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Abstract. The Kf x-ray emission spectra of divalent nickel compounds are analysed with both
the crystal field multiplet model and the charge transfer multiplet model. The spin-dependent
Kp x-ray emission spectrum is calculated and it is shown that the charge transfer effect is rather
different in nature for spin-up (*A;) and spin-down (*Az) symmetry states. In case the of 2
spin-up symmetry state it is shown that multiplet-induced mixing strongly affects the spectral
shape. Tt is argued that renormalized crystal field multiplet calculations remain a useful approach
to describe the Kf x-ray emission spectral shape,

1. Introduction

The KB x-ray emission, or fluorescence, spectra of 3d transition metal compounds have
been the subject of research since at least 1925, when Seljakow and Krasnikow made
their measurements [1,2]. Although it soon became clear that the transition is related
to the 3p — 1s decay process, the interpretation of the spectral shape of the Kf x-
ray emission was a topic of controversy for a long time, and as we will discuss in this
paper, it remains s0. An important paper for the interpretation of the shape was the 1959
study of Tsutsumi [3], in which the 3p3d exchange coupling was held responsible for the
occurrence of the satellite structure on the low-energy side. The main peak was denoted as
K1 3 and the satellite Kg’. Throughout the 1960s and 1970s many controversies remained
and as alternatives to the exchange mechanism, advocated in [4-6], other mechanisms
were proposed. These alternative proposals were essentially based on the idea of a low-
energy excitation accompanying the decay process. Proposed ideas include a shake-up
mechanism [7] and energy loss due to plasmon absorption [8]. The plasmon model was
used in 1979, and the results obtained were at least equivalent in reproducing the data when
compared with the exchange model [9].

The exchange mechanism became considered as the best model mainly due to the
improving resolution of photoemission experiments, for which Fadley and co-workers
demonstrated the importance of the exchange mechanism {10, 11]. Later, more evidence was
given, by the high-resolution 3p x-ray absorption results [12, 13] for example. A problem
that remained was a quantitative interpretation of the K spectral shape. Kawai and co-
workers proposed that, in analogy to x-ray photoemission [14], charge transfer effects are
important [15]. They explicitly included charge transfer effects in the analysis of the Kg
fluorescence spectra of nickel halides.

Recently, manganese K.8 experiments have been earried out using synchrotron radiation.
The main goal in these experiments was not the analysis of the K& x-ray emission spectrum,
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but the use of the KB decay channel as an internaily referenced spin detector, which
made possibie spin-resolved x-ray absorption experiments [16]. For this purpose the K5
X-ray emission spectral shape js important, for all its spin-dependence, and the manganese
results obtained could be explained in detail with crystal field multiplet calculations without
the necessity of charge transfer effects [17]. Furthermore, recent synchrotron radiation
experiments on Kf x-ray emission of nickel compounds [18] turned out not to be in
agreement with the predictions of the charge transfer calculations from [15].

This apparent success of the crystal field model, and the apparent failure of the charge
transfer model, is at odds with experience in core level photoemission. To study this
further we carried out a series of both crystal field multiplet and charge transfer multiplet
calcutations for divalent nickel, In section 2, crystal field multiplet calculations are carried
out and they are used as the constituents of the charge transfer model in section 3, where
the emphasis is on the interplay of symmetry and configurational mixing. In section 4 a
comparison is made with recent experiments.

2. The crystal field multiplet model

We start with an outline of the crystal field multiplet model as used for the description
of K8 x-ray emission spectra of 3d transition metal compounds. The ground state of the
transition metal ion consists of only a partly filled 3d band. In the case of divalent nickel
the 3d band consists of eight electrons, denoted as 3d®. In the initial state of KB x-ray
emission a core hole exists in the 1s level. We will describe this initial state as 1s'3d5.
Although this description seems to be at odds with the accepted ideas concerning screening
of core holes [14], we prefer to use this configuration because of symmetry considerations.
The main assumption made is that the creation of the 1s hole does not modify the symmetry
of the 3d states, which is A, for divalent nickel [19]. Within this assumption the initial
state of the K.8 process is either ZA; or “A; depending on the relative spin directions of the
Is and 3d electrons or holes. An escaping spin-up electron leaves behind a spin-up hele
(1s*) which couples to the two 3d holes (3d~3d™) to the doublet symmetry state. In the KB
transition a 3p electron fills the 1s hole and the final state can be described as 3p°3d®. This
final state contains two partly filled states, which do interact very strongly with each other.
In particular, the atomic 3p3d exchange interaction is of the order of 15¢V, The crystal
field multiplet includes the exchange interaction as an ingredient of the full two-clectron
Coulomb and exchange interactions {20). Within the crystal field multiplet model the K8
x-ray emission spectral shape is then given as

Ixg = [{1s'3d%|2p|3p 3%} 164 £ty - (D

The dipole operator (gp) sets the selection rules (AJ = —1,0, +1); AE is the energy
difference between the initial and final state, and Aw the corresponding energy of the KB
photon.

The crystal field multiplet calculations have been carried out by making use of the
RCGY [21] and RACAH [22] programs in the version modified by [23]. The resuits of the
crystal field multiplet calculations are given in figure 1. The total K8 x-ray emission spectral
shape is given, and also the separate spectra for spin-up and spin-down electrons. Spin up
denotes the spin direction of the 1s hole with respect to the spin direction of the 3d valence
band, and it is named spin up with respect to the 3d spins. A spin-up s hole implies that the
electron that has escaped in the core hole creation process is spin up referenced to the local
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3d situation. The spin-resolved specira are important for the use of Kf detection of x-ray
absorption, as they provide a basis for spin-resolved x-ray absorption measurements [16].
In terms of the crystal field multiplet calculations these spin-up and spin-down calculations
identify with calculations for the *Aj, respectively the A, ground states. (Note that spin
up corresponds to the *A; ground state). The bottom of figure 1 contains the calcnlation
for divalent nickel and the spectra at the top show the results for monovalent nickel, for
which the initial states are 1s'3d® of respectively spin-up ' E and spin-down 3E symmetry.
Both calculations have been carried out with a cubic crystal field of 1.0eV.
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Figure 1. Ceystal field multiplet calculation for NiZ*  Figare 2. Charge transfer multiplet calculations for
[1s!3d%] (bottom) and Ni*+ [15'3d?] (top). Plotted are  NiFa (bottom) and NiBrz (top). Plotted are the spin-
the *A; and *E spin-down (dotted curve), the 2Az and  down {dotted curve), the spin-up (broken curve) and
E spin-up (broken curve) and the total spectra (ful} the total spectra (full curve).

curve),

Figure 1 identifies with figure 2 of [15]. As can be checked in the present figures,
the spin-up (*A;) nature is not confined to the satellite at higher energy, but also has
some Intensity at the lowest energy peak, both for 3d® and 3d°. This is due to final-state
effects: the large 3p3d Slater integrals make possible transitions from 1s*t3d~3d™ not only
to 3p*3d~3d, but also to 3p~3d3d*. Because of the octahedral crystal field, both 3d
holes will be of e; symmetry. Similar reasoning can be applied to 3d°. In the next section
we will use the crystal field multiplet calenlations as the building blocks of the charge
transfer multiplet model.

3. The charge transfer multiplet model
In this section the charge transfer multiplet model is described. The divalent nickel

compounds have been much studied within the framework of the charge transfer model,
Their 2p x-ray photoemission spectra have been analysed by Zaanen and co-workers [14].



6878 FMFde Groot et al

Okada and co-workers re-analysed the 2p x-ray photoemission data incinding also the
muitiplet effects [24]. In this manner they were able to describe 2p x-ray photoemission
and 2p x-ray absorption within the same model and with a unified set of parameters. Okada
and co-workers showed that, with the inclusion of multiplet effects, the parameters in the
charge transfer multiplet model must be slightly modified [24].

The important improvement with respect to the crystal field multiplet model is that, in
the charge transfer multiplet model, the ground state is described as a linear combination
of the configurations 3d®, 3d°L and 3d"LL’; L denotes a hole in the valence band, in
particular the halide p orbitals. To make the L configurations tractable for the inclusion of
multiplet effects the functions are described in the symmetry of the metal sites. In practice,
they are included in the form of nd functions, where rd stands for a d function with an
irrelevant high main quantum number. The n#d functions are described without correlation,
We start with the assumption that the core hole is created with a high-energy x-ray, and the
Is electron is ejected. This state, the initial state of the Kf process, is constructed from
the configurations 1s'3d®, 1s'3d°L and 1s'3d'°LL’. This means in practice 1s'3d%nd!,
15'3d°7d® and 15'3d'%rd®. It will be assumed that the core hole potentials of both a 1s core
hole and a 3p core hole are equal to that of a 2p core hole. It has been argued in [25] that,
for 3p x-ray photoemission, slightly better agreement can be obtained with Usyzq equal to
5.5eV. However, to limit the degrees of freedom in the present analysis, we have vsed a
constant core potential.

The model parameters are given in table 1. The values given have been derived from
2p photoemission experiments [24]. The charge transfer energy (A) is the energy difference
between 3d® and 3d°L; V,, is their single-particle hybridization. The energy positions are
given for the average of the configuration. Multiplet effects lower the ground state of Eggs
with 2.6eV and of E; g with 0.6eV (for the used crystal field splitting of 1.0eV); nggs
denotes the occupation of this state in the initial state of K8 x-ray emission. The final states
are formed by the configurations 3p°3d®nd'®, 3p*3d°nd® and 3p°3d'Ond®.

3.1. Symmetry effects in the charge transfer multiplet model

The charge transfer multiplet calculations have been carried out by making use of the
BANDER program, in the version written/modified by Thole and Qgasawara. Calculations
have been performed for NiF;, NiO, NiCl; and NiBr,. As discussed in the section on the
crystal field multiplet calculations there are two distinct symmetries for the ground state
of 1s13d%: spin-up ?A4; and spin-down %A;. Both are single ireducible representations
belonging to a different total symmetry. This implies that one can carry out two separate
calculations.

In figure 2 we show the results for NiF; (bottom) and NiBr; (top). Results are given
for spin-down *A, (dotted curve) and spin-up A, (broken curve) symmetries and the total
KB spectrum (full curve). A difference in behaviour is observed: the *A4; result shows a
combination of both spin-down spectra of d® and d°. However the spin-up (A,) result does
not show a simple addition of the spin-up d® and d° spectra, but it also shows an admixture
of the spin-down d°[>E] spectral shape, evidenced by the weight transfer to the main peak.
The total KB x-ray emission spectral shape can be found by adding the 2A; and A, spectra.

The reasons for this behaviour can be formulated as follows. The holes of the 3d%[*A,]
initial state are 1s73d73d”. A KB transition is made to 3p~3d™3d~. The charge transfer
effect implies the replacement of a 3d hole by a ligand hole (L™). To limit the complexity
we omit the 3d'® configuration for the moment. The complete calculation for the *A;
symmetry is

Igﬁ(4A2) = [{1s73d73d” + 1s73d" L™ |ep|3p~3d"3d™ + 3p3d L} 8 ca £-hw) - )
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For 2A, symmetry the only difference is the positive spin of the 1s core hole. This
implies an important difference for the final states. As already noticed in the crystal field
multiplet model 1s¥3d73d™ can decay to both 3p*3d~3d~ and 3p~3d~3d*; 3p*3d~3d"
is identified with the Kg satellite and 3p~3d~3d" is the 2A, intensity of the main peak.
The inclusion of charge transfer implies that 3p*3d~3d™ mixes with 3p*3d~L~. Similarly
3p~3d~3d* mixes with both 3p~3d~L* and 3p~3d*L~. The overall situation of the 4,
symmetry is sketched in figure 3. The left-hand side of the final state identifies with the
crystal field model. Charge transfer couples the right-hand side of the figure and the overall
specttum depends on the relative energy positions and coupling strength of the different
configurations.

INITIAL STATE

cr
15t3d-3d™ —— 1s¥3d-L~

dipole

I dipole
FINAL STATE
cT
3p+3d~3d ———— 3ptad-L~

Figure 3. The combination of multiplet effects
(M) and charge transfer effects (CT) on the final-
state configurations of the spin-up 2A2 ground
state,

From the symmetry point of view there is an important difference between the *A; and
2A; calculations. While *A» mixes only with states which are reached from triplet d°-like
states, 2A, mixes with both triplet and singlet d”-like states. The consequence for *A, is
that it has only intensity at the main peak. The overall 24, final state is formed from (i)
doublet d® states at the main peak plus at the satellite, (ii) singlet d” states again at the
main peak plus at the satellite and iii) triplet d° states with intensity only at the main peak.
The consequence is that effectively the inclusion of charge transfer will transfer weight to
the main peak. This weight transfer effect is denoted as multiplet-induced mixing. The
important consequence is that the effective spin-polarization of the main peak decreases, as
can be seen if one compares figures 1 and 2.

We note that these results are different to those obtained by the charge transfer
multiplet calculations of [15]. Their results have been obtained by addition of the different
transitions from 1s'3d%, 15'3d® and 1s’3d'? initial states with factors related to their relative
occupations. In the calculations presented here both the initial- and final-state configurations
are mixed, which causes the multiplet-indoced mixing in the final states as discussed-above.
Additionally, the coupled description of the ground state and final state causes interference
effects if the KB intensity is calculated (see equation (1)). We return to this point in the
discussion.

4, Comparison with experiments

Figure 4 shows the comparison with the K x-ray emission spectra of NiF; and NiBr,.
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All spectra are normalized from O to 1 and the experimental spectrum of NiF, has been
aligned to its theoretical spectrum. The X3 x-ray emission experiments were carried out at
the X21 beamline of the National Synchrotron Light Source (NSLS). The excitation energy
was 8400 eV and the spectrum was measured by detecting the fluorescence radiation at 90°
scattering angle. The overall resolution was (.95eV. The samples were anhydrous fine
powders dispersed as a thin layer on Mylar tape. More details on the experiments will be
described elsewhere {18]. The theoretical curves in figure 4 are charge transfer multiplet
calculations as discussed in section 3. For the calculations atomic values have been used
for the 3p and 3d spin—orbit couplings, and also for the 3p3d and 3d34 Slater integrals (for
details see [20]). The parameters of the charge transfer model have been taken from [24]
and are reproduced in table 1.

Table 1. The charge transfer parameters. Upgsa = Uspad = 7.5eV; Usgag = 7.3eV; Eqge is set
to zero.

Compound NiFz Nig NiCla NiBr2

A 43 2.0 1.3 0.3
Vez 20 20 1.7 14
Eagp -32 =55 —62 =72
Eg g 0.9 =37 =51 -7.1
nglge 29% 13% 9% 4%
ngigy 63% 67% 67% 62%
Rylg10 8% 20% 23% 34%

Intensity

Intensity

1 1 — . ) .
-20 -15 -10 -5 0 5 10 13 20 .39 .15-.10°-5 0 5 10 15 20
Energy (eV) Energy (eV)

Figure 4. Comparison of the charge transfer multiplst ~ Figure 5. Top: charge transfer multiplet calculations
calculations with experimental KB x-ray emission for NiF: (thin full curve) compared with 2 summation
spectra (see text) for NiF; (bottom) and NiBra (top). of d¢® and d° (broken curve) and the modified
. result including multiplet-induced mixing (full curve).
Bottom: corresponding results for the spin-up ZAz state

only.
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The experiments for NiFF; and NiBr; show a similar shape, with a main peak and a
satellite at about 12eV lower energy. This satellite is reproduced in the calculations at
approximately the correct energy and with the correct intensity. Both in experiment and
theory the peak position of NiBry is shifted by 1.5eV compared to NiF;. This is due to the
larger covalency (smaller A value in table 1} of NiBry, which reduces the asymmetry of
the main peak and effectively shifts the peak position to higher energy. The experimental
and theoretical spectral shapes of NiQ and NiCl; (see [18]) are intermediate between the
two spectra shown, which is in line with the trend in their ground-state configurations. A
discrepancy between experiment and theory is that the main peak is split into two clearly
distinguishable peaks in the calculations, while in experiment on!y an asymmetry is visible
(see below). .

We would_like to point out that the charge transfer multiplet caIcuIatlons presented
improve considerably the description of the spectral shapes. Crystal field calculations always
show a too large satellite intensity (see figure 1). The intensity of the satellite is reduced
in the charge transfer model due to multiplet-induced mixing as discussed above. This
brings the satellite intensity into agreement with experiment, The coupled description of
the ground state and the final state within the charge transfer model results in relatively
small variations in their spectral shape in agreement with experiment but in contrast to the
predictions from the charge transfer calculations of [15]. This shows that it is necessary to
perform the complete charge transfer calculations coupling the initial-state and final-state
configurations. Due to'the interplay of multiplets, charge transfer couplings and interference
effects in the transition strengths the situation is too complex to approximate the spectral
shape from the initial-state mixings as was done in [15] (see discussion). The remaining
discrepancy that the asymmetry of the main peak is too large has its origin in the too large
atomic Slater integrals used. This is a well known feature of multiplet calculations [26].
The inclusion of charge transfer effects effectively reduces the multiplet splittings, which
can be seen by comparing figure 1 with figure 2. The comparison with experiment shows
that this reduction is not enough, which implies that there are other configurations which
effectively decrease the Slater integrals. As far as the spectral shape is concerned the easiest
way to include this effect is to optimize the Slater integrals to experiment [26].

5. Discussion

One can generalize the present resuits for divalent nickel to all high-spin compounds of the
late 34 transition metals. That is, for all high-spin 3d” systems (with n > 4) the 3d" spin-
down spectra will mix only with the spin-down spectra of 3d*** L, in contrast to their spin-up
spectra which will mix with both. These multiplet-induced mixing effects are absent for
low-spin compounds and also for early transition metal compounds. For these systems there
is (as a general rule} always a symmetry which will mix due to charge transfer, both for spin
up and spin down. To calculate the spectrum of a 3d” system one can start by calculating
the 3d" crystal field multiplet spectrum and then include the effects of charge transfer with
3d**1L, etc. However, in practice there are some complications. The calculations become
very large for systems in the middle of the transition metal series; in fact, too large for
the computer we used. Also, it is not known ¢xactly which charge transfer parameters
should bg used for KB x-ray emission, i.e. whether the effective parameters are identical
to the parameters.-determined by 2p x-ray photoemission, for example. The expenmental
spectra do not show much structure, so they are not very favourable to use forthe precise
determination of these parameters.
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Because of this it is still useful to use directly the crystal field multiplet results and
to compare to experiment. One can include part of the charge transfer effects by reducing
the atomic Slater integrals. We have shown that the important effect of charge transfer is
the multiplet-induced mixing. This effect will always give more spin-down character in
the main peak than predicted by the crystal field multiplet model. This spin dependence is
important for the use of the X8 decay channel for local spin-selective x-ray absorption. A
procedure to estimate the spectral shape and its spin dependence would be to perform crystal
field multiplet calculations for 3d* and 3d"™*! for spin up and spin down. Then the total
spin-down spectrum can be estimated by adding 3d" and 3d™*! according to their ground-
state occupation. To account for multiplet-induced mixing effects the spin-up spectrum can
be estimated by adding 3d" spin up with to spin-up and spin-down 3d"*!. This procedure
simulaIeslthe multiplet-induced mixing effect, but neglects effects due to interference of 3d"
and 3d"*'.

Figure 5 shows two estimates of the charge transfer result for NiF,. The broken curve
represents the summation of the spectra for 3d® and 3d° according to their ground-state
occupation. For the thick full curve the multiplet-induced mixing is included. The spin-
down spectra are added to form the overall spin-down spectrum and the spin-up spectrum
is formed by adding the spin-up 3d® spectrum to the total 3d° spectrum, which roughly
approximates the charge transfer effects apart from interference. Both estimates are rather
poor, but the multiplet-induced mixing result comrectly reproduces the decrease of the
satellite. An important difference is the amount of spin-up character of the main peak,
which is shown at the bottom. Due to the mixing with the total spectrtum the amount
of spin-up character of the main line increases significantly. The important consequence
is that because of this increased spin-up character of the main peak its degree of spin-
purity decreases with increasing ‘covalence’, i.e. the amount of 1s'3d°Z, character in the
initial state. In contrast the satellite remains 100% spin-polarized (see figures 1 and 2).
We conclude that if charge transfer results are not available the multiplet-induced mixing
simulation is useful, as it is expected to give an accurate account of the spin-polarization
of the main peak and a reasonable simulation of the spectral shape.

It has been found that divalent manganese compounds are well described with crystal
field multiplet calculations [17] without the need of the inclusion of charge transfer effects.
High-spin Mn** has a 3d°[®A;] ground state. The KB x-ray emission spectrum can be
described as a transition from 1s'3d® to 3p®3d°. The initial state has the symmetries 7A,,
related to an escaped spin-down electron, and 3 A, related to spin up. In analogy with nickel,
transitions from 1st states to 3p~-like final states are possible. For Mn>t the structures
related to these final states are distinguishable as separate structures, as can be seen in
figure 6. The main peak is related to 7A,, its shoulder to SA; transitions to 3p~-like states
and the satellite to >A; transitions to 3p™*-like states. The multiplet-induced mixing will
again have the tendency of lowering the satellite, but because of the relatively large energy
difference between satellite and main peak the effect will be much smaller than for nickel.
This large energy separation between main peak and satellite make the spectrum appear
close to the crystal field multiplet result.

6. Concluding remarks
The experimental K8 x-ray emission spectra of the nickel halides can be reproduced

with charge transfer multiplet calculations for the 15'3d®, 1s'3d°L and 1s'3d'°LL’ initial
state configurations by using the charge transfer parameters as optimized for 2p x-ray
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Figure 6. Crystal field multiplet calculation for Mn®+. For 1s!3d° the spin-down 7 4; symmetry
(dotted curve), the spin-up 5A; symmetry (broken curve) and the total spectrum (thick full curve)
are given.'

photoemission. Both the experimental trend and the correct intensity of the KB’ satellite
are reproduced. A remaining discrepancy is the too large calculated splitting between the
main peak and its shoulder.

The charge transfer multiplet calculations carried out in this work differ from those
published in [15]. It has been shown in detail that mainly the multiplet-induced mixing is
responsible for the fact that the spin-up 2A,-symmetry spectral shape changes completely
upon hybridization and strongly mixes with both the spin-up and the spin-down 3p°3d°L
character. This is possible due to the large 3p3d Slater integrals. If the ground state is
dominated by 1s!3d°L this gives the spin-up spectral shape the same form as the total 3d°L
spectrum, while the spin-down speciral shape retains its spin-down character. This is the
origin of the low intensity of the satellite, as found experimentally.

For the determination of the spin-dependence of the Kf x-ray emission spectral shape
of divalent nickel a consequence of the charge transfer multiplet model, in particular of the
multiplet-induced mixing, is that the main peak will contain more spin-up character than
predicted by the crystal field multiplet model. The satellite will remain 100% spin up. This
trend is believed to be general for the late 3d fransition metal systems. One can estimate
the charge transfer effect by the procedure as described above.

Acknowledgments

This work was supported by the European Union programime ‘Human Capital and Mobility’.

References

{1] Seljakow N and Krasnikow A 1925 Z. Phys. 33 601



6884

[2]
3]
i4)
[51
fé]
7
(8]
(%]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]

{18]
{19
[20]
{21]
{22]
{23)
{24]
[25]
[26)

F M F de Groot et al

Seljakow N and Krasnikow A 1926 Nature 117 554

Tsutsumi K 1959 J. Phys. Soc. Japan 14 1656

Tsutsumi K and Nakamori H 1968 J. Phys. Soc. Japan 25 1418

Tsutsemi K, Nakamori H and Ichikawa K 1976 Phys. Rev. B 13 929

Slater R A and Urch D S 1972 J. Chem. Soc. Chem, Commun. 564

Koster A S and Mendel H 1970 J. Phys. Chem. Solids 31 2511

Blochin M A 1957 Physik der Rointgen Strahlen (Berlin: Veb) p 343

Srivastava K 3, Srivastava R I, Harsh O K and Kumar V 1979 Phys. Rev. B 19 4336

Fadley C 8, Shirley D A, Freeman A ], Bagus P S and Mallow J V 1969 Phys. Rev. Lext. 23 1397

Fadley C S 1978 Electron Spectrascopy If ed C R Brundle and A D Baker (London: Academic) ch 1

Nakai S, Nakamori H, Tomita A, Tsutsumi K, Nakamura H and Sugiura C 1974 Phys. Rev. B 9 1370

Shin 8, Suga 8, Kanzaki H, Shibuya S and Yamaguchi T 1981 Selid State Commun. 38 1281

Zaanen J, Westra C and Sawatzky G A 1986 Phys. Rev, B 33 8060

Kawai J, Takami M and Satoko C 1990 Phys. Rev. Lett. 65 2193

Himiildinen K, Kao C C, Hastings J B, Siddons D P, Berman L E, Stojanoff ¥ and Cramer 8 P 1952 Phys.
Rev. B 46 14274

Peng G, de Groot F M F, Himéldinen K, Moore J A, Wang X, Grush M M, Hastings J B, Siddons D P,
Armstrong W H, Mullins O C and Cramer S P 1994 J. Am. Chem. Soc. 116 2914

Krisch M, Kao C C, Himildinen K, Furenlid L, de Groot F M F and Hastings J B 1994 submitted

Sugano S, Tanabe Y and Kitamura H 1970 Multiplets of Transition Metal Ions (New York: Academic)

de Groot F M F, Fuggle J C, Thole B T and Sawatzky G A [990 Phys. Rev, B 42 5459

Cowan R D 1981 The Theory of Atomic Structure and Spectra (Berkeley, CA: University of California Press)

Butler P H 1981 Point Group Symmetry Applications: Methods and Tables (New York: Plenum)

Thole B T, van der Laan G and Butler P H 1988 Chem. Phys. Lett. 149 295

Okada K, Kotani A and Thole B T 1992 J. Efectron. Spectrose. 58 325

Okada K, Kotani A, Ogasawara H, Seino Y and Thole B T 1993 Phys. Rev. B 47 6203

de Groot F M F 1994 J. Electron. Spectrosc. 64

Jorgensen C K 1971 Modern Aspects of Ligand Field Theory (Amsterdam: North-Holland)



