies plus the Ni 2p spin-orbit

splitting of 17 eV. Finally we point out that the intensity of elastic scattering at an energy

transfer of 0 eV is slightly overestimated in both calculations [compare Figure 3(d), (e) and
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(f)]. The intensity of elastic scattering depends on a number of factors such as the exper-

imental geometry, the polarization of the incident radiation and the sample surface shape

and roughness. In the simulated RIXS spectra these effects are not included.

The agreement of measured and calculated spectra enables the determination of the

ligand field strength and 3d-3d Coulomb repulsion parameters as will be discussed in the

following Section, together with a detailed comparison of the two theoretical approaches.

Table 1: Measured and calculated energies of the given LF states with respect
to the 3A2g ground state. The measured energies result from peak fits to the
experimental spectra shown in Figure 5 (see Supplementary Information, Figure
S3 and Tabel S1). Due to insufficient resolution some of the LF states could not
be resolved in the experiment. The calculated RASPT2 energies are averages
for the given term. The calculates RAS energies are taken from Ref. 68.

RIXS RASPT2 CFM RAS
Expt. Theory Theory Theory

This work This work This work Ref. 68
(eV) (eV) (eV) (eV)

3A2g 0 0 0 0
3T2g 1.1 0.9 1.1 1.0
3T1g(F) (1.4) 1.4 1.8 1.7
1Eg(D) - 1.8 1.9 2.2
1T2g(D) - 2.5 2.9 3.1
1A1g(D) - 2.9 3.2 3.5
3T1g(P) 3.4 2.9 3.4 3.6
1T1g 3.5 3.5 3.6 -
1T2g(G) - 4.1 4.4 -
1Eg(G) - 4.2 4.5 -
1A1g(S) - 7.3 7.8 -

Determination of ligand field and Racah parameters

As the same final states are reached with excitation at the L3- and L2-edge albeit with smaller

intensities at L2, we focus in the following on excitations at the L3-edge only. We denote

the two clearly distinct resonances at the L3-edge as resonance A at 853.2 eV and resonance

B at 855.6 eV. States in resonance A have dominantly triplet character (anti-parallel spins

of 2p and 3d hole), whereas states in resonance B have considerable singlet character (see
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before in Ref. 52.

also Figure S2). RIXS spectra displaying intensities versus energy transfer at these two

resonances (corresponding to vertical cuts through the maps in Figure 3) are presented in

Figure 5. The peak at zero energy transfer in Figure 5(a) corresponds to transitions back

to the ground state 3A2g (resonant elastic scattering). The intensity of the elastic scattering

peak depends on the position of the detector with respect to the polarization plane of the

incident radiation. It is enhanced if photons are detected normal to the polarization plane

(vertical polarization of the incident radiation in our case, see Methods) as demonstrated in

Figure 5(a). The RIXS peak at a transfer of 1.1 eV corresponds to the 3T2g final state. The

deduced peak energy separation of 1.1 eV with respect to the ground state equals the LF

parameter 10Dq 9. A detailed comparison of calculated RASPT2 and measured RIXS spectra

at resonances A and B is done with Figure 5(b) and (c). This comparison demonstrates that

by varying the incident photon energy the relative contributions of the various LF states

can be varied in the RIXS spectra. At resonance B this enables us to extract the energy

of 1T1g state. The comparison of experimental and calculated values for the LF states are

summarized in Table 1. The experimental LF state energies were retrieved by peak fitting

the RIXS spectra in Figure 5 (see also Supplementary Information). The 3T2g and 3T1g(P)

state energies result accordingly from a fit to the RIXS spectrum measured at resonance A
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[Figure 5(b) and Figure S3(c)]. The 1T1g state energy results from a fit to the RIXS spectrum

measured at resonance B [Figure 5(c) and Figure S3(d)]. Note that the lower energy peak

in the latter spectrum is a mixture of 3T2g,
3T1g(F) and 1Eg(D) [see Figure 5(c)] and can

therefore only tentatively be assigned to 3T1g(F) (hence the parenthesis in Table 1).
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resonance A (incident photon energy 853.2 eV) for horizontal (black) and vertical (green)
polarization of the incident radiation (see Methods for details) and calculated LF peaks
(RASPT2, red sticks, horizontal polarization). (b) and (c) Experimental spectra (black
circles and lines) with excitation at resonance A (853.2 eV) and B (855.6 eV), respectively,
compared to the calculated spectra (RASPT2, blue solid lines). The sticks represent individ-
ual peaks with corresponding assignments of the LF states. The intensities are normalized
to one at maximum.

We note that in spite of the overall good agreement of RASPT2 and CFM spectra with

experiment, the RASPT2 calculation tends to underestimate the LF state energies compared
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to experiment and compared to the CFM and RAS calculations from Ref. 68 by 10–20%.

First, this mismatch of the calculated RASPT2 LF state energies could be attributed to the

exclusion of vibrational effects in the calculation. Optical transitions are generally accom-

panied by vibrational excitations, causing the central energy of experimental peaks to shift

towards higher energies. In the UV/vis spectrum of the [Ni(H2O)6]
2+ complex, the peaks

are shifted by 0.1 to 0.2 eV compared to pure electronic transitions69. One could expect

vibrational shifts of similar magnitude in the RIXS spectra explain the discrepancy between

RIXS calculation and experiment. There are important differences between the vibrational

effects in UV/vis and RIXS spectroscopy, though, which are discussed in the next section.

Note that the empirical parameters used in the CFM calculation account for the vibrational

effects as calculated peak positions are effectively adjusted to the experimental ones. The

second cause for the mismatch between measured and calculated RASPT2 LF state ener-

gies could be attributed to the insufficient inclusion of the dynamical correlations by the

PT2 method with the current choice of active space. This could also explain the differences

between the RASPT2 and the RAS calculations68.

Our assignments in Table 1 differ from the results in Ref. 28 which can be explained by

the inconsistencies introduced when using one-electron models such as used in Ref. 28 in

contrast to the many-electron approach applied here. It is well-known that a many-electron

description is necessary in order to interpret the metal L-edge XA and RIXS spectral features

of TR compounds35,70,71.

In ligand field theory the LF state energies are determined by 10Dq and the Racah

parameters B and C (not considering the 3d spin-orbit interaction). In addition to 10Dq we

can also uniquely determine the values of the Racah parameters. We utilized the following

formula from Ref. 9 to calculate B and C (state energies are with respect to the ground

16



state 3A2g):

B =
E (3T1g(P ))

2 − 30DqE (3T1g(P )) + 200Dq2

15E (3T1g(P ))− 270Dq
, (1)

C = 0.5E
(
1T1g(G)

)
− 6B − 5Dq . (2)

For quantitative comparison we also derived these parameters from the RASPT2 and CFM

calculations. In the CFM calculation, 10Dq and the Coulomb repulsion parameters are

actually input parameters and we used here the experimental value of 1.1 eV for 10Dq and

the Slater integrals F2 and F4 were calculated at the Hartree-Fock level and scaled by an

empirical factor of 0.8 (the Slater integrals are related to the Racah parameters by the

following equations: F2 = 49B + C and F4 = 63/5C).

As accurate ab initio calculations of the Coulomb repulsion parameters are generally still

a challenge we are particularly interested in comparing the values of B and C as derived from

the RASPT2 calculation to the experimental and CFM values. The results are summarized

in Table 2.

The parameters derived from the RIXS experiment match very well with the UV/Vis

results. The ab initio RASPT2 values are off by 10-30%, similarly to the respective energies

of the LF states in Table 1.

Table 2: Electronic structure parameters of the [Ni(H2O)6]
2+ complex which

determine the energetic positions of the LF states, namely the LF strength pa-
rameter 10Dq and the Racah parameters B and C, as determined from the present
Ni L-edge RIXS experiment and as calculated here with the RASPT2 and CFM
approaches. The experimental UV/Vis results are taken from Ref. 69.

RIXS UV/Vis RASPT2 CFM (CFM-RASPT2)/CFM
Expt. Expt. Theory Theory

This work Ref. 69 This work This work
(eV) (eV) (eV) (eV)

10Dq 1.1 1.1 0.9 1.1 18%
B 0.13 0.12 0.11 0.13 12%
C 0.42 0.47 0.61 0.48 -27%
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Comparison of RIXS and UV/Vis absorption spectroscopy
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Figure 6: Experimental UV/Vis absorption spectrum from Ref. 69 (black solid line) com-
pared with the energies of the LF states deduced from the L3-RIXS experiment (black sticks)
and from the RASPT2 calculation [red sticks, same energies and states as in Figure 2(b)].

While in UV/Vis absorption spectroscopy only single dipole transitions contribute to the

spectrum, the RIXS process is described by a scattering process (two dipole transitions)

through an intermediate state involving the highly localized atomic core orbital. In the opti-

cal absorption spectrum transitions to LF states are by a factor of 1/1000 weaker compared

to strong CT and ligand-centered absorption peaks8. This is because in octahedral TM com-

plexes direct optical dipole transitions between the different LF states are Laporte forbidden

and spin-allowed transitions have noticeable oscillator strengths only due to non-octahedral

dynamical distortions (vibronic coupling)69. In contrast, RIXS transitions to the LF states

are allowed in octahedral TM complexes and the RIXS spectrum is typically dominated by

the LF features.

The UV/Vis absorption spectrum of [Ni(H2O)6]
2+ as adapted from Ref. 69 is displayed in

Figure 6. Comparison with the RIXS spectra in Figure 5 reveals some important differences

between these techniques. First, starting from the A2g ground state of [Ni(H2O)6]
2+ the

allowed direct (single dipole) transition are only to T2u states, whereas the RIXS scattering

selection rules allow transitions to final states with A2g, Eg, T1g and T2g symmetry. Second,

the spin selection rule is well preserved in UV/Vis absorption. As the 3d spin-orbit coupling
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is weak only dipole transitions which preserve the spin have intensity in the UV/Vis spectrum

of [Ni(H2O)6]
2+ and starting from 3A2g only triplet states are reached (Figure 6). The 2p spin-

orbit coupling, however, is the dominant interaction in the core-excited intermediate state

in Ni L-edge RIXS (stronger than LF and 2p-3d direct and exchange Coulomb interactions).

Therefore, spin is not a good quantum number for the intermediate states and depending

on the selected intermediate state, LF final states with different spin multiplicity than the

ground state can have similar RIXS intensities. For Ni L-edge RIXS of [Ni(H2O)6]
2+ this

allows probing singlet final states. One example for this is the peak at 3.5 eV energy transfer

at XA resonance B corresponding to the 1T1g final state [Figure 5(c)]. Third, the possibility

to tune the incident photon energy to resonantly select particular intermediate states adds

an extra dimension to RIXS as relative intensities of the final states depend strongly on the

chosen x-ray absorption resonance. We utilized this here to determine the energies of the

closely lying 3T1g and 1T1g LF states at energy transfers of 3.4 and 3.5 eV, respectively.

Their separation of only 0.1 eV is well below our experimental resolution. However, tuning

to resonances A and B enhances the intensities of 3T1g and 1T1g, respectively, as 1T1g cannot

be reached when exciting at resonance A and allows for their separate investigation.

Finally, the direct comparison of UV/Vis and RIXS results in Figure 6 shows that the LF-

state energies do not exactly match: the energies of the 3T2g and 3T1g states as measured with

RIXS are shifted to higher energies with respect to the corresponding UV/Vis absorption

peaks. Such an observation was made also in the comparison of UV/Vis and L-edge RIXS

results of cobalt compounds in Ref. 72. We believe that these discrepancies can be explained

by considering the vibrational effects. The vibrational effects in the UV/Vis spectrum of the

[Ni(H2O)6]
2+ complex were simulated in Ref. 69 and similar to the mismatch of RIXS with

the calculations we believe that the blue shift of the RIXS energies compared to the UV/vis

energies can be attributed to differences of vibrational effects in the respective methods.

Qualitatively one can outline these differences of vibrational effects on spectral peak positions

and shapes between UV/Vis and RIXS. First, in case of a nominally octahedral complex,
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UV/Vis spectroscopy probes preferably distorted configurations, whereas RIXS in contrast

can probe also strictly non-distorted (octahedral) configurations. Secondly, intermediate

core-exited states in RIXS are generally vibrationally highly excited and this allows reaching

higher vibrational states in the electronic final state compared to UV/Vis spectroscopy.

Therefore, extended vibrational progressions appear in the RIXS spectrum and we expect this

to lead to larger effective vibrational energy shifts. A quantitative evaluation of these effects

would be desirable. However, this requires the calculation of numerous multidimensional

potential energy surfaces, including the core-excited states, and the subsequent calculation of

nuclear wavefunctions39. The RASPT2 method provides a suitable computational framework

for this but it goes beyond the scope of the present investigation.

Conclusions

We investigated electronic structure of the archetypical hexaaqua complex [Ni(H2O)6]
2+ with

an unprecedented combination of resonant inelastic soft x-ray scattering (RIXS) measure-

ments and ab initio calculations at the Ni L absorption edge. The RIXS spectra directly

reflect the relative energies of the ligand-field and charge-transfer valence excited states

of the complex and give element-specific access to the ground-state electronic structure of

the complex. The results allow for determining the ligand field strength 10Dq and 3d-3d

Coulomb repulsion in [Ni(H2O)6]
2+. The 10Dq=1.1 eV estimate and the Racah parame-

ters B=0.13 eV and C=0.42 eV characterizing 3d-3d Coulomb interactions as derived from

the measured ligand-field-state energies compare very well with the results from UV/Vis

spectroscopy. These results show in general how L-edge RIXS can be used to complement

existing spectroscopic tools for the investigation of bonding in 3d transition-metal coordina-

tion compounds in solution.

We have also demonstrated for [Ni(H2O)6]
2+ complex that a full simulation of Ni L-edge

RIXS is feasible within a novel RASPT2 computational scheme. Analysis of the RASPT2
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results showed that the electronic structure parameters 10Dq, B and C agree with experiment

to within 20%. These discrepancies are mostly a result of the vibrational effects not included

in the calculation and not due to errors in calculating the electronic structure. Latter errors

might be present only due to insufficient description of the dynamical correlation. The novel

RASPT2 calculations are compared in detail to the results of more established semi-empirical

CFM calculations. This demonstrates that ab initio RASPT2 calculations can be considered

as a valuable new tool for the analysis of 3d transition-metal L-edge spectroscopy. Note that

the RASPT2 method, based on a LCAO-MO approach, can be used to provide considerably

more insight to the bonding of TR-complexes than semi-empirical CFM calculations.

We believe that L-edge RIXS combined with ab initio RASPT2 calculations can be

utilized to resolve complex questions regarding bonding and chemistry of TR-compounds,

therefore contributing to the understanding of their catalytic and photoactive properties.
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FeTiO3 Probed by Resonant Inelastic Soft X-ray Scattering. Phys. Rev. B 2009, 79,

092402.

(46) Roemelt, M.; Maganas, D.; DeBeer, S.; Neese, F. A Combined DFT and Restricted

Open-Shell Configuration Interaction Method Including Spin-Orbit Coupling: Appli-

cation to Transition Metal L-edge X-ray Absorption Spectroscopy. J. Chem. Phys.

2013, 138, 204101.

(47) Roemelt, M.; Neese, F. Excited States of Large Open-Shell Molecules: An Efficient,

General, and Spin-Adapted Approach Based on a Restricted Open-Shell Ground State

Wave function. J. Phys. Chem. A 2013, 117, 3069–3083.

(48) Ikeno, H.; Tanaka, I.; Koyama, Y.; Mizoguchi, T.; Ogasawara, K. First-Principles Mul-

tielectron Calculations of Ni L2,L3 NEXAFS and ELNES for LiNiO2 and Related Com-

pounds. Phys. Rev. B 2005, 72, 075123.

(49) Ikeno, H.; Mizoguchi, T.; Tanaka, I. Ab initio Charge Transfer Multiplet Calculations

on the L2,L3 XANES and ELNES of 3d Transition Metal Oxides. Phys. Rev. B 2011,

83, 155107.

(50) Vinson, J.; Rehr, J. J.; Kas, J. J.; Shirley, E. L. Bethe-Salpeter Equation Calculations

of Core Excitation Spectra. Phys. Rev. B 2011, 83, 115106.

(51) Vinson, J.; Rehr, J. J. Ab initio Bethe-Salpeter Calculations of the X-ray Absorption

Spectra of Transition Metals at the L-Shell Edges. Phys. Rev. B 2012, 86, 195135.

27



(52) Josefsson, I.; Kunnus, K.; Schreck, S.; Föhlisch, A.; de Groot, F. M. F.; Wernet, Ph.;
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