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A simple method for non-empirical ligand field multiplet calculations for transition metal L-edge spectra is
presented. Ligand field splittings and anisotropic scaling factors for Coulomb integrals are obtained from density
functional theory. The method is applied to transition metal monoxide solids and nickel and cobalt phthalo-
cyanines molecules and good agreement with experiment is obtained.

1. Introduction

X-ray absorption spectroscopy at the transition metal L,;-edges
probes the 2p to 3d transitions and is a precious source of information
about valence, magnetism and bonding of the metal site in a compound
or molecule (de Groot and Kotani, 2008). The standard calculation
method for L-edge spectra is ligand field multiplet (LFM) theory
(Yamaguchi et al., 1982; van der Laan et al., 1988; Thole and van der
Laan, 1988). LFM theory is based on a single ion model, where Coulomb
and spin-orbit interactions are computed ab initio from Hartree-Fock
wave functions. The perturbation of the free ion electronic structure by
the ligands is described by introducing a symmetry-dependent level
splitting of the 3d-orbitals and by rescaling the Coulomb (Slater-
Condon) integrals by a constant reduction factor x. This simple treat-
ment of all extra-atomic effects has proven astonishingly successful,
especially in high-symmetry ionic compounds (de Groot et al., 1990).
The major drawback is that it relies on empirical parameters. The
number of parameters required to describe the splitting of the 3d-level
depends on the point group symmetry. This number is one for cubic
(Dq), three for tetrahedral symmetry (Dq, Ds, Dt) but raises to 15 in
absence of any point symmetry (C;). In systems relevant for na-
noscience, biology and catalys, the point symmetry at the transition
metal ion site is often low and thus the number of ligand field para-
meters is large. Then, parameter fitting becomes cumbersome and the
theory lacks any predictive power.

Here we introduce a simple method for computing the parameters of
LFM model from density functional theory (DFT). The orbital depen-
dence of Coulomb integral reduction is taken into account for the first
time in LFM calculations. We apply the method to L-edge spectra of
transition metal monoxides as well as nickel and cobalt phthalocyanine
molecules, and obtain good agreement with experiment in all cases.

https://doi.org/10.1016/j.radphyschem.2018.11.005

2. Theory

We wish to calculate the absorption spectrum from the L, ; edges of
a transition metal site of an extended system, either molecule or solid,
using the LFM model. In order to obtain the LFM parameters, we first
determine the valence electronic structure of the extended system using
DFT from which we obtain the single-particle eigenvalues ¢ and ei-
genstates 1. These molecular or band orbitals ¢, are projected on
3d-orbital basis states ¢,, centered on the metal site, where m denotes
one of the five d-orbitals symmetries, usually taken as real spherical
harmonics. Ideally, the 3d orbital basis corresponds to the free ion
calculation from which the multiplet (Coulomb-integrals and spin-
orbit) parameters are obtained. In practice, other local orbital projec-
tion schemes can be expected to give very similar results. Here we use
the projector-augmented wave method as implemented in VASP (Kresse
and Furthmiiller, 1996) with projection in atomic spheres. The atomic
sphere radii are chosen as the Wigner-Seitz radii of the elemental me-
tals. The projection yields the 3d-wave amplitudes

Conk = (B %) @

We define an energy range I = (E;, E,) which covers the eigenvalues ¢
whose eigenfunctions ), have dominant transition metal 3d-character.
For transition metal oxides, for example, the interval I should cover the
antibonding 3d-like bands. The definition of the energy intervall I is the
only part of the procedure which requires a choice by the user. We
define orbital reduction factors «,, as

letm > = 1Couc P
I3 (2)
where ' indicates that the sum runs only over eigenstates with ¢ € I.
We choose the phase of a,, as real positive for convenience. The ligand
field splittings are obtained from the effective 3d levels ¢,, defined as
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Thus the levels ¢, are taken as a sum over molecular levels or band
energies, weighted by the 3d-m partial density of states (DOS). The
matrix elements of the electron-electron interaction are given by the
Coulomb integrals

=

where the 1), run over the eigenstates of the underlying one-electron
hamiltonian. In standard LFM theory, ¢, are the free ion 2p and 3d
orbitals, while in quantum-chemistry configuration interaction
methods, the 3d orbitals are replaced by molecular orbitals ). Here we
project the valence eigenstates 3, onto the 3d-orbitals such that
Y = 2o Ck By, + ¥, where 9, is the part of the wave function on the
ligands. We first consider the case when there is exactly one molecular
orbital ¥, with symmetry m in the energy interval 1. We then have
P =, = au@, + P;. Putting this expression into Eq. (4) and ne-
glecting all terms with one or more ¥;, we get Viss ~ af'asozas Viss,,
where V%, corresponds to the atomic orbitals ¢,,. Following standard
practice in multiplet theory, we obtain V from free ion integrals (V#F)
using Cowan's Hartree-Fock program and rescale them uniformly by a
factor 0.9 in order to account for the neglect of (intra-atomic) config-
uration interaction in the Hartree-Fock approximation (Cowan, 1981).
This results in the following working expression.

_ HF _ %
Vizsa = K234 Vigas > Kaz3a = 0.9a7a,0304 %)

We use Eq. (5) also for the general case when there is more than one
molecular orbital per m and the covalency coefficients ¢, are computed
with Eq. (2). In standard LFM method, a single reduction factor x is
used. Here %53, is orbital dependent, since the covalency «,, depends on
the 3d orbital symmetry m. This introduces an anisotropy of the Cou-
lomb interaction matrix (5). We note that this effect is automatically
included in quantum chemistry configuration interaction methods
(Ogasawara et al., 2001; Tkeno et al., 2009), where the waves 1, en-
tering Eq. (4) are molecular orbitals. To the best of our knowledge,
however, the effect has not yet been considered in the framework of
LFM theory. We shall see in the applications below that the «,, values
typically vary in the range 0.75 ~ 0.95 for the different d orbital
symmetry m. The corresponding variation of Coulomb integral reduc-
tion factor x is 0.3 ~ 0.8 and so the anisotropy effect can be substantial.
Core-valence Coulomb integrals are given by Eq. (4) with two core and
two valence orbitals. We put a = 1 for the core-orbitals, since they are
not hybridized with the ligand states.

3. Results and discussion

We first apply the method to the transition metal monoxides MO
(M = Mn,Fe,Co,Ni) in rocksalt structure. DFT calculations (Kresse and
Furthmiiller, 1996) were performed with the PBE exchange-correlation
(XC) potential and experimental lattice constants. Fig. 1 shows the 3d
partial DOS on the metal site for &,-symmetry (xy, yz, zx orbitals) and
eg-symmetry (x? — y?, 3z2 — r? orbitals) in the non-magnetic state. Even
though the true ground state of these metal oxides is antiferro-mag-
netic, we extract the ligand field parameters from the non-magnetic
band structure, because ligand field splitting is essentially a one-elec-
tron, spin-independent effect due to electro-static field and orbital hy-
bridization. Spin-polarization is taken account of in multiplet calcula-
tions through dd Coulomb interaction. Table 1 lists the ligand field
parameters, calculated with an integration intervall I = (-3,2) eV,
covering the antibonding band. The 10Dg value of about 1eV agrees
well with empirical and ab initio values (de Groot et al., 1990; Ikeno
et al., 2009). The covalency parameter « is systematically smaller for e,
than for g, reflecting the stronger hybridization of the o-bonds formed
by the e,-orbitals as compared to the 7-bonds of f,,. The anisotropic
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Fig. 1. Partial density of states (DOS) of transition metal monoxides projected
on metal-3d orbitals of &, (red) and e;-symmetry (black).

Table 1
Calculated ligand field parameters of transition metal monoxides.
10Dq = E(tg) — E(e,) in eV.

MnO FeO CoO NiO
10Dq 0.934 0.914 0.829 0.929
a(tg) 0.932 0.943 0.947 0.946
a(eg) 0.906 0.907 0.903 0.891

effect is rather small but it increases when going from MnO to NiO,
where [a(t)/a(eg)]* = 1.27. This means that in NiO, the repulsion be-
tween two electrons occupying a b, orbital is larger by 27% than for
two electrons occupying an e, orbital.

Fig. 2 shows the L-edge spectra calculated in LFM theory with the ab
initio ligand field parameters of Table 1. The threshold of the calculated
spectra has been aligned with experiment. The line spectra were
broadened with a lorentzian of width 0.3 and 0.5eV in the L; and L,
regions, respectively. The theoretical spectra agree very well with ex-
periment. A few minor differences can be found. In the CoO spectrum,
the peak intensity at 778 eV is slightly overestimated. In NiO, the weak
hump at 867 eV is missing. This is likely a transition to continuum
states, which cannot be captured in a single ion model (Kriiger, 2010).
Apart from these minor differences, the agreement between theory and
experiment is excellent. It is as good as that obtained with quantum
chemistry configuration interaction method by Ikeno et al. (2009). We
now discuss the effect of the anisotropy of the Coulomb integral re-
duction in the case of NiO. In Fig. 1d, the blue spectrum (“iso”) has been
obtained by disreading the anisotropy, i.e. by applying a uniform
Coulomb reduction factor x = 0.77, obtained as the average of the
calculated a2 times 0.9. It can be seen that the “iso” spectrum lacks the
small peak labeled ‘A’ and that the intensity ratio of the L, doublet
(peak ‘B’) is somewhat less good than in the anisotropic calculation (red
line). In the case of cubic transition metal monoxides the anisotropy
effect is weak because of high symmetry and mainly ionic bonding.
Nonetheless, including the anisotropic Coulomb reduction further im-
proves the spectra as demonstrated here in the case of NiO.

As a second example, we apply our theory to nickel (NiPc) and
cobalt phthalocyanine (CoPc) molecules. They have a flat geometry
where the metal ion is bonded to four nitrogen ligands along the x- and
y- axes of the molecular plane. The Dy, symmetry splits the 3d-orbitals
into four levels, a;; (3z% — r%), big (x? —y?), by, (xy) and ¢, (xz, yz)
(Bartolome, 2014). Fig. 3a,b shows the 3d-DOS of the single molecules,
calculated with VASP DFT-PBE in the theoretically optimized geometry.
The antibonding, 3d-like molecular orbitals are located above — 3 eV.
By direct inspection of the DOS, it can be seen that in both molecules
the order of the ligand field splitting is E (by,) < E(eg) = E (a15) <E (byg).
Table 2 lists the calculated ligand field parameters obtained with the
energy interval I= (-3,4) eV. The anisotropy of the a values is very
strong, with a(b;g) being much smaller than the other ,,. This reflects
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Fig. 2. X-ray absorption spectra of transition metal oxides. The thresholds of the calculated spectra (red) have been aligned with the experimental data (black), taken
from Ikeno et al. (2009). In (d), the blue spectrum (“iso”) corresponds to a standard calculation with orbital-independent Coulomb integral reduction.

the strong covalency of the x> — y? orbital, which forms o-bonds with
the four N ligands. In order to see the sensitivity of the results to the XC-
potential, we have redone the NiPc and CoPc calculations in the LDA
(not shown) while keeping the PBE-optimized molecular geometries.
All €, and «a,, values differ by less than 1% from PBE, i.e. the effect of
the XC-potential on the obtained LFM parameters is negligible.

Both in DFT and in LFM model calculations we find that the ground
state of NiPc is a (d®) spin singlet with a (ajb3e;) configuration in
agreement with the literature (Bartolome, 2014). The calculated L-edge
spectra are shown in Fig. 3c for linear polarization in-plane (E|xy,
black) and out-of-plane (H|z, red). The NiPc in-plane spectrum shows
essentially a single sharp line for L; and L,, corresponding to transition
from the 2p,, orbitals to the 3d hole states of by, (x? — y?) symmetry.
The theoretical out-of-plane spectrum is virtually zero, because the
dipole selection rules exclude p — d,2_ transitions for Hjz. In the ex-
perimental out-of-plane spectrum, some weak features are present.
They may partly be attributed to metal-ligand back-bonding involving
virtual molecular orbitals with a small contribution of Ni 3d and 4s
orbitals of a;, or e;-symmetry, such as the tiny e, peak seen in the DOS
at 1eV.

For CoPc, our spin-polarized DFT calculations (not shown) give a
(d’, ajybseq, S = 1/2) ground state, i.e. the third hole occupies the a,
orbital. From the non-magnetic DOS in Fig. 3b, a hole in the a;, or e,
orbital seems equally likely, but from the LFM calculation with the
parameters of Table 2 we get a 24, ground state with dominant
(allg bzzg eg ) occupation in agreement with the spin-polarized DFT result.
The calculated spectrum obtained with the parameters in Table 2 is
shown in Fig. 3g (“aniso, 24;,”). It agrees very well with the experi-
mental data (Fig. 3h) taken from Kroll et al. (2009). The in-plane
spectrum (black) is dominated by doublets around 782eV (L;) and
796 eV (L,). They can be attributed to transitions into by, states split by

exchange coupling between the two final state 3d-holes. The out-of-
plane L;-spectrum shows a sharp peak at 799 eV which corresponds to
the 2p, — 3d,2_,2 transition. Here, no exchange splitting can occur,
since both final 3d-holes are in the 3z2 — r?-orbital and must form a
singlet. The corresponding L, peak has much smaller intensity, both in
theory and experiment. The experimental spectrum has another weak,
but clearly visible peak at 782 eV (labeled ‘A’), which is not reproduced
in the calculation. We tentatively attribute this feature to a virtual
molecular orbital of e, symmetry, which gives rise to the small peak at
1.5 eV in the DOS (Fig. 3b) indicating some 7-back donation from the N
ligands.

Fig. 3f shows the spectrum obtained with an average, isotropic
Coulomb reduction factor x = 0.75. The ground state is still (4;,) but
the spectral shape is clearly changed and agrees less well with experi-
ment. This proves that the anisotropy of the Coulomb reduction can
have a substantial effect on the L-edge spectra and must in general not
be neglected. As seen from Fig. 3b and Table 2, the e;-a;4 level splitting
is very small in CoPc. If the e, level is lifted by 0.5 eV, the ground state
switches to (%E) with a (af,bse;) configuration. Fig. 3e shows the
corresponding spectra, obtained with the «,, and ¢,, values of Table 2,
except for e(eg) = 0.408 eV (or 10Dg =3.09, Ds =0.22, Dt =0.34.) While
the overall spectral shape is rather similar to the (zAlg) ground state,
there are a number of clear differences which considerably worsen the
agreement with the data. An interesting feature is the absence of any
L,-peak in out-of-plane polarization. This can be understood as follows.
For E|z, we have the selectron rule Am; =0, such that p — de 2
transitions are impossible, as already in seen NiPc. As a consequence,
the excited electron must fill the e, hole, resulting in a (af;bye;) va-
lence configuration which has L=S=J= 0. The L,-edge (2p,,,-hole)
final state thus has a total angular momentum J = 1/2. Due to spin-orbit
coupling, the ?E, ground state has an unquenched orbital moment
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Fig. 3. Partial density of states (DOS) of NiPc (a) and CoPc (b) molecules (Er = 0). (c, e-g) Calculated X-ray absorption spectra (XAS) for in-plane (black lines) and out-

of-plane (red) polarization. (d, h) Experimental data Kroll et al., (2009, 2012).

Table 2

Calculated ligand field parameters of NiPc and CoPc. Energies in eV.
symmetry aig big bag eg
orbital 322 — r2 X2 —y? Xy X2, V2
NiPc
€m —1.084 1.003 —2.235 —1.252
Qam 0.918 0.759 0.961 0.946

10Dg = 3.24, Ds = 0.16, Dt = 0.29

CoPc
€m —0.135 2.450 —0.642 —0.092
am 0.906 0.796 0.955 0.949

10Dg = 3.09, Ds = 0.29, Dt = 0.28

IMyl =1 and a total moment IM;| = 3/2. As E||z implies AM; = 0, the
final state also has IM;| = 3/2. This is impossible for the 2p, ,-hole with
J = 1/2 which explains the absence of an out-of-plane L, peak.

From the X-ray spectra obtained with our non-empirical LFM
method we thus conclude that the ground state of CoPc is 24, in
agreement with our own spin-polarized DFT calculations and most of
the experimental and theoretical literature (Bartolome, 2014; Kroll
et al., 2009). Recently, Zhou et al. (2016) have calculated the L-edge
spectra of CoPc in a charge transfer LFM model. They have stressed the
importance of anisotropic covalency which is confirmed by our results
(Figs. 3f,g). They further argued that the strong Co-N hybridization of
the by, orbital cannot be modeled in a single-ion multiplet scheme and
that charge transfer processes must explicitly be taken into account for
satisfactory agreement with experiment. The present results do not
support this conclusion. Indeed the single-ion LFM spectra of Fig. 3g

agree as well with experiment as the charge-transfer calculations in Ref.
Zhou et al. (2016). Moreover, we have achieved this level of agreement
without empirical parameters, while in Ref. Zhou et al. (2016) the li-
gand field and charge-transfer parameters have been fitted to experi-
ment. We note that the single-ion LFM model used here, works best for
ionic metal-ligand bonds. When the covalency increases, charge
transfer effects become stronger and may need to be taken into account
explicitly for an accurate description of the L-edge spectra.

4. Conclusions

In summary, we have developed a simple scheme for extracting li-
gand field model parameters from DFT calculations of solids or mole-
cules. We have introduced an orbital-dependent Coulomb integral re-
duction factor, to take account of the anisotropy of the metal-ligand
bonding. We have applied the method to transition metal monoxide
solids, as well as nickel and cobalt phthalocyanine molecules and have
obtained good agreement with experiment in all cases. In the case of
phthalocyanine, the anisotropy of the covalency parameter is large and
has a substantial effect on the spectra shape. For NiPc we find a
(aiyb3e;) singlet ground state and for CoPc a (a;;b3¢;) spin doublet, in
agreement with the literature.
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