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Abstract

We present an extension of an ab initio numerical tool calculating at the same

time x-ray absorption spectroscopies and crystal orbital overlap populations. Density

functional theory is used to calculate the electronic structure in both occupied (valence

to core X-ray emission spectroscopy) and non occupied states (i.e., X-ray absorption

near edge structure, x-ray magnetic circular dichroism) as well as to evaluate the orbital

overlap typifying the covalency between neighboring atoms. We show how the different

features in the experimental spectra can be correlated to the chemical bonds around

the absorbing atoms in several examples including acrylonitrile molecule, rutile TiO2,

Li2RuO3 high-energy density cathode, ZnO, and anti-ferromagnetic V2O3.
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1 Introduction

X-ray absorption spectroscopies are widely used to probe local coordinations with chemical

specificity in most classes of materials.1 Within the energy range close to the absorption

edge (≈ 60 eV), X-ray absorption spectroscopies are sensitive to the oxidation state of the

absorbing atoms by the resulting edge energy shift compared to a known reference.2 This

sensitivity is even higher when using resonant x-ray diffraction (RXD), as demonstrated by

Nazarenko et al. for the charge ordering study of magnetite at low temperature.3 With

the exception of strong core-hole interactions observed typically at L23 edges of 3d elements

or M45 edges of the rare earth, the absorption cross section and the valence to core x-ray

emission spectroscopy are typically proportional to the projection of the non occupied, for

the first, and occupied for the second, density of state (pDOS) on the absorbing atom.

Thus, a number of studies have used the projection of the non occupied density of states to

assign spectral features to specific orbitals, where the atomic orbitals are oftentimes part of

a molecular orbital or even a band inside a crystal.

The concept of crystal orbital overlap population (COOP) calculated from the projec-

tion of the density of states on a specific molecular bond was developed as a complementary

tool to understand interesting aspects of electronic structures.4–6 COOPs reveal additional

bonding information including bonding and antibonding interactions indicated by positive

and negative COOP values, respectively. The positive and negative values express respec-

tively the increase or decrease of the electron density in the inter-atomic area by comparison

with the electron density which would result from the simple addition of the electron density

of both atoms taken as without interaction. As an example of the applicability of COOP

to understand the properties of materials, see for example the work from Maintz et al. in

GeTe phase change material to rationalize the diffusion of Ge in this material.6 Saubanère

and coworkers used COOP calculations to visualize the oxidation of oxygen from oxide to

peroxide during the delithiation of a Li2RuO3 Li-ion cathode material to RuO3.
7

Due to the high complementarity of COOPs with X-ray spectroscopies and pDOS, we

2

Page 2 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



have implemented these calculations in a unified framework: our FDMNES package8,9.

FDMNES is a self-consistent ab initio code, extensively used to simulate XANES, RXD,

Surface resonant diffraction, X-ray emission spectroscopy and all related dichroisms includ-

ing magnetic ones. Its Density Functional Theory (DFT) full potential approach makes this

code especially appropriate for simulating absorption edges of chemical elements embedded

in non-close packed surroundings or in low symmetry sites, while relativistic calculations

including spin-orbit give access to the heaviest chemical elements. The calculations can thus

be applied for all classes of materials and it is especially efficient for the K-edge of all el-

ements and the L23 edges of the heavy ones (typically Z ≥ 50).2 In addition, the scope of

the software can be expanded for the calculation of the other edges, while less precisely via

a Time Dependent DFT (TDDFT) extension10. A recent numerical development11 allows

FDM calculations to be up to 40 times faster than before. This now allows to perform the

computation of response functions of diverse materials at reasonable times on conventional

personal computers. Our purpose here is also to show that the capabilities of the FDMNES

software have been now further expanded to include COOP calculations to aid to the correla-

tion of features in the simulated spectra with the bonding of atoms and ultimately materials

properties.

In the next section, the main theoretical elements of the COOP calculation are recalled.

Section 2.2 explains how this theory is implemented in FDMNES, particularly in the context

of both the multiple scattering theory (MST) and finite difference method (FDM) used in the

code to solve electronic structures. Section 3 presents a series of examples where experimental

data, simulated spectra, pDOS and the COOP calculations are used to understand the

structure-property relationships of a wide range of materials. All the FDMNES input files

used for the presented simulations are given in the Supplementary Information.

3
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2 Methods

2.1 Crystal orbital overlap population calculation

For any given calculation mode (MST or FDM), it is possible to make a spherical expansion

of the wave function inside an atom A. Considering atom A is spherically symmetric we

have:

ϕf
A (r, σ, E) =

∑

L,σ

afALσ (E) bALσ (E, rA)Y
m
ℓ (r̂A)χσ , (1)

where r is the position, r = |r|, r̂ = r/r and σ is the spin. f represents a specific state with

energy E, whose definition depends on the basis set used to make the calculation. When

neglecting spin-orbit interaction, L = (ℓ,m) simply indexes the orbital quantum numbers.

bALσ (E, rA) is the radial solution of the Schrödinger equation. rA = r−RA is the position,

relative to the atom A, set at RA. a
f
ALσ is the amplitude and χσ is the spin projector. Note

that the dependence on energy of bALσ is smooth contrary to the one of the amplitudes.

We nevertheless keep it because it cannot be neglected all along the wide energy range used

typically in absorption spectroscopies. The amplitudes afALσ are related to the diagonal,

(L = L′), pDOS, ρALσ (E), by the relation:

ρALσ (E) =
∑

f

∣

∣

∣
afALσ (E)

∣

∣

∣

2
∫

b2ALσ (E, r) r2dr , (2)

where the radial integration is performed up to a chosen atomic radius.

The COOPs, CAB
LALBσ, are calculated in the same way, but considering the non-diagonal

terms, (LA 6= LB):

CAB
LALBσ (E) = RAB

LALBσ (E)
∑

f

afALAσ (E) afBLBσ (E) , (3)

with the integral given by:
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RAB
LALBσ (E) =

∫

bALAσ (E, rA)Y
∗

LA
(r̂A) bBLBσ (E, rB)YLB

(r̂B) r
2drdr̂ . (4)

While magnetic system with spin-orbit, CAB
LALBσ (E) in Eq. 3 could be a complex number

where the imaginary part corresponds to a current, we consider here only contribution of

the real part given that the complex conjugate on the harmonics in Eq. 4 are useless when

spin-orbit can be neglected. Therefore, real basis for the harmonics are used henceforth.

2.2 COOP in FDMNES

The FDMNES code uses two different techniques to solve the electronic structure: FDM

and MST. The FDM applies arbitrarily shaped potentials12, while full MST gives rise to

less precise but faster calculations. Whatever the calculation mode, XANES calculations

most often require taking into account core-hole interactions with some screening electrons.

Therefore, COOP and pDOS are calculated in the same way (with a core hole) to allow

for a direct comparison with the corresponding spectra. The observed effect versus the

electronic ground state structure after including core hole effect in COOP and pDOS is

mostly a shift and the analysis remains valid. The purpose of this section is to show how

these two calculation modes are adapted to the COOP evaluation. We also want to clarify

our integration procedure which allows to quantify the orbital overlap. As shown in the last

part, it can be expressed in convenient basis, for a better description of the phenomena.

2.2.1 About the integration

FDMNES works in direct space and thus the formulae 3 and 4 can be directly applied, but

the practical integration expressed in Eq. 4 needs further clarification. We have chosen to

perform the integral in a sphere centered at a point at a relative distance of both atoms equals

to the ratio between the two atomic radii. The integration is done in a sphere whose radius

is the half sum of both radius. This procedure can be seen as arbitrary, but the important

5

Page 5 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



factor is consistency. Besides the arbitrary assignment of a radius value, and the crude

integration step, direct quantitative comparison can be done between COOPs calculations,

because when the chemical species do not change, the radius remains the nearly the same.

In this way, a quantitative comparison of the COOP between different materials of the same

family is possible and metal-ligand bonding can be quantified.

2.2.2 Spin-orbit and full-potential shape

FDMNES calculations can be relativistic with spin-orbit coupling, an important consider-

ation for systems containing heavy atoms as well as for the simulations of x-ray magnetic

circular dichroism at K-edges. For relativistic COOP calculations using spin-orbit coupling

we use the L = (ℓ,m, s) basis instead of the more classical (ℓ, J±, Jz) basis in relativistic

theories, following the work by Wood and Boring13. In this model s = ±1

2
is the index of

the two solutions of the radial relativistic Schrödinger equation. When spin-orbit tends to

zero, s and σ simply merge. Spin-orbit makes also that the radial solution of the Schrödinger

equation depends on the four quantum numbers ℓ, m, s and, σ. Their amplitude depends

on the same indexes but with the specific form: afALσ = afA,ℓ,m+σ−s,s. Note that beside these

technical difficulties, which must be well resolved in the simulation, a convenient change of

basis makes the final extraction of the COOP simpler for the user as explained in section

2.3.

When FDMNES runs in FDM mode a free shape of the potential is assumed and spherical

approximation inside the atoms is not used. The use of a sphere with a smaller radius than

the one typically used in the muffin-tin approximation is necessary to obtain the spherical

expansion given in Eq. 1. Note that an option on the code exists to calculate this area

without any spherical approximation. In that case, the wave function can be expressed

by an expansion in spherical harmonics using a double sum. Up to now, we have not

found cases where this double expansion gives an improvement in the simulations when

comparing with experimental spectra. For COOPs, the aspherical components could give
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more effects, because the integration in Eq. 4 is performed in the overlapping area where the

approximation is suspected to be of a poorer quality. Nevertheless, the general calculation

giving the amplitudes, the main “ingredients” of COOPs is in any case correct and only the

radial wave functions are slightly less precisely evaluated at these radii. The effect must

then be smooth and as it will be demonstrated in the examples below: firstly, we are able to

reproduce the COOP results given by other codes; and secondly, we can extract the σ and

π bounds in archetypal systems where they are well known.

2.2.3 FDM and MST modes

When using the FDM mode, FDMNES directly solves the (relativistic) Schrödinger equation

and furnishes the amplitudes a. On the contrary, when using the MST mode, one gets

the multiple scattering amplitudes. When calculating XANES or pDOS we only need the

diagonal terms in the atomic expansion (A=B). But when using the full multiple scattering,

which is inverting the MST matrix and avoiding thus the path expansion, one obtains also

the off-diagonal multiple scattering amplitudes, τAB
LALBσ. Their expression versus the atomic

amplitudes are:

1

2

(

τAB
LALBσ − τBA∗

LBLAσ

)

= τ̂AB
LALBσ = −i

∑

f

afA,LAσa
f
B,LBσ . (5)

Note that when spin-orbit can be neglected we simply have:

1

2

(

τAB
LALBσ − τBA∗

LBLAσ

)

= iℑ
(

τAB
LALBσ (E)

)

. (6)

The multiple-scattering amplitudes can be directly inserted in the COOP expression:

CAB
LALBσ (E) = −ℑ

(

τ̂AB
LALBσ (E)RAB

LALBσ (E)
)

. (7)
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2.3 Choosing the spherical harmonics basis

Different basis for the spherical harmonics can be used. When spin-orbit cannot be neglected,

or when calculating electronic structure for punctual group with complex characters (such as

C3 or C4), the most classical complex spherical harmonics are used and the formulas above

are expressed in this way. In the other cases, the tesseral harmonics which are given by

the real and imaginary part of the standard harmonics can be preferred to save computing

time and memory space. Cubic harmonics which are also real harmonics are the functions

corresponding to the cubic punctual group. They are in fact the most familiar and called s,

px, py, pz, dz2 , dx2−y2 ... and can be obtained from the previous ones by very simple matrix

transformation. Up to ℓ = 2 they are the same as the tesseral harmonics, but from ℓ = 3,

they are different. For practical use it is often more convenient to visualize pDOS and COOP

using this cubic basis, even when the punctual group is not cubic. We have thus introduced

a change of basis and the results are given by default in this way. A specific option in the

code allows to keep the standard basis.

The electronic structure is first calculated considering a cluster where the spherical har-

monics are expanded in the same (x, y, z) frame. The inter-atomic axis between 2 atoms

can be in an arbitrary direction. It is often more convenient to express the COOP in a

local basis with the z direction along the inter-atomic axis. In practice this one is chosen

automatically depending on the local geometry. This allows to better quantify the bonding

with the convenient orbital magnetic quantum number m. Alternatively, the original frame

can be selected.

8

Page 8 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3 Results & Discussion

3.1 Acrylonitrile

More than 20 years ago, Laffon and coworkers14 performed XANES measurements on acry-

lonitrile multilayers deposited on Pt(111) and used linear dichroism to compare the spectra

recorded at normal (polarization parallel to the surface) and grazing incidence (polarization

at 25◦ from the normal). This study showed the small planar CH2CHCN molecules are not

fully disordered, but mostly parallel between each others at a given angle (not specified in

their publication) with the metal surface. With the help of Ultraviolet Photoelectron and

infrared spectroscopies,15 the interpretation of the X-ray spectra in terms of π∗ and σ∗ bonds

was possible. Here, we use this well established result to validate our COOP calculation.

The XANES experimental data and simulation at the Nitrogen K-edge, N p-DOS and

COOP between N and C (that we call N:C) are introduced in Figure 1. Note the simulations

were done using the FDM approach and are thus full potential, seeing as the muffin-tin ap-

proximation is not sufficiently precise in such an open or flat molecule. A single molecule was

considered in this calculation with the effect of the neighboring molecules being neglected,

but with a constant maximum potential to avoid the slow increase of the potential to zero

at infinity, as seen in the gas phase.

Fig. 1 shows experimental and simulated XANES spectra at both polarization conditions.

In the inset, a scheme of the molecule with its orientation is given, where the x axis is located

along the N-C bond and the z axis is perpendicular to the molecule. A good agreement

between the simulation and experiment is achieved, which reproduces the thin and tall

features at the lower energy range of the spectra as well at the broader bumps at higher

energies. Note that only the pure contributions of the polarization along x, y and z are

shown in this study and the average between them to reproduce the data which allows to fit

the angle between the molecule plane and the surface can be found in a previous study.16.

More important for the present study is the replication of different features in the spectra

9
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and their dependance with the polarization direction. Their nature is confirmed both by

the N pDOS and the COOP between N and its first neighboring C atom. The pDOS is

mostly proportional to the absorption cross section, and we can verify there the concordance

between the py and pz N states with the thin XANES features and one of the px states

with the broader features at higher energy. The assignment of π∗

z , π
∗

y and σ∗

x molecular

orbitals is possible thanks to COOP simulations. The sign of the features above the last

occupied orbital shows the anti-bonding character of the π orbitals, as expected, while the σ

orbitals stand in the continuum (so, not bounded to the molecule), and are first bonding then

anti-bonding. N-px:C-px and N-px:C-s COOPs in Figure 1 reveal the C-spx hybridization.

3.2 TiO2 rutile

Rutile TiO2 with space-group P42/mnm, is an arrangement of two sets of Jahn-Teller dis-

torted TiO6 octahedron rotated by 90◦ between them. This compound is an archetypical

case to study dipole and quadrupole transitions. Poumellec and co-workers identified these

features thanks to linear dichroism experiments.17 In 1999, we used their data to prove the

validity of the FDMNES code18. Now, we present the calculation of COOP between Ti

3d orbitals and the neighboring p-Oxygen orbitals which are probed by the quadrupolar

transitions in XANES.

The comparison between XANES simulations and the data is given in Fig. 2 showing a

good agreement for the two polarizations: (0,0,1) and (1,-1,0). For the correct interpretation

of the pre-edge features, namely A-C (see Figure 2), a 0.8 electron screening of the core-hole

was considered, which produced a convenient shift of the 3d, eg and t2g states, by about 2

eV, to observe the quadrupole transition at the A and B peaks, at the pre-edge. B contains

also an important contribution of dipole transition. C is only dipole.

In addition to XANES simulations, we calculate COOPs with a focus on the orbitals

involving the Ti-3d states including a set of simulations corresponding to a rotation of 45◦

of the sample around its c axis with both polarization and wave vector in the basal (a,b)

10

Page 10 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 1: X-ray absorption at the Nitrogen K edge, pDOS and COOP spectra in acrylonitrile.
The data recorded at grazing and normal incidences are shown at the bottom with the scheme
of the planar molecule and its orientation in the frame given in the inset. The XANES energy
scale is shifted to match the simulation zero for the energy set at the Highest Occupied
Molecular Orbital. The simulation performed along x, y and z is in good agreement with
the experimental data. The N pDOS shows the atomic orbitals involved in the XANES signal.
The top figures shows COOP between N and its first C neighboring atom. Bonding (> 0)
and anti-bonding (< 0) σ and π molecular orbitals are easy to identify and the connection
with the XANES data is straightforward.
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Figure 2: X-ray absorption cross section at the Ti K edge in TiO2, rutile. Bottom are
the data and top the simulation. For all the spectra, the wave vector is along (1, 1, 0).
Polarization, dotted: ǫ = (0, 0, 1), full-line: ǫ = (1,−1, 0). The agreement is good including
at the 3 pre-edge features A, B and C. A is pure quadrupolar, B is mainly dipolar with a
contribution of quadrupole, C is dipolar.
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plane. As shown in Fig. 3, the (0,1,0) direction does not probe in any way the t2g state at

lower energy (pre-edge feature A). This figure shows also the COOPs for Ti-O1 and Ti-O2,

where Ti-O2 has the largest inter-atomic distance in the Jahn-Teller distorted octahedron.

A figure of the local atomic organization is introduced in the inset of the same figure. In

both cases only three COOPs involving the Ti-d and O-p orbitals are non zero for symmetry

reason. Using a local z axis along the bond, they are dz2 : pz which is of σ∗ anti-bonding

type and dxz : px and dyz : py which are of π∗ anti-bonding type. This is indicated by the

negative value of the COOP at the B feature for dz2 : pz, and the A feature for the 2 others

COOPs. Below the Fermi level COOPs are predominantly bonding. Interestingly, we can

note that the amplitude of dxz : px and dyz : py are lower than that of dz2 : pz as expected

for a π bond versus a σ bond. Moreover, the dz2 : pz molecular orbital is at higher energy

when the Ti-O distance is shorter as it must be for an anti-bonding state. Finally, note that

even in an ionic compound, some part of covalency can see in the COOPs. The ionicity is

revealed by the amplitudes in the corresponding states, in formula 3, wich is high for Oxygen

and low for Ti below the Fermi level, while it is the contrary at positive energy and more

specifically for A and B features.

3.3 Li2RuO3 and RuO3

The delithiation of ruthenium oxides is important in the context of Li batteries. Saubanère

et al.7 reported the calculation of pDOS and the COOP on Li2RuO3 and delithiated com-

pounds in a recent study, which we have used as a test case to compare the calculations

performed in real space by FDMNES with the more conventional approach using reciprocal

space techniques. As in their study, we have used the Hubbard correction (LDA+U). The

structure of Li2RuO3 crystallizes in the C2/c space group and consists of interconnected

layers of RuO6 octahedra with C1 symmetry, that alternate with layers of Li.19 In the octa-

hedra, all the O-O distances are close to 2.75 Å. The structure contains three non equivalent

oxygen sites, and for simplicity we have averaged their response functions in Figure 4. A

13

Page 13 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 3: COOP and X-ray absorption spectra at the pre-edge in TiO2. Bottom is the simu-
lation with two orientations of the sample giving a linear dichroism only for the quadrupole
contribution. The local atomic organization with the a and b, axis of the unit cell is shown
in the inset. The local z axis for the COOP is along the Ti-Oi direction with i = 1, for
the shorter inter-atomic distance and, i = 2 for the longer. O1 is out of the (a,b) plane.
Top and middle figures show the COOP for respectively the Ti-O1 and Ti-O2. The dz2 : pz
antibonding σ∗ molecular level is at higher energy for the shorter inter-atomic distance.
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0.1 eV broadening on both COOP and pDOS was applied to allow a comparison with the

results of Saubanère et al. In spite of the sharper spectral features calculated by FDMNES,

comparable COOP and pDOS calculation were obtained. The structure of RuO3, which

crystallizes in the R3̄ space group, reported by Akimoto et al.20 was used for the calcula-

tions of the delithiated compound. The octahedra in RuO3, with a C3 punctual group, is

distorted with an shortening of two O-O distances down to 2.36 Å. As stated by Saubanère

et al. this implies the formation of a O-O bonds in RuO3 associated to the Li zero occupancy

and to a possible reduction of the charge on this O2 sub-system.

Our simulations are performed using the finite difference method within a 6 Å cluster

centered around the Ru atom. They are self-consistent and use the Hubbard parameter U

= 5 eV. In Fig. 4 we can see the DOS projected on the Ru and O atoms as well as the

COOP between the central atom and its neighbors and between two adjacent oxygen atoms,

the closest ones in RuO3. It is the total pDOS on all valence orbital which is shown but

most of the contribution comes from the 4d for Ru and 2p for O. The pDOS are close to

the ones calculated by Saubanère et al. despite a 1 eV shift of the Fermi level in Li2RuO3.

Importantly, we observe the same shift of the main 2p-O pDOS peak, between Li2RuO3 and

RuO3 toward the Fermi level, explaining according to these authors the loss of stability in

the latter compound. Our Ru:O COOP are mostly equivalent to the ones shown in the

reference as well as the O:O one in RuO3. The shape of the O:O COOP in Li2RuO3 is also

correct, with the main anti-bonding peak at about 1 eV below the one in RuO3.

3.4 V2O3

V2O3 is a Mott-Hubbard system showing a metal-insulator transition at approximately 150

K. The low temperature phase is monoclinic and anti-ferromagnetic and has been the sub-

ject of an intense debate to understand resonant x-ray diffraction (R-XRD) experiments

performed to probe its magneto-electric structure. Using the data recorded by Paolasini and

co-workers,21 we have shown that orbital ordering is not observed and most of the signal is
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Figure 4: COOP and pDOS in RuO3 and Li2RuO3. These simulations can be compared to
Fig. 1 and 2 from the work by Saubanère et al.7 Both the COOP (top) and the pDOS (bot-
tom) have essentially the same shapes than in the reference. For Li2RuO3, we nevertheless
obtain a 1 eV shift of the Fermi level. The position of the Fermi level of the reference is
shown by a vertical line.
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a pure magnetic phenomena. For this purpose, we used Bragg peaks with different in and

out polarizations including cross channels (σ − σ, σ − π).22

Our interest here is to show that COOP simulation of magnetic systems are also possible.

The simulations in Fig. 5 include spin-orbit interactions in the valence states, mandatory

to probe magnetic contribution at the K-edges. We performed a self-consistent calculation

using multiple scattering theory for a 5 Å radius cluster. In the unit cell, there are 8

equivalent vanadium atoms, each of them surrounded by a distorted octahedron. From the

magnetic space group point of view there are two non-equivalent oxygen sites, labeled in the

following by 2 and 3, but the COOP between the central vanadium and its six neighbors

are formally different because the local punctual group has a symmetry of 1. Nevertheless,

most features can be seen choosing two of them, prototypical of the 2 and 3 sites. Besides

the good reproduction of the (1,1,1) reflection spectra, in both polarization channels σ − σ

and σ − π, we understand the pure dipole (E1E1) contribution is zero for this reflection.

The intensity comes only for the dipole-quadrupole (E1E2) and the pure quadrupole (E2E2)

channels, with different relative ratio depending on the azimuth. Here, the purpose is not

to go in these details which are extensively studied in our previous paper,22 but to correlate

the spectral features with the calculated COOPs.

The data and simulation of absorption and diffracted peaks is introduced in Fig. 5 along

with the pDOS for the vanadium and the two oxygen sites, and the COOP between them.

Here, we show the contribution from both spin states to the signal. The up and down pDOS

has evidently connections with COOP of the same spin states. For example the V-3d spin

up peak at -1.5 eV correspond to the up O-3d:O-2p COOP. We note that it is bounding for

one site and anti-bonding for the other one. The bonding or anti-bonding characters are the

same for up and down states along the range probed by the R-XRD (1,1,1) reflection.
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Figure 5: R-XRD and XANES at the V K-pre-edge, pDOS and COOP spectra in V2O3.
Bottom: (1,1,1) reflection for 2 polarizations; data (points) by Paolasini et al.21 shifted by
5465.5 eV; calculations (dotted and full lines), with also the XANES dipole (E1E1, dotted)
and total (E1E1+E2E2, full line). Above: V, O2 and O3 sites pDOS. Top: V:O2 and V:O3
COOP. In this range, V-3d:O-2p is mainly bonding for O3 and anti-bonding for O2.18
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Figure 6: Valence to core XES at the Zn K-edge, pDOS and COOP spectra in ZnO. Bottom
is the experiment by Gallo and Glatzel23 shifted by 9659.5 eV to match the simulation just
above where is shown the total XES and the quadrupole contribution. Then the pDOS
for Oxygen and Zinc and top the COOP. The O-2s:Zn-4p COOP reveals the corresponding
molecular orbital responsible of the experimental peak at -20 eV and explains the sensitivity
of this spectroscopy to the nature of the ligand.
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3.5 ZnO

The FDMNES code calculates also the valence to core (VtoC) x-ray emission spectroscopy

(XES). This expression giving the emission cross-section is exactly the same that the one for

XANES. In the mono-electronic approach, the difference between XES and XANES is that

the cross section is proportional to the pDOS of the states below and above the Fermi level,

respectively. The COOP calculation provides thus in the same way, the means to identify

the features observed in the spectra in terms of molecular bonds, which have most often a

bonding character at these energies below the Fermi level. To illustrate this, we take the

example of a simple metal oxide, ZnO, with Zn K-edge VtoC XES recorded at ID26 (ESRF,

France). It was already analyzed by Gallo and Glaztel,23 using pDOS, and here we complete

their work by the use of COOPs. We did self-consistent calculations in the ground state, with

a 7 Å cluster radius. In the XES calculation, we have included the quadrupole term which

probes the 3d states. In figure 6, we see the satisfactory agreement between experiment and

simulation. The energy range close to the Fermi level is not perfectly reproduced, probably

because of a multi-electronic response of the excited state. The three main features are

nevertheless present and easily identified. Note that the calculation with the core hole, as it

can be done in DFT, does not improve the spectra significantly. The figure also shows the

pDOS of Zinc and Oxygen. Very evidently the Zn 4p DOS is nearly proportional to the XES

cross section, but for the broadening that we have chosen with a constant width for simplicity.

This one could be increased in the lower part of the energy range of the spectra, but without

a convenient theoretical justification we prefer to keep it equal to the core-hole width all

along the range. We can also check the correspondence between the Zn-3d states and the

quadrupolar contribution in the signal which is not negligible, but is not remarkable by a

specific peak. On top of the figure the COOP is presented. The 4p-Zn:2p-O is associated to

the main VtoC-XES signal below the Fermi level. One also sees the correspondence between

the 3d -Zn:2p-O and the quadrupolar XES component. Here, the most significant feature is

the 4p-Zn:2s-O, because it is responsible of the peak at -20 eV. This feature, observable in
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many oxides, is known to be a probe of the nature of the ligand. The energy of the 2s states

strongly depends on the chemical species, and its amplitude on the bond length. The COOP

gives a precise evaluation of all this, and can help to more precisely interpret the bonding of

low symmetry sites.

4 Conclusion

We have presented a new tool to perform COOP calculations, which can be done together

with XANES, valence to core XES, or resonant XRD spectral simulations. The different signs

of COOP reveals the bonding or anti-bonding character of the molecular orbitals greatly

simplifying the assignment of different features in the spectra in terms of specific bonds

than when projected DOS on the atoms is used. Several examples have been introduced to

demonstrate these simulations are precise fullfilling our expectations for known systems. We

have also shown in more complex situations which need spin-orbit that different magnetic

contributions in diffraction can be addressed in an anti-ferromagnetic system. The tool is

now ready to handle most class of systems where X-ray spectroscopies are used to understand

the bonding with the ligands. It is for example the case of the actinides where the role of

the 5f states is debated.
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