Letter
pubs.acs.org/JPCL

Ab Initio Calculations of X‑ray Spectra: Atomic Multiplet and
Molecular Orbital Eﬀects in a Multiconﬁgurational SCF Approach to
the L‑Edge Spectra of Transition Metal Complexes
Ida Josefsson,† Kristjan Kunnus,‡ Simon Schreck,‡ Alexander Föhlisch,‡ Frank de Groot,§
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ABSTRACT: A new ab initio approach to the calculation of X-ray spectra is
demonstrated. It combines a high-level quantum chemical description of the
chemical interactions and local atomic multiplet eﬀects. We show here calculated
L-edge X-ray absorption (XA) and resonant inelastic X-ray scattering spectra for
aqueous Ni2+ and XA spectra for a polypyridyl iron complex. Our quantum
chemical calculations on a high level of accuracy in a post-Hartree−Fock
framework give excellent agreement with experiment. This opens the door to
reliable and detailed information on chemical interactions and the valence
electronic structure in 3d transition-metal complexes also in transient excited
electronic states. As we combine a molecular-orbital description with a proper
treatment of local atomic electron correlation eﬀects, our calculations uniquely
allow, in particular, identifying the inﬂuence of interatomic chemical interactions
versus intra-atomic correlations in the L-edge X-ray spectra.
SECTION: Spectroscopy, Photochemistry, and Excited States
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couplings seem not yet treated correctly in the results as
published so far.10 A few ab initio calculations have been
published for open-shell 3d systems: Hidekazu Ikeno and coworkers have developed an ab initio multiplet code based on
DFT-CI within the jj-coupling limit. This procedure allows an
accurate calculation of 2p XA spectra of 3d0 (and 3dN)
systems,11 starting from a ground state geometry as determined
in a DFT calculation. Maurits Haverkort and co-workers
perform ab initio cluster calculations, in which they project
their initial DFT calculations to localized Wannier orbitals that
are subsequently used in a cluster calculation including the full
multiplet eﬀects.12
L-edge spectroscopy of transition metal compounds is
particularly challenging due to their multiconﬁgurational
character and strong spin−orbit coupling. In the restricted
active space (RASSCF) method,13 a proper treatment of the
multiplicity eﬀects, present for transition metals, is guaranteed
by the explicit inclusion of static electron correlation through
the multiconﬁgurational wave function. A highly accurate
description of the excited states can be obtained when taking
dynamic electron correlation into account in a perturbation
treatment (CASPT2).14 The RASSCF method have great
similarities with the methods based on Wannier functions,12

n many energy-related applications, the active chromophores
contain transition metal centers, such as the metallo-organic
complexes employed in artiﬁcial photosynthesis or in dyesensitized solar cells,1 for which L-edge resonant inelastic X-ray
scattering (RIXS) can be used to map core excitations onto
valence excitations. Consequently, we can extract valuable
information about the electronic character in speciﬁc valenceexcitations. The decay of the core-excited states into valenceexcited states constitute the ﬂuorescence decay channels.
Hence, the calculations can also be used to obtain an
interpretation of ﬂuorescence yield XA spectra required for a
reliable analysis of core-level spectra of transition metal
complexes in solution.2,3 In future applications, we will be
able to tackle realistic models of large metal complexes reaching
applications in biochemistry and catalysis.
The ﬁeld of L-edge X-ray spectrum simulations is undergoing
a rapid evolution. Over the last 20 years, semiempirical
multiplet calculations have successfully been applied to many
molecular as well as solid-state systems.4,5 In the case of closedshell ground states, Bethe−Salpeter-based calculations have
been used to study systems such as TiO2.6−8 The multichannel
multiple scattering code is also able to describe the L-edges of
TiO2 and the importance of long-range eﬀects in crystalline
systems is shown.9 Time-dependent (TD) density functional
theory (DFT) calculations have also been applied to 3d0
transition metal systems, though the combined eﬀect of
core−valence electron−electron interactions and spin−orbit
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broadening of 0.5 eV at the L3 edge and of 1.0 eV at the L2
edge, motivated by the diﬀerence in core-hole lifetimes due to
Coster−Kronig (CK) decay,21,22 and an overall 0.7 eV Gaussian
broadening to account for experimental resolution (0.4 eV) and
conﬁgurational sampling. To ensure convergence, the core
orbitals were constrained to their shape from the underlying
HF calculation, and the core excitations were shifted ad-hoc
(−1.85 eV for RASPT2) in comparison to experiment to
compensate for limitations in the wave functions. In
complementary calculations of the high-intensity transition to
the next-lowest triplet core-excited state, the ad-hoc shift was
rationalized by (i) avoiding state-averaging (giving a contribution of 0.01 eV) and (ii) lifting the contraction of the 2p basis
function into a core triple-ζ basis set (giving an additional
contribution of −0.46 eV) and (iii) better accounting for the
electron correlation by including two ligand orbitals in the
RAS1 space (at most one hole) and three ligand orbitals in
RAS3 (at most 1 electron), which altogether accounts for
−1.66 eV of the ad-hoc shift.
A Car−Parrinello ab initio molecular dynamics (MD)
simulation23,24 of NiCl2 solvated in 92 water molecules at
ambient conditions was performed using the BLYP functional
for the purpose of conﬁgurational sampling. The polypyridyl
iron [Fe(tren(py)3)]2+ complex was optimized in the singlet
and quintet states in DFT (B3LYP) calculations with the TZVP
basis set. Both the sampling of Ni L-edge XA spectra and Fe Ledge XA spectra were performed without symmetry using the
TZVP basis set and eﬀective core potentials for carbon and
nitrogen.
The experimental XA spectrum was measured at the dipole
beamline PM3 at the synchrotron radiation source BESSY II in
the Helmholtz-Zentrum Berlin. The sample solution was 1
mol/L NiCl2(aq). The XA spectrum was measured from a thin
liquid ﬁlm in transmission mode using the experimental setup
described in the literature.25
The simulated XA spectra of Ni2+(aq) are presented in
Figure 1 in comparison to our measured spectrum. In the
calculation, RAS1 contains three Ni 2p orbitals and RAS2
contains ﬁve nominal Ni 3d orbitals. No excitations to RAS3
were allowed. In the calculations we have explicit access to each
electronic state, which is used in the assignment of the spectral
features. First, the states are divided into L3 and L2 edges due to

and it has a potential advantage in the state-speciﬁc orbital
optimization in the RASSCF algorithm. In core-excited states, a
rehybridization of the molecular orbitals in the presence of the
core-hole is automatically included in the treatment.
Our calculations on Ni2+(H2O)6 and Fe2+(tren(py)3) were
performed using the MOLCAS-7 software.15 In the RASSCF
approach,13 the multideterminant wave function is built up as
excitations from a Hartree−Fock (HF) calculation, which in the
case of the core-excitations had a single hole distributed
uniformly over the core-orbitals, to generate suitable starting
orbitals. The excitations are generated by selecting a set of
active spaces of molecular orbitals; RAS1 with a restricted
number of holes (the three 2p orbitals with at most one hole),
RAS2 without constraint on occupation (containing the ﬁve
nominal 3d orbitals), and possibly RAS3 with a restricted
number of electrons (e.g., ligand orbitals for MLCT excitation).
The remaining orbitals are inactive doubly occupied or empty
orbitals. An important aspect for the accuracy of the RASSCF
results is that the orbitals in the multideterminant wave
function are optimized for the selected valence-excited and
core-excited electronic states. Hence, the orbitals we denote 3d
are molecular orbitals with appropriate hybridization mixing in
ligand contributions.
The Ni2+(H2O)6 complex in the high-spin ground state,
shown schematically in Scheme 1, was optimized (Ni−O =
Scheme 1. Molecular orbital diagram of Ni2+(H2O)6a

For core excitations (Ni 2p →Ni 3d), as well as the subsequent decay
into valence-excited states, to be covered, the active space involves Ni
2p and Ni 3d, partitioned into two subspaces. RAS1 contains the Ni 2p
orbitals with at most one hole, whereas RAS2 allows all possible
electron permutations in the Ni 3d orbitals. Ligand-to-metal chargetransfer (LMCT) excitations can be accounted for by introducing
ligand orbitals in RAS1 or RAS2. By introducing ligand orbitals in a
third subspace RAS3 containing at most one electron, we can also
model metal-to-ligand charge-transfer (MLCT) excitation.

a

2.080 Å) at the CASPT2 level14 with a RAS2 space consisting
of the Ni 3d orbitals. Scalar relativistic eﬀects were introduced
via a spin-free Douglas−Kroll−Hess transformation16,17 in
conjunction with an all-electron ANO-RCC basis set of VTZP
quality.18,19 The spin−orbit matrix elements were computed in
the state-interaction framework over a basis of RASSCF wave
functions.20 The vertical transition energies were obtained from
state-averaged RASSCF and RASPT2 calculations performed of
all resulting singlet and triplet states within each symmetry class
in D2h for the Ni2+(H2O)6 complex. We used a Lorentzian

Figure 1. Comparison between the experimental XA spectrum of 1 M
NiCl2(aq) solution and XA spectra calculated for Ni2+(H2O)6, with the
RASSCF and RASPT2 methods. The calculations include core
excitations arising from all [(2p)5,(3d)9] permutations and the discrete
RASPT2 transitions are shown. In the inset, spectra from a
conﬁgurational sampling are presented.
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strong spin−orbit coupling of the 2p core hole. Dominant
features at each edge in the XA spectra correspond to diﬀerent
states belonging to the same electronic conﬁguration
(2p)5(3d)9. Splittings and intensity ratios between the L3 and
L2 edges are well reproduced. Second, both L3 and L2 are
further split into two peaks. The low energy peak corresponds
to triplet states with the 2p spin parallel to the unpaired eg
electron spin. States in the higher energy peak have signiﬁcant
singlet character with antiparallel 2p and eg spins. The
separation between triplet and singlet peaks is a result of
2p3d exchange interaction.
Exchange interaction also distorts the L3/L2 intensity ratio
with respect to the expected 2:1 ratio in a system with pure 2p
spin−orbit interaction. At the high energy ﬂank of the L3 triplet
peak, states belonging to the (2p)5(t2g)5(eg)4 conﬁguration
show some intensity. These nominally double-excited states are
shifted about one 10Dq value against the singly excited triplet
peak, as expected (10Dq = 0.9 eV). The XA spectrum of
Ni2+(aq) is similar to that of NiO(s),12,26 although the latter
shows a substructure in the features at 855−857 eV.
In the inset in Figure 1, the results from a sampling over
conﬁgurations from an MD simulation are displayed. The
spectra are obtained with a TZVP basis set, for which the
splitting between the L3 and L2 edges are underestimated by 1.0
eV and within the edges there is also a small basis set
dependence. In order to compensate for the additional
limitations caused by the smaller basis set, the ﬁve uniformly
distributed conﬁgurations, selected from the MD trajectory,
were shifted by −7.8 eV. Since we perform explicit conﬁgurational sampling, the Gaussian contribution to the broadening of
these spectra contains only the part arising from experimental
resolution. We observe ﬂuctuations in the features of the
selected spectra, showing that conﬁgurational sampling would
be desirable. However, it is then important that the XA
spectrum simulation gives a good description of the 2p orbital
energies relative to the valence orbitals, in order to yield
accurate excitation energies.
Although the long-term goal is to combine this theoretical
method with ab initio MD simulations for the study of
photoinduced chemical reactions, an immediate motivation is
provided by the suggestion of “dark-channel ﬂuorescence” to
explain ﬂuorescence yield XA spectra for transition metals in
solution,2 which was interpreted in terms of electron
delocalization within the core-hole lifetime.2,27 In Figure 2 we
display results of Ni2+(aq) RIXS calculations.
The RIXS map in panel a in Figure 2 is based on the same
RASPT2 calculations as the XA spectrum in Figure 1. Hence,
the calculated RIXS ﬁnal states correspond to excitations within
the Ni (3d)8 conﬁguration only (so-called ligand ﬁeld excited
states, LF). We label the LF states using spin-free labels in Oh
symmetry, although the calculation was done in D2h symmetry
with spin−orbit interaction included. The eﬀect of the
nonoctahedral symmetry of the complex and the spin−orbit
interaction between 3d electrons is weak: ∼ 0.1 eV. The valence
states are thus built on the basis of determinants from three
possible conﬁgurations: (t2g)6(eg)2, (t2g)5(eg)3, and (t2g)4(eg)4.
Peaks at zero energy loss correspond to resonant elastic
scattering with the ﬁnal state being the 3A2g ground state of the
complex. At the ﬁrst XA resonance at the L3 edge (and also L2
edge), the most intense RIXS peak at 0.9 eV energy loss is the
3
T2g state. Note that the energy splitting between 3A2g and 3T2g
is equal to 10Dq. The experimental 10Dq value is 1.1 eV in the
Ni2+(aq) complex;29 therefore we estimate the accuracy of

Figure 2. (a) The RIXS spectrum corresponding to the RASPT2 XA
spectrum in Figure 1 was calculated according to the Kramers−
Heisenberg expression,28neglecting the polarization dependence,
interference, and vibrational eﬀects. (b) The PFY-XA spectrum was
derived by integrating the RIXS spectrum over all calculated
ﬂuorescence decay channels for each excitation energy. (c) By
extending the active space to ligand orbitals with two occupied Leg
orbitals in RAS1 (at most one hole) and three Lt2g orbitals in RAS3 (at
most one electron), we could also model charge-transfer (CT)
excitations in the RIXS spectrum. (A logarithmic intensity scale is used
in the RIXS maps to enhance weak peaks).

calculated valence state energies to be 0.2 eV. The second RIXS
feature at the ﬁrst XA resonance at 2.9 eV energy loss
corresponds to 3T1g states. The XA resonance at the highenergy side of the L3 edge (and L2 edge) has signiﬁcantly more
singlet character in relation to the ﬁrst XA resonance, which has
almost pure triplet character. This implies that the second XA
resonance decays with higher intensity to singlet valence states.
The RIXS feature around ∼2 eV corresponds to 3T1g, 1Eg and
1
T2g states, whereas the peak at 3.5 eV is mostly the 1T1g state.
Each core excitation has a particular set of decay channels to
valence-excited states, over which we can integrate to derive a
ﬂuorescence yield XA spectrum. The RASPT2 calculation in
panel b in Figure 2 captures the qualitative diﬀerences between
XA and partial ﬂuorescence yield (PFY-XA).3,27 The relative
enhancement in the PFY-XA spectrum of the “singlet” peaks is
mainly due to a high number of available decay pathways, since
both singlet and triplet valence-excited states can be reached.
This is essential to consider when using L-edge ﬂuorescence
yield XA spectroscopy. However, for a detailed discussion on
the interpretation of PFY-XA spectra, we refer to a recent study
of the Cr L-edge X-ray spectra of Cr3+(aq),30 in which the
RASSCF method was successfully applied.
In panel c in Figure 2, the result of the RIXS calculation with
an extended active space is shown. The RAS1 active space now
contains three Ni 2p orbitals and the two highest occupied
nominal ligand orbitals of eg symmetry (Leg). RAS3 contains
the three lowest unoccupied nominal ligand orbitals of t2g
symmetry (Lt2g). RAS2 includes the same orbitals as before (Ni
3d). Inclusion of nominal ligand orbitals Leg and Lt2g enables us
to compute an extended range of excitations. In addition to LF
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states (conﬁguration (Leg)4(t2g,eg)8(Lt2g)0), also states with the
conﬁgurations (Leg)3(t2g,eg)9(Lt2g)0 (ligand-to-metal charge
transfer states, LMCT) and (Leg)4(t2g,eg)7(Lt2g)1 (metal-toligand charge transfer states, MLCT) are calculated. Peaks
above 10 eV energy loss in panel c in Figure 2 correspond to
LMCT and MLCT ﬁnal states (the state at ∼7 eV is a singlet
1
A1g LF state, not presented in panel a). LMCT states can be
best reached through the same XA resonances as LF states
(excitation from Ni 2p to t2g or eg) but MLCT states are most
eﬀectively reached through excitation from Ni 2p to Lt2g. These
XA states appear in the calculation starting from 867.5 eV (L3
core-hole) and overlap with the lowest states in the L2 edge.
The intensity of LMCT and MLCT peaks are considerably
smaller than LF peaks due to small overlap of Ni 2p orbitals
with Leg and Lt2g orbitals. In conclusion, the RIXS map in panel
c in Figure 2 contains both features from MLCT core
excitations, indicated experimentally by the noisy XA feature
in the interval 866−869 eV in Figure 1, and at high energy loss,
weak features arising from CT valence-excitations related to
decay channels opened by the solute−solvent interactions.2 By
extending the active space, by introducing the Leg and Lt2g
orbitals in RAS1 and RAS3, respectively, the orbitals are
optimized in a diﬀerent state averaging, which slightly perturbs
the core-excitations by increasing the splitting within each Ledge.
For evaluation of the RIXS calculations in panel a in Figure 2,
we display resonant X-ray emission spectra in Figure 3. These

agreement is excellent, if we assume that there are remaining
issues with the experimental calibration of the emission energy,
which is the on-resonance excitation energy.
An attractive feature in the RASSCF calculations is that
valence-excited states are treated on an equal footing with the
electronic ground state. Thereby we are also able to study XA
and RIXS spectra of systems in transient electronic states and
highly distorted geometries. In this context, the theoretical
development is a valuable complement to experimental
investigations with time-resolved optical pump−X-ray probe
techniques.31 Time-resolved XA and RIXS with accurate
theoretical analysis can be used to study changes in the local
electronic structure with femtosecond resolution in reaction
sites in biochemical processes or in situ in working photovoltaic
devices.1 The applicability of the method to relevant
investigations with time-resolved X-ray spectroscopy is proven
by a direct comparison to experiments on polypyridyl iron
complexes.31 After photoexcitation of the low-spin singlet
ground state of [Fe(tren(py)3)]2+, the complex evolve from a
1
MLCT intermediate state into a long-lived high-spin quintet
state. For interpretation of the transient X-ray absorption
spectra of [Fe(tren(py)3)]2+, the methylated analogue Fe(tren(6-methyl-py)3)2+, which is high-spin at room-temperature, was
experimentally employed.31 Computationally, we modeled the
XA spectra of [Fe(tren(py)3)]2+ at diﬀerent geometries and in
diﬀerent electronic states. X-ray absorption spectra from the
singlet (1A1g) and quintet (5T2g) states were calculated with an
active space consisting of the Fe 2p orbitals with at most one
hole in RAS1, and the nominal Fe 3d orbitals in RAS2. We
added dynamic correlation to the singlet ground state and
quintet valence-excited state to obtain a correct ordering of
these states. The resulting correction, of a 0.77 eV relative
stabilization of the singlet state, was used in the XA spectrum
calculations, presented in Figure 4.

Figure 4. The calculated X-ray absorption spectra of [Fe(tren(py)3)]2+
is compared to the experimental XA spectra31 of [Fe(tren(py)3)]2+
(singlet 1A1g) and a high-spin analogue (quintet 5T2g). The RASSCF
calculations include core excitations arising from all [(2p)5,(3d)7]
permutations. A uniform 0.9 eV Gaussian broadening is employed for
comparison to experiment.

Figure 3. Resonant X-ray emission spectra of Ni2+(H2O)6 readily
extracted from the RIXS map in panel a in Figure 2, for X-ray
excitations energies detuned around the main L3 edge.

Already with this minimal active space, the basic features are
well described. The adequacy of the RASSCF method is
apparent in the multiconﬁgurational character of the ground
state singlet, the valence-excited quintet, and the core-excited
states, which contain signiﬁcant contributions from the
determinants with 3d t2g → eg transitions. In the eg orbitals,
the nominal Fe 3d are strongly hybridized with the ligand Nσ

are vertical cuts in the RIXS map, and the energy scale is
unambiguously determined by the calibration of the XA
transitions. The detuning steps are chosen for an easy
comparison to experimental data in Figure 3b in a previous
experimental study3,27 taking into account the diﬀerences in
calibration of the experimental XA spectra. The overall
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lone-pairs. The shift of the main L3 edge, the appearance of
prepeak related to the 3d t2g hole and the redistribution of
intensity from the L2 edge can be reproduced. We also compare
the XA spectra for a vertically and adiabatically valence-excited
quintet state derived from geometries of the complex optimized
in the low-spin and high-spin state. There is a smoothening of
the spectral features as the [Fe(tren(py)3)]2+ complex relaxes in
the quintet state due to an increase of the Fe−N bonds from
2.018,2.045 Å to 2.20,2.30 Å. A quantitative agreement would
primarily require the inclusion of ligand orbitals in the active
space, since there is a substantial covalent character in the
metal−ligand bond. Together with ab initio MD simulations,
this forms a framework for following the spectral evolution of
photoinduced chemical reactions.
A careful study of the performance of the RASSCF/PT2
method will follow, in particular to other iron complexes, in
which we will study MLCT and LMCT excitations and the
covalent nature of the metal−ligand interaction. For the
[Fe(tren(py)3)]2+, in particular, the inclusion of MLCT states
will make it possible to determine the spectral signature in XA
and RIXS of the 1MLCT intermediate directly following
photoexcitation.31
In conclusion, we have shown that ab initio multiconﬁgurational SCF calculations can give a highly reliable description of
L-edge X-ray absorption (XA) and resonant inelastic X-ray
scattering (RIXS) spectra of a transition metal in aqueous
solution. This is of great value for the interpretation of
experimental data as it allows for a unique discrimination of
intra- versus interatomic eﬀects.3,27 The nickel hexa-aqua
complex is a very small and static model, and future
investigations of transition metal ions in solution involve
conﬁgurational sampling of larger cluster models, improvement
of basis sets and extended active spaces. We also show that it
can be applied both to more complex metallo-organic
complexes. The scaling with system size is less severe than
with respect to active space, and future investigations will
determine its usefulness.
For L-edge X-ray spectroscopy of transition metal complexes,
the method enables us to calculate (1) XA spectra from core
excitations from 2p core levels to 3d valence levels, (2) RIXS
spectra involving the subsequent decay into valence-excited
states, (3) a proper description of XA and RIXS spectra also for
highly distorted geometries and transient valence-excited states
in time-resolved investigations.

■
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