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The metal 2p x-ray-absorption spectra (or L, ; edges) of 3d transition-metal compounds are calcu-
lated, using atomic multiplet theory with inclusion of the cubic crystal field. A general overview of
the effect of the cubic crystal field on the shape of the 3d ™ to 2p*3d ™ * ! excitation spectrum is given
for 14 common valencies of 3d transition-metal ions. Comparison to some high-resolution 2p x-
ray-absorption spectra shows excellent agreement, which confirms the validity of the approach.
Possible refinements of the theory, including lower-symmetry calculations and the inclusion of

configuration interaction, are discussed.

I. INTRODUCTION

As a result of the experimental progress in the field of
(soft-) x-ray-absorption spectroscopy (XAS), the attain-
able resolution has improved to its present best value of
1:10000." The high-resolution 2p x-ray-absorption spec-
tra of transition-metal compounds show a large amount
of structure at the edge, which now can be investigated in
detail. In this paper we present a theoretical analysis of
these spectra, based on atomic multiplet theory with the
inclusion of the cubic crystal field. A similar method has
been used by Yamaguchi et al.?

We summarize briefly the general description of the ab-
sorption process to clarify the difference of our approach
with the more common single-particle density of states
(DOS) and multiple-scattering approaches. The x-ray-
absorption cross section is given by’

o(E)~ 3 |(e,|X|6,)|*8(E,+E,—E,), (1
f

where E,, E;, and E; are, respectively, the energy of the
photon, the initial state, and the final state. X is the per-
turbation acting on the system, which in this case is the
absorption process of the photon, for which we will use
the dipole approximation.® ¢; and ¢, are the initial- and
final-state wave functions. In the single-particle DOS ap-
proach, ¢, is taken as a core state and ¢, is an empty
state, which is coupled via the dipole selection rules. For
2p x-ray absorption, the dipole-allowed transitions are
2p —3d and 2p —4s, but as transitions to 3d states dom-
inate over transitions to 4s states, the latter will be
neglected. This leads to the expression

02 (E)~{8(2p)|X[6(3d)) *Psy(E,—E,,),  (2)

where P;,;(E) is the unoccupied 3d-projected DOS. The
(projected) DOS is normally calculated using density-
functional theory (DFT).* For the description of x-ray
absorption, real-space multiple-scattering (MS) methods,
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which have been shown to be equivalent to DFT,’ are
also used.

We follow another approach in treating the x-ray-
absorption cross section. Our main assumption is that
for 3d transition-metal compounds, the 3d-3d as well as
the 2p-3d two-particle interactions are most important
for the description of the 2p XAS spectrum. It is these
two-particle interactions which define the ground state of
the transition-metal ion and which split the XAS final
state into a large number of configurations. In the
single-particle DOS approximations, the 3d-3d and 2p-3d
two-particle interactions are not included. Because we
want to calculate them explicitly, we start with the calcu-
lation of the atomic multiplets, thereby neglecting all
solid-state effects. In the atomic approach the 2p XAS
cross section for 3d " transition-metal ions is,

02, (E)~ 3 [{dc(3dV)o3) | X |

7
X¢(2p73dN o3 ) PS(EG+E,—E[) ,

(3)

where ¢ (3d")q 3, is the ground state of the 3d " multi-
plet in spherical [O(3)] symmetry. ¢fj(2p53dN+1)0(3) is
state j in the final-state atomic multiplet spectrum. To
include solid-state effects, a cubic-crystal-field term is
added to the Hamiltonian. The cubic-crystal-field cou-
pling is treated as a free parameter to be varied to obtain
the best fit to experiment. Distortions from cubic sym-
metry are not considered.

In Sec. IT we repeat some general aspects of atomic
multiplet theory as far as what is important for partly
filled initial states. In Sec. III we will present an over-
view of the effect of the cubic crystal field on the 3d¥ to
2p°3dN*! excitation for 14 common vacancies of
transition-metal ions. We will use crystal-field strengths
between O and 2.5 eV. As examples for the validity of our
method, we will compare the results with some high-
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resolution experimental results of 3d transition-metal
fluorides in Sec. IV. Section V describes possible reasons
for discrepancies and possible refinements.

II. THEORY

The calculations consist of three steps. First, the ener-
gy levels in the initial-state 3d" multiplet and the final-
state 2p°3d ™ *! multiplet are calculated in O(3) symme-
try. Then the atomic multiplet spectrum is calculated by
means of the dipole transition from the ground state (in
the initial-state multiplet) to all final states. The third
part is the projection of the O(3) multiplets to cubic (0, )
symmetry.

A. Atomic multiplet spectrum

The Hamiltonian of the 3d" initial-state multiplet con-
sists only of the 3d-3d Coulomb interaction (H, ), which
is developed in spherical harmonics.® The radial parts
FY,, F3,, and F}, are calculated within the Hartree-Fock
(HF) limit and corrected by hand to 80% of the HF re-
sult to include intra-atomic configuration interaction
(CI).” The isotope interaction (f,F°) does not affect the
multiplet, but causes a shift in the average energy posi-
tion. Our calculation is not suited for the calculation of
the absolute energy position. Therefore, we simply shift
our calculated multiplet for comparison to experiment.
The multiplet splitting is determined by the multipole
terms of the 3d-3d interaction, F3; and Fj;, which also
determine the Hund’s-rule ground state within the
initial-state 3d ¥ multiplet.> The 3d spin-orbit coupling is
small and is neglected as hybridization and temperature
effects will mix the spin-orbit-split states.

The 2p°3d "V *! final-state Hamiltonian is extended with
two terms related to the 2p core hole: first, the spin-orbit
coupling of the 2p hole (H_; ), which causes the division
of the 2p edge into the 2p;,, (L;) and 2p,,, (L,). In our
calculation we will always consider the full 2p, thus L,,,
spectrum. The second term which originates from the
core hole is the 2p-3d Coulomb and exchange interaction
(H,,). Again, the radial parts of the 2p-3d Coulomb (F,,
and szd) and exchange (Gpld and G;d) multipole interac-
tions are calculated ab initio. The isotropical 2p-3d
Coulomb interaction foFfd is equal for all final states (in
a specific 2p°3d™” ! multiplet). The total Hamiltonian
for the atomic multiplet then is

H,=H,,+H,s+H, .

B. Cubic-crystal-field effect on the 2p33d ¥ *! multiplet

To simulate the solid we add an extra term to the
Hamiltonian describing the cubic crystal field (Hcp). In
the present calculations we assume that the cubic-
crystal-field parameter (10Dgq) is equal for initial and
final states.

In terms of group theory, the effect of a cubic crystal
field is the reduction of symmetry from O(3) to O,. The
group-theoretical treatment of the transformation from
O(3) symmetry to its subgroup O,,, further called O(3)-0,,
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branching, can be found in Refs. 9-11. In our paper on
the d° compounds, we considered it in more detail.?

The cubic crystal field splits the initial-state multiplet.
For small cubic crystal fields, the ground state does not
change character and originates from the atomic ground
state, which according to Hund’s rules is high spin. For
strong crystal fields a change of character can occur and
the ground state can become low spin. That is, it origi-
nates from an excited state in the initial-state atomic mul-
tiplet. The general results of the influence of the cubic
crystal field on the initial-state 3d" multiplet can be
found in the Tanabe-Sugano diagrams.'?

The crystal field also splits the final-state multiplet. If
the character of the ground state is not changed from the
atomic situation, the same final states are reached. In
this case the changes in the spectrum are a result from
the crystal-field effect on the final state. Levels are split
and/or shifted, and the transition matrix elements are
modified due to changes in the final-state wave functions.
This modifies the spectrum. If a change of the ground-
state character occurs, this is immediately visible in the
spectral shape as the dipole transitions from this new
ground state reach a totally new set of final states. The
dipole transition operator is not split in cubic symmetry,
which means that no polarization dependence can occur.

In the Hamiltonian we neglect all other crystal-field
couplings related to lower symmetries, taken together in
H, cf, the 3d spin-orbit coupling, (H;g), magnetic in-
teractions (H,, ), and any form of CI, intra-atomic (e.g.,
3d"¥ " '4p) as well as extra-atomic (e.g., 3dV"'L). H,,
H,g, and H_, all will influence the ground-state charac-
ter. But for the total, polarization-averaged XAS spec-
trum their influence is negligible as the effects on the
final-state multiplet are too small. However, for
polarization-dependent XAS measurements, a more accu-
rate determination of the character of the ground state is
needed and some extra terms will have to be added to the
Hamiltonian. In Sec. V we will discuss possible
refinements of the calculations in more detail.

III. CALCULATIONS

The intra-atomic interaction parameters, as calculated
in the Hartree-Fock limit, are collected in Table I. The
Coulomb and exchange parameters (Fj;, Fiy, Fig, Goy,
and G;d) are renormalized to 80% of the HF values to
account for intra-atomic CI. The multiplet of the 3d¥ in-
itial state and the 2p°3d™*! are calculated, and the
ground state ¢;(3d")q, is determined. The XAS cross
section is calculated. According to Eq. (3), the result is a
series of lines at energies (E; —E/;) with respective in-
tensities |(d5(3d V)31 X 1/, (2p°3d Y T 1) 5)) |2 Figure
1 gives the atomic multiplet for d°> Mn?>*. Addition of
the cubic-crystal-field changes the energy positions and
matrix elements. Figure 2 shows the result if the cubic-
crystal-field parameter (10Dgq ) is 0.9 eV.

To compare with experiment, the spectra have to be
broadened. Besides the experimental broadening, there
are several intrinsic broadening mechanisms. These in-
clude lifetime effects, vibrations, and hybridization (co-
valency), all of which are compound and final state
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dependent. Because of the hundreds of (unresolvable)
final states, this creates an enormous problem to solve
quantitatively. For compounds with a 3d° ground state,
information of the final-state dependence of the broaden-
ing can be found experimentally as each of the main mul-
tiplet lines can be resolved.'> Analysis showed that for
fluorides, vibrational broadening dominates, but for ox-

ides, also covalence causes broadening. A general result
is that the lifetime broadening of the L, part is increased
due to the opening of Coster-Kronig Auger decay chan-
nels. As a detailed analysis of the broadening is not pos-
sible from XAS alone, we decided to use an equal
broadening for every line. For the L, part, a Lorentzian
broadening with 0 =0.1 eV (Ref. 14) is used; for the L,

TABLE I. Hartree-Fock values of the parameters used in the multiplet calculation. Given are the
multipole terms of the 3d-3d interaction (F2, and Fj,) of the ground and final states. The final-state-
3d-spin-orbit interaction (L-S,), 2p-hole-spin-orbit interaction (L-S,), and multipole terms of the

2p-3d interaction (F, »

%, Gog» and GJ,). In the actual multiplet calculation, the multipole terms are nor-

malized to 80% of their ab initio value, to account for intra-atomic configuration interaction (all values

ineV).
Fia Fiy
dy Ion final states (g.s.) final states (g.s.) L-S, LS,
d' Ti3* 10.343 (0.000) 6.499 (0.000) 0.027 3.776
AARS 11.965 (0.000) 7.554 (0.000) 0.042 4.650
d? v 10.974 (10.127) 6.888 (6.354) 0.036 4.649
d? cr’t 11.596 (10.777) 7.270 (6.755) 0.047 5.667
Mn** 13.177 (12.416) 8.299 (7.820) 0.066 6.845
d* Crt 10.522 (9.649) 6.552 (6.002) 0.041 5.668
Mn’™* 12.210 (11.415) 7.649 (7.148) 0.059 6.845
d’ Mn?* 11.155 (10.316) 6.943 (6.414) 0.053 6.846
Fe’™* 12.818 (12.043) 8.023 (7.535) 0.074 8.199
d® Fe?™* 11.779 (10.966) 7.327 (6.815) 0.067 8.200
Co** 13.422 (12.663) 8.395 (7.917) 0.092 9.748
d’ Co*™" 12.396 (11.605) 7.708 (7.209) 0.083 9.746
Ni** 14.022 (13.277) 8.764 (8.295) 0.112 11.506
d? Ni?* 0.000 (12.234) 0.000 (7.598) 0.102 11.507
dN Ion ng Gpld Gp}d
d' Ti3* 5.581 3.991 2.268
vt 6.759 5.014 2.853
d? vt 6.057 4.392 2.496
d3 crit 6.526 4.788 2.722
Mn** 7.658 5.776 3.288
d* cr?t 5.841 4.024 2.388
Mn?** 6.988 5.179 2.945
d* Mn?* 6.321 4.606 2.618
Fe'™" 7.446 5.566 3.166
d° Fe?* 6.793 5.004 2.844
Co*" 7.900 5.951 3.386
d’ Co** 7.260 5.397 3.069
Ni** 8.350 6.332 3.603
d? Ni* 7.721 5.787 3.291
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FIG. 1. Mn?" 3d° to 2p°3d® atomic multiplet spectrum. The
line spectrum is broadened as described in the text.

part, 0 =0.3 eV. Then the spectra are convoluted with a
Gaussian with 0 =0.15 eV. We expect these broadening
procedures to represent early transition-metal fluoride
spectra taken with the present high-resolution monochro-
mators.! Oxide and late transition-metal fluoride spectra
will in general be broader (see Sec. V). Figures 1 and 2
show the effect of the broadening procedure on the two
Mn?* multiplet spectra.

Figures 3-16 show the effect of increasing cubic crystal
field on the x-ray-absorption spectrum. The calculated
energy scale is used; for comparison to experiment the
spectra will have to be shifted over some eV (see Sec. IV).
The 10Dq value is given on the right. The changes as a
function of 10Dq are in general smooth and reflect the
influence of the cubic crystal field on the final-state multi-
plet as discussed in Sec. II. In cases where the ground
state changes character, from high to low spin, a sudden
change in the spectral shape occurs as a new subset of
final states is reached. This is visible for, e.g., Cr*t (d%)
and Co’" (d®) between 2.1 and 2.4 eV. Because of the
clear difference between high- and low-spin spectra, the
actual situation is easy to determine from experiment.
Some care has to be taken because the presented calcula-
tions are performed in a standard way and do not give
the 10Dgq value for this transition very accurately. Furth-
ermore, 10Dg can be slightly different in initial and final
states. There is no problem to include this, but it does
need dedicated, compound-specific calculations.

Two ions with an equal number of 3d electrons, such as
d' V** and Ti?", have a similar atomic multiplet spec-
trum. The only differences are the atomic parameter
values of the intra-atomic interactions (see Table I),

M n24
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FIG. 2. Mn®" 3d° to 2p°3d°® multiplet spectrum, projected to
0,. The cubic-crystal-field parameter (10Dg) is 0.9 eV. The
line spectrum is broadened as described in the text.
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which slightly modify the spectra.

However, more important is the fact that multiplets do
change significantly as the number of 3d electrons is
changed. Compare for example, Mn?*, Mn®", and
Mn**. Besides the shift to higher energy with higher
valency, the spectral shape does change significantly,
which makes determination of the valency, and its cubic-
crystal-field splitting, straightforward.

IV. COMPARISON TO EXPERIMENT

To show the validity of our approach, we make a com-
parison to some high-resolution 2p x-ray-absorption data
of transition-metal fluorides obtained with the Dragon
monochromator by Chen and Sette.!®

In our paper on the 3d° compounds, we showed the ex-
cellent agreement with potassium, calcium, scandium,
and titanium oxides and fluorides. As the final-state p°d’
is simple and well resolved, it was possible to obtain de-
tailed information, such as individual broadenings for
each state. Such detailed analysis is not possible for the
p>d™*! multiplets (for N >0), as the individual lines are
not resolved (there are typically 600 lines spread over 20
eV). Therefore, the standard broadening as discussed in
Sec. III is used.
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FIG. 3. Ti’" 3d' to 2p°3d? transition in cubic crystal fields.
10Dq ranges from 0.0 (bottom) to 2.4 eV.
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In Fig. 17 the theoretical spectra  of
V3t (d?), Mn?" (d®), and Co®" (d7) are compared with
the experimental spectra of VF;, MnF,, and CoF, (see
Table II for the crystal structures) as obtained with the
Dragon,’> The cubic-crystal-field parameters (10Dq)
used are, respectively, 1.5, 0.75, and 0.75 eV. The overall
agreement found is good for all compounds. From this
we conclude that the atomic multiplet approach with the
inclusion of the cubic crystal field gives a good descrip-
tion of all spectral details of the 2p x-ray-absorption spec-
tra of 3d transition-metal fluorides. This also shows that
the tetragonal symmetry of the metal site in CoF, and
MnF, (Table II) is a too-small distortion from cubic sym-
metry to cause clear disagreement between experiment
and the present cubic symmetry simulation. However,
for the description of polarization-dependent spectra of a
tetragonal site, the inclusion of the exact lower symmetry
is absolutely necessary. In other words, with
polarization-dependent measurements small tetragonal
distortions will show up. Unfortunately, a rutile crystal
structure is not suitable for polarization-dependent stud-
ies because of different orientations of the tetragonal
sites.
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FIG. 4. V*" 3d' to 2p°3d? transition in cubic crystal fields.
10Dgq ranges from 0.0 (bottom) to 2.4 eV.
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FIG. 5. V** 3d* to 2p°3d? transition in cubic crystal fields.
10Dg ranges from 0.0 (bottom) to 2.4 eV.
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FIG. 6. Cr’" 3d* to 2p°3d* transition in cubic crystal fields.
10Dg ranges from 0.0 (bottom) to 2.4 eV.
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FIG. 7. Mn** 3d3 to 2p33d* transition in cubic crystal fields.

10Dg ranges

from 0.0 (bottom) to 2.4 eV.
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FIG. 8. Cr’* 3d* to 2p°3d’ transition in cubic crystal fields.

10Dgq ranges

from 0.0 (bottom) to 2.4 eV.
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FIG. 9. Mn** 3d*to 2p°3d° transition in cubic crystal fields.

10Dg ranges from 0.0 (bottom) to 2.4 eV.
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FIG. 10. Mn?" 3d> to 2p°3d°® transition in cubic crystal

fields. 10Dgq ranges from 0.0 (bottom) to 1.8 eV.
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FIG. 13. Co'" 3d® to 2p°3d’ transition in cubic crystal
FIG. 11. Fe** 3d° to 2p°3d® transition in cubic crystal fields. fields. 10Dg ranges from 0.0 (bottom) to 2.4 eV.
10Dq ranges from 0.0 (bottom) to 2.4 €V.
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FIG. 12. Fe?" 3d°to 2p°3d’ transition in cubic crystal fields. FIG. 14. Co’" 3d’ to 2p°3d?® transition in cubic crystal
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V. LIMITATIONS OF THIS APPROACH

There are two main limitations in the present approach
to explain the 2p x-ray-absorption edges. First, the char-
acter of the ground state is not considered in detail.
Second, the effects on the spectral shape of hybridization,
vibrations, lifetime, and experimental resolution are
treated very roughly as a general Lorentzian-plus-
Gaussian broadening.

In Sec. II we already mentioned the necessity to in-
clude the exact lower-site symmetries (Hcg), magnetic
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FIG. 15. Ni*" 3d7 to 2p°3d?® transition in cubic crystal fields.

MnF,
10Dgq ranges from 0.0 (bottom) to 2.4 eV.
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850 860 870 880 FIG. 17. 2p x-ray-absorption spectra of (a) VF;, (b) MnF,,
Energy (eV) and (c) CoF, compared, respectively with, the d*V** (1.5 eV),

the d° Mn? " (0.75 eV), and the d” Co®* (0.75 eV) multiplet cal-

culations. The used values of 10Dg are given in parentheses.

FIG. 16. Ni*" 3d® to 2p°3d° transition in cubic crystal fields. The theoretical spectra are shifted, by about 2 eV to lower ener-
10Dgq ranges from 0.0 (bottom) to 2.4 eV. gy, to align with experiment.



42 2p X-RAY ABSORPTION OF 3d TRANSITION-METAL COMPOUNDS: ...

5467

TABLE II. Crystal structures of the 3d transition-metal fluorides (Ref. 26).

Compound Crystal structure Point group of metal ion
VF, (intermediate) close packed O, (octahedral)
MnF, rutile D,, (tetragonal)
CoF, rutile D,, (tetragonal)

field effects (H.,), and 3d spin-orbit coupling (Hg) to
describe the character of the ground state more accurate-
ly. H;cg and H, will not influence the polarization-
averaged spectral shape because the effects are generally
too small to be seen in the final-state multiplet. That is,
even if they modify the ground-state character consider-
ably, the polarization-averaged (!) matrix elements hardly
change. Only for strongly distorted sites can a visible
effect be expected. However, for the polarization-
dependent spectra, knowledge of the ground-state charac-
ter is crucial for the determination of the respective ma-
trix elements for Am=+1, —1, or 0.7 Then the in-
terplay of H,cp, H.,, and H g will determine the exact
ground state and, consequently, the differences in spectral
shape for linear (difference between Am =0 and +1/—1)
and circular (difference between Am=1 and —1) di-
chroism.

The 3d spin-orbit coupling might influence the spectral
shape for solids. Its influence on the polarization-
averaged spectra will be directly evident from the branch-
ing ratio between L, and L,.'® Its influence will be larg-
est, if present at all, for the late 3d transition metals (see
Table I), and indeed for CoF, [see Fig. 17(c)] the branch-
ing ratio, as well as the total spectral shape, is improved
if the 3d spin-orbit coupling is included.®

We now turn to the second limitation, the use of an
equal broadening for all final states in the L; and L,
parts to simulate effects such as hybridization, vibrations,
and lifetime. These effects will be different for every com-
pound and even for every line in the 600-line final-state
multiplet, making a detailed description totally out of
reach. However, some aspects are becoming clear: For
the d° compounds it was shown that the e,-like states
show more broadening than the ¢,,-like states, which we
related to vibrational effects. For the 2p°3d ™! multi-
plets such conclusions cannot be drawn, but similar
effects can be expected.

Hybridization, which can be treated as extra-atomic
configuration interaction, will modify the spectrum con-
siderably. Especially for more covalent materials, such as
oxides, the amount of extra-atomic configuration interac-
tion cannot be neglected: The coupling of 3d" with
3dV*!L becomes more prominant, introducing more
3d N 1L character in the ground state. These aspects can
be taken into account by performing a real CI calcula-
tion, as was done for the early 3d transition metals®® and
for the nickel-dihalides.?! For the cases considered here,
such a CI approach is at present not a routine task, but
this line will certainly be followed in future efforts.

An alternative route is to include the effects of hybridi-
zation effectively in the atomic multiplet calculations.
Hybridization, the mixing of the transition-metal 3d or-
bitals with the ligand p orbitals, has the effect of delocal-

izing the d functions, thereby reducing their mutual in-
teractions: the nephelauxatic effect.?? This effect can be
simulated by an extra reduction of the two-particle in-
teraction parameters F2; and Fj;. Also the final-state in-
teractions with the core hole will be affected. Prelimi-
nary calculations, where we reduced all parameters by
the same amount, are encouraging, although the possible
accuracy has to be investigated,?® and shake-up satellites
will not be reproduced properly.

The last effect which is not treated in detail is the life-
time broadening. It can be expected that the lifetime is
different for about everyone of the 600 final states. The
states at higher energy can lose energy by Coster-
Kronig-like Auger decay to lower states, and the other
decay routes will be different also. This problem relates
to the more general question of the coupling of core-hole
creation and decay, and its influence on the spectral
shape of the different spectroscopic techniques. The
answer will have to be formed by a combination of nor-
mal x-ray absorption and x-ray photoemission with ‘“‘res-
onance” experiments, in which the x-ray energy is
scanned through the L, ; XAS energy range, and the re-
sulting x-ray-emission spectra,”* Auger spectra,”> and/or
photoemission spectra are measured.

VI. CONCLUDING REMARKS

We have shown that the atomic multiplet approach
with the inclusion of the cubic crystal field reproduces
the metal 2p x-ray-absorption spectra of 3d transition-
metal fluorides. For more covalent compounds, such as
oxides, the presented spectra are probably less accurate,
although this remains to be checked. As discussed, this
can be improved upon by an effective reduction of the
3d-3d Coulomb interactions. By comparison to experi-
ment an accurate measure of the crystal-field-strength pa-
rameter 10Dg can be obtained. In fact, the final-state
value of 10Dgq is found, which can be different from the
“initial”’-state values that are found by optical spectros-
copy. A study of this would be of quite some interest.

The field of application of the atomic multiplet plus
crystal-field approach as presented here will probably be
limited to the more ionic 3d transition-metal compounds.
For the pure metals and alloys, band-structure effects
may be of equal or greater importance than the atomic
multiplet effects.”® A systematic experimental study of
band-versus-atomic effects would be of great interest in
this regard.
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