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Abstract

This review gives an overview of the presence of multiplet effects in X-ray spectroscopy, with an emphasis on X-ray absorption studies
on 3d transition metal ions in inorganic oxides and coordination compounds. The first part of the review discusses the basics of multiplet
theory and respectively, atomic multiplets, crystal field effects and charge transfer effects are explained. The consequences of 3d-spin—ork
coupling and of 3d systems in symmetries lower than cubic are discussed. The second part of the paper gives a short overview of all X-ra
spectroscopies, where the focus is on the multiplet aspects of those spectroscopies and on the various configurations that play a role
combined spectroscopies such as resonant photoemission, resonant X-ray emission and coincidence spectroscopy. The review is concluc
with a section that gives an overview of the use of multiplet theory for 3d coordination compounds. Some new developments are sketched
such as the determination of differential orbital covalence and the inclusior(lbéck)bonding.
© 2004 Elsevier B.V. All rights reserved.

Keywords:X-ray absorption; X-ray emission; Multiplet theory; Crystal field splitting; Charge transfer

1. Basic aspects of multiplet effects The delta function takes care of the energy conservation
and a transition takes place if the energy of the final state
Multiplet effects play an important role in a large fraction equals the energy of the initial state plus the X-ray energy.
of X-ray and electron spectroscopies. In all cases where aThe squared matrix element gives the transition rate. The
core hole other than a 1 s hole is present in the initial of final transition operatofl; describes one-photon transitions such
state, multiplet effects are important. They determine the as X-ray absorption. It contains the exponentil describ-
spectral shapes and influence thett L, branching ratio. ing the electric field. Using a Taylor expansion, this expo-
X-ray absorption spectroscopy (XAS) has become an im- nential can be approximated ast-likr + (higher terms). In
portant tool for the characterization of materials as well as case of the K edges from carbaf & 6, edge= 284 eV) to
for fundamental studies of atoms, molecules, adsorbates,zinc (Z = 30, edge= 9659 eV), the value ok-r is ~0.04.
surfaces, liquids and solids. The particular assets of XAS The transition probability is equal to the matrix element
spectroscopy are its element specificity and the possibility squared, hence the electric quadrupole transition is smaller
to obtain detailed information without the presence of any by ~2 x 10~ and can be neglected compared to dipole
long-range order. Below it will be shown that the X-ray ab- transitions. Rewriting the Fermi golden rule with the dipole
sorption spectrum in some cases is closely related to theapproximation gives:
empty density of states of a system. As such XAS is able to . 5
provide a detailed picture of the local electronic structure of Wi Z (Pt leq - r1Pi)|“6 - Ei—hw

the element studied. 4
The Fermi golden rule is a very general expression and
1.1. The interaction of X-rays with matter uses the initial statef(j) and final stateg;) wave functions.

These wave functions are not exactly known and in practi-

If an assembly of atoms is exposed to X-rays it will absorb cal calculations one must make approximations to actually
part of the incoming photons. At a certain energy a sharp calculate the X-ray absorption cross-section. An often-used
rise in the absorption is observegid. 1). This sharp rise is
called the absorption edge.

The energy of the absorption edge is determined by the
binding energy of a core level. Exactly at the edge the photon
energy is equal to the binding energy, or more precisely the
edge identifies transitions from the ground state to the lowest
empty stateFig. 1 shows the X-ray absorption spectra of
manganese and nickel. The t edges relate to a 2p core
level and the K edge relates to a 1s core level binding energy.

An X-ray acts on charged particles such as electrons.
When an X-ray passes an electron, its electric field pushes
the electron first in one direction, then in the opposite di-
rection; in other words, the field oscillates in both direction
and strength. The Fermi golden rule states that the transition
probability W between a system in its initial statg and
final stateds is given by:

Energy (keV)

Fig. 1. The X-ray absorption cross-sections of manganese and nickel.
Visible are the L3 edges at, respectively, 680 and 830eV and the K

2w
A 2
Wi = _ﬁ (Dt | T1|Di)| 5Ef—Ei —hw edges at, respectively, 6500 and 8500eV.
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approximation is the assumption that X-ray absorption is a metal oxides one finds excellent agreement for the metal and
one-electron process. This single electron (excitation) ap- oxygen K edges, whereas for the other edges, in particular
proximation makes it possible to rewrite the initial state wave the metal Lo 3 edges, the agreement is poor. The reason for
function as a core wave function and the final state wave this discrepancy is not that the density-of-states is calculated
function as a free electron wave functiot).(Hereby one wrongly, but that one does not observe the density of states
implicitly assumes that all other electrons do not participate in such X-ray absorption processes. The reason for the devi-
in the X-ray induced transition. The matrix element can be ation from the density-of-states is the strong overlap of the
rewritten to a single electron matrix element, which often is core wave function with the valence wave functions. The
constant or slowly varying in energy and is abbreviated with overlap of core and valence wave functions is present also in
the letterM, i.e.: the ground state, but because all core states are filled, it is not
. = 2 n = 2. Ao 12 a2 effective and one can approximate the core electrons with
[(@rleq - rIei)|” = [(Piceleq - rIP) "~ |(eleq - Fle)"=M their charge. In the final sptgte of an X-ray absorption process
The delta function implies that one observes the density one finds a partly filled core state, for example, & 2pn-
of empty statesd) and using the one electron approximation figuration. In case one studies a system with a partly filled
this yields: 3d-band, for example, NiO, the final state will have an in-
completely filled 3d-band. For NiO this can be approximated

Ixas ~ M?p

The X-ray absorption selection rules determine that the
dipole matrix elemenM is non-zero if the orbital quantum
number of the final state differs by 1 from the initial state
(AL = 41, i.e. s— p, p— s or d, etc.) and the spin is
conservedA S = 0). The quadrupole transitions imply final
states that differ by 2 (or 0) from the initial stat& { = +2
or0,ie.s—~ d,p— fand s— s, p— p, etc.). They are

as a 3d configuration. The 2p-hole and the 3d-hole have
radial wave functions that overlap significantly. This wave
function overlap is an atomic effect that can be very large.
It creates final states that are found after the vector coupling
of the 2p and 3d wave functions. This effect is well known
in atomic physics and actually plays a crucial role in the
calculation of atomic spectra. Experimentally it was shown
that while the direct core hole potential is largely screened,

some hundred times weaker than the dipole transitions andthese so-called multiplet effects are hardly screened in the
can be neglected in most cases. It will be shown below that solid state. This implies that the atomic multiplet effects are
they are visible though as pre-edge structures in the K edgesof the same order of magnitude in atoms and in solids.
of 3d-metals and in theds edges of the rare earths. In the Table 1shows the multiplet interactions between the var-
dipole approximation, the shape of the absorption spectrumious possible core holes and the partly filled valence band.
should look like the partial density of the empty states pro- The $d° configurations are calculated for the final states of
jected on the absorbing site, convoluted with a Lorentzian Ni"', Pd' and PY. All s core levels are calculated, for ex-
(Fig. 2). This Lorentzian broadening is due to the finite life- ample, in case of Nithe 13, 28'3d” and 343d° con-
time of the core-hole, leading to an uncertainty in its energy figurations, as indicated ifable 1 In case of s core holes,
according to Heisenberg'’s uncertainty principle. A more ac- multiplet effects are effectively reduced to just the exchange
curate approximation can be obtained if the unperturbed interaction between the spin of the s core hole and the spin
density of states is replaced by the density of states in pres-of the valence electrons. The 1s core states have in all cases
ence of the core—hole. This approximation gives a relatively a very small exchange interaction, implying that multiplet
adequate simulation of the XAS spectral shape when the in-effects will not be visible. This implies that single electron
teraction between the electrons in the final state is relatively codes will be effective for all K edges (note that for sys-
weak. This is often the case for 4s 4p transitions (the K tems that are affected by many body effects, single electron
edges) of the 3d metals. codes are not necessarily correct, but as in X-ray absorption
only effects larger than the lifetime broadening, say 0.2eV
or more, are visible, many body effects that cause small en-
ergy effects are not visible). The other s-holes have larger
The single particle description of X-ray absorption works
well for all K edges and a range of dedicated computer
codes exist to calculate the X-ray absorption cross-section.
The review of John Rehr in this issue deals with the lat-
est developments in the single electron codes using mul-
tiple scattering/1,2]. Cabaret and co-workers describe the

1.2. The origin of multiplet effects

Table 1
The exchange interactiofsd/1/sd) is given for the final states of Nj
Pd' and PY

1s 2s 3s 4s 5s

new developments in band structure codes and the recentl)ll_:'(i];'| Ci‘;ﬂ 8-8; 52 131 .
. . - C .
developed PARATEC-based projection method promises to pil 5P 0.08 5 1 3 1

set a new standard for single electron XANES calculations : :
[3]_ Applying these one-electron codes (Where one-electron The val'ence electrons are thg 3d-st§1tes_for nickel, 4d for palladmr_n and 5d
applies to a one-electron core excitation. not to the treat- for platinum. The exchange interaction is related to the energy difference

’ ~.of a spin-up and a spin-down core hole due to the interaction with the
ment of the valence electrons) to systems such as transition,yence d hole.
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Fig. 2. The schematic density of states of an oxide. The oxygen 1s core electron at 530 eV binding energy is excited to an empty state: the oxyger
p-projected density of states.

multiplet effects, implying a splitting of the spectrum. For broadenings. From the tables it is clear that all shallow core
the core holes given in boldface, this splitting is clearly vis- levels are strongly affected and the deeper core levels are
ible in the actual spectral shapes. less affected. The relatively small multiplet effects for the
Table 2shows the multiplet interactions of théd$ and 2p core levels of the 4d and 5d metals implies that single
d°d® configurations of the final states of'N{no Pd®), Pd' electron codes, for example, FEFF8, will be effective for the
and PY, for example, the 5, 3p°5d°, 4p°5d°, 5p°5d°, L2 3 edges of these systems. The situation for the 3d metals
3d®5d° and 4d5d° configurations for Pt. For multiplet ef-  is clear: no visible multiplet effects for the 1s core level (K
fects to have a significant effect on the mixing of the L edge) and a significant influence on all other edges.
and L, edges, the value of the Slater—-Condon parameters Fig. 3 shows the comparison of all edges for'Niith
must be at least of the same order of magnitude as theatomic multiplet effects included. A cubic crystal field of
spin—orbit coupling separating the two edges. If the core 1.0€V is included and splits the 3d states. The top three
spin—orbit coupling is large, there still can be an effect from spectra are, respectively, the 1s, 2s and 3s X-ray absorp-
the Slater—Condon parameters. For example, the 2p and 3gion spectrum calculated as the transition froni3tf4p?
edges of the 4d elements have a large spin—orbit splittingto 1s3c®4pt. The lifetime broadening was set to 0.2eV
and the multiplet effects are not able to mix states of both
sub-edges, but multiplet effects still will affect the spectral

shaped4,5]. If a multiplet effect will actually be visible in N RS ni1s
X-ray absorption further depends on the respective lifetime " -=-ni2p
Y - - -ni2s
i ni 3p
Table 2 L ni3s
The number in the first line for each element indicates the values of the = iIE 4
maximum core-valence Slater—Condon parameter for the final states (see . v n‘l
text) 2 FRE}
= /N sl
2p 3p 3d 4p 4d 5p 1 1 e T
(]
Ni"' c3d® 8 17 5,
17 2 'R
r
[/
PdIMdg 2 7 10 13 O||||||||||rT|||||||||\g||||
160 27 5 5 20 2 6 B8 10 12 14 16 18 20 22 24
Pt o5d° 3 5 5 10 10 19 Relative Energy (eV)
1710 380 90 90 17 12

Fig. 3. The X-ray absorption spectra for 'NiThe respective binding
energies are 8333, 1008, 870, 110 and 68 eV for the first peak of the 1s,
2s, 2p, 3s and 3p edges.

The second line gives the spin—orbit coupling for each core level bf Ni
Pd' and PY. Boldface values indicate clearly visible multiplet effects.
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half-width half-maximum (its actual value is larger for most The first two terms are the same for all electrons in
edges). One observes one peak for the 1s spectrum and twa given atomic configuration and they define the average
peaks for the 2s and 3s spectra. The reason for the twoenergy of the configurationH,). The electron—electron
peaks is the 2s3d and 3s3d exchange interactions. The splitrepulsion and the spin—orbit coupling define the relative
tings between the parallel and antiparallel statesda?e5 energy of the different terms within a configuration. The
and £6.5 eV, respectively. The actual 1s X-ray absorption electron—electron repulsion is very large, but the spherical
spectrum of NiO looks different than a single peak, because average of the electron—electron interaction can be separated
one observes an edge jump and transitions from the 1s cordrom the non-spherical part. The spherical average is added
state to all empty states of p-character. The complete spec+to Hay and the modified electron—electron Hamiltoniéf,
tral shape of K edge X-ray absorption is therefore better de- plusHis determine the energies of the different terms within
scribed with a multiple scattering formalism and this single the atomic configuration.
peak reflects just the first white line or leading edge of the K
edge spectrum. The 2s and 3s X-ray absorption spectra arel.3.1. Term symbols
not often studied. The 2s spectrum is very broad and there- The terms of a configuration are indicated by their orbital
fore adds little information. The 3s X-ray absorption spec- moment., spin momenSand total moment, with |L—S| <
trum is also not very popular, but the 3s core state plays aJ < L + S. In the absence of spin—orbit coupling, all terms
role in spectroscopies such as 3s XPS, 2p3s resonant X-raywith the samel and S have the same energy, giving an
emission, and 2p3s3s resonant Auffr In those spectro-  energy level that i$2L + 1)(2S + 1)-fold degenerate. When
scopies the role of the 3s3d exchange interaction plays anspin—orbit coupling is important, the terms are splitin energy
important role, as does the charge transfer effect that is dis-according to theid-value, each with a degeneracy of 21.
cussed below. A term is designed with a so-called term symB&t1X,
The spectra at the bottom &fg. 3 are the 2p (dashed) where X equalto S, P, D and F farequal to 0, 1, 2 and 3,
and 3p (solid) X-ray absorption spectral shapes. These arerespectively. A single s electron is given %&1/2, a single
the well-known 2p and 3p spectra of NiO and other divalent p electron a§P1/2 andng/z.
nickel compounds. The 2d° and 333d” final states con- The LS term symbols for a 3dd! configuration can be
tain one p hole and one 3d hole that interact very strongly. directly found by multiplying the term symbols for the in-
This gives rise to a multitude of final states. Because the life- dividual 3d and 4d electrons. This multiplication consists of
time broadening for 2p states is relatively low, its spectral separately multiplying L and S of both terms. Since both L
shapes can actually be observed in experiment. This givesand S are vectors, the resulting terms have possible values
2p X-ray absorption, and to a lesser extend 3p X-ray absorp-of |Iy — o] < L <[y +1lp and|s1 —s2| < S < s1 + s2. For
tion, their great potential for the determination of the local 2D ® 2D, this givesL =0, 1, 2, 3or 4 and = 0 or 1. The
electronic structure. 10 LS term symbols of the 3dd! configuration are, respec-
A successful method to analyze these transitions is basedively, 1S, P, 1D, 'F, 1G, 3S, 3P, 3D, 3F and3G. In the
on a ligand-field multiplet model. For its description, we start presence of spin—orbit coupling, a total of 18 term symbols
with an atomic model, where only the interactions within the is found.
absorbing atom are considered, without influence from the In the case of a transition metal ion, the configuration of
surrounding atoms. Solid state effects are then introducedthe initial state is 38 . In the final state with, for example,
as a perturbation. This can be justified if the intra-atomic a 2s or a 3p core hole, the configurations arfk88¥+1 and
interactions are larger than the hybridization effects, which 3p°3dV+1. In case of a 3% configuration, the Pauli exclu-
is for example, the case for the 2p and 3p core levels of the sion principle forbids two electrons to have the same quan-
3d systems. tum numbers and 45 combinations are possible, i.e. 9/Q@.
The term symbols are the boldface states of thet8tcon-
figuration. In case of a $dconfiguration a similar approach
shows that the possible spin-states are doublet and quartet.
The quartet-states have all spins parallel and the Pauli exclu-
fsion principle implies that there are two quartet term sym-
bols, respectively’F and*P. The doublet states have two
electrons parallel and for these two electrons the Pauli prin-
ciple yields the combinations identical to the triplet states of
the 3d configuration. To these two parallel electrons a third
electron is added anti-parallel, where this third electron can
have any value of its orbital quantum number Wiiriting out
all combinations and separating them into the total orbital
2 & 2 momentdVl| gives the doublet term symbdlsl, 2G, 2F, 2D,
H= Z L Z = 4 Z ~ 4+ Z )l - si another’D and?P. By adding the degeneracies, it can be
N o oy checked that a 3ttonfiguration has 120 different states, i.e.

1.3. Atomic multiplets

In order to show how spectra in strongly correlated elec-
tron systems are calculated, we start with the example o
a free atom, where there is no influence from the envi-
ronment. The Schrdédinger equation contains, respectively,
the kinetic energy of the electrong?(2m), the electrostatic
interaction of the electrons with the nucleudedr), the
electron—electron repulsiorer) and the spin—orbit cou-
pling of each electronl{s):

pairs
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10x 9/2 x 8/3. Because there is a symmetry equivalence of This is a confirmation of the Hunds rules, which will be
holes and electrons, the pairs?38cP, 3d°-3d’, etc. have  discussed below. The three stal@ 3P and'G are close
exactly the same term symbols. The general formula to de-in energy some 1.7-2.5eV above the ground state.'Bhe

termine the degeneracy of a’8ctonfiguration is: state has a high energy of 6.4 eV above the ground state, the
reason being that two electrons in the same orbital strongly
10 10!
= repel each other.
N (10— M)!IN! For three and more electrons the situation is consider-

The 2p X-ray absorption edge (2p- 3d transition) is ably more complex. It is not straightforward to write down
often studied for the 3d transition metal series, and it pro- an anti-symmetrized three-electron wave function. It can be
vides a wealth of information. Crucial for its understanding Shown that the three-electron wave function can be built from

are the Conﬁgurations of the %N final states. The term two-electron wave functions with the use of the so-catled

symbols of the 2§8d" states are found by multiplying the efficients of fractional parentag&or a partly filled d-band,
configurations of 3§ with a 2P term symbol. The total de-  the term symbol with the lowest energy is given by the
generacy of a 38dV state is six times the degeneracy of so-called Hunds rules. Based on experimental information
3dV. For example, a 8P configuration has 1512 possi- Hund formulated three rules to determine the ground state
ble states. Analysis shows that these 1512 states are divide®f @ 3d" configuration. The three Hunds rules are the fol-
into 205 term symbols, implying in principle 205 possible lowing.

final states. Whether all these final states actually have finite 1

. . . Term symbols with maximum spare lowest in energy.
intensity depends on the selection rules.

2. Among these terms, the one with the maximum orbital
momentL is lowest.

3. In the presence of spin—orbit coupling, the lowest term
hasJ = |L — S| if the shell is less than half full and
J = L + S if the shell is more than half full.

1.3.2. Matrix elements
The term symbol of a 3 configuration describes the

symmetry aspects, but it does not say anything about its rel-
ative energy. The relative energies of the different terms are
determined by calculating the matrix elements of these states A configuration has the lowest energy if the electrons are
with the effective electron—electron interactiéij, and the  as far apart as possible. The first Hunds rule ‘maximum spin’
spin—orbit couplingHis. The general formulation of the ma-  can be understood from the Pauli principle: electrons with
trix elements of the effective electron—electron interaction is parallel spins must be in different orbitals, which on overall

given as: implies larger separations, hence lower energies. This is for
5 example, evident for a 3ctonfiguration, where thgS state
<25+1LJ . 2S+1LJ> - Z foF* + nggk has its five electrons divided over the five spin-up orbitals,
ri2 X X which minimizes their repulsion. In case of3dhe second

, . Hunds rule implies that théF term symbol is lower than
F!(fi) andG'(g;) are the Slater-Condon parameters for, re- the 3p_term symbol, because tRE wave function tends to
spectively, the radial (angular) part of the direct Coulomb inimize electron repulsion.

repulsion and the Coulomb exchange interactfprand g;

are non-zero only for certain values ipfdepending on the 1 33 X-ray absorption spectra described with atomic
configuration. The direct Coulomb repulsidg is always multiplets

present and the maximum value foequals two times the We start with the description of closed shell systems. The
lowest value of. The exchange interacti@is presentonly 1 x_ray absorption process excites a 2p core electron into
for electrons in different shells. Fog, i is even if/y + 12 is the empty 3d shell and the transition can be described as

even, and is odd ifl1 + I2 is odd. The maximum value of 2p83d® — 2pP3dt. The ground state hdS symmetry and

i equalsly + I». For 3d-states, it is important to note that a \ye find that the term symbols of the final state AR,

3dV configuration contain, f, andf; Slater—Condon pa- 1D,, 1F3, 3Po12, 3D123 and3Fa34 The energies of the final
rameters. The final state 23d" ! configuration contains  gtates are affected by the 2p3d Slater—Condon parameters,
fo, f2, f4, 91, andgs Slater—Condon parameters. the 2p spin—orbit coupling and the 3d spin—orbit coupling.

For a 3d configuration, we found the five term symbols  The X-ray absorption transition matrix elements to be cal-
1s,3p, 1D, 3°F and!G. fo is equal to the number of pairs  .ated are:

N(N — 1)/2 of N electrons, i.e. it is equal to 1 for two

electrons. The SIater—Cond_orl1 paramefetsand F* have Ixas o <3O([)180]|?i1P1]|2p53d[1113PDF]>2
approximately a constant rati6# = 0.62, F2. In case of the
3d transition metal ionds? is approximately equal to 10 eV. The 12 final states are built from the 12 term symbols,

This gives for the five term symbols of the®ebnfiguration, with the restriction that the states with the sathealue
respectivelyF at —1.8eV,D at —0.1eV,3P at+0.2eV, block out in the calculation. The symmetry of the dipole
1G at+0.8eV and'S at+4.6 eV. The®F term symbol has  transition is given adPy, according to the dipole selection
the lowest energy and it is the ground state of &4 Sgstem. rules, which state thakJ = +1 or 0, with the exception of
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J' = J = 0. Within LS coupling alsaAS = 0 andAL = 1. Tabe3 S _

The dipole selection rule reduces the number of final StateSThe relative intensities, energy, core hole spin—orbit coupling ahd F
. later— for fi iff

that can be reached from the ground state. Flalue in the Slater—Condon parameters are compared for four diffefEgisystems

ground state is zero, proclaiming that thealue in the final Edge Ti 2p Ti 3p La 3d La 4d
state must be one, thus only the three term symiyjsP; Average energy (eV) 464.00  37.00  841.00  103.00
and 3D obtain finite intensity. The problem of calculating Core spin—orbit (eV) 3.78 0.43 6.80 1.12
the 2p absorption spectrum is hereby reduced to solving theF? Slater-Condon (eV) 5.04 8.91 5.65 10.45
3 x 3 energy matrix of the final states with= 1. Intensities

To indicate the application of this simple calculation, we  Pre-peak 0.01 1 0.01 103
compare a series of X-ray absorption spectra of tetravalent Ps/2 0 &2 072 10° 0.80 0.01
titanium 2p and 3p edges and the trivalent lanthanum 3d P2 o %2 1.26 1.99 119 1.99
and 4d edges. The ground states df Tand Ld' are, re- TheG! andG3 Slater—Condon parameters have an approximately constant

spectively, 38 and 4P and they share &S ground state.  ratio with respect to thé& value.

The transitions at the four edges are, respectivel§,-3d

2p°3dt, 3 — 3p°3dl, 4% — 3d%4fl and 4P — 4dP4fl. In Table 4the ground state term symbols of all’8cys-
These four calculations are equivalent and all spectra con-tems are given. Together with the dipole selection rules this
sist of three peaks. What changes are the values of thestrongly limits the number of final states that can be reached.
atomic Slater—Condon parameters and core hole spin—orbitConsider, for example, the 3d- 2p°3d* transition: The
couplings, as given in table. The important factor for the 3d® ground state hag = 3/2 and there are, respectively, 21,
spectral shape is the ratio of the core spin—orbit coupling 35 and 39 terms of the 2Bd* configuration withJ’ = 1/2,

and theF? value. Finite values of both the core spin—orbit 3/2 and 5/2. This implies a total of 95 allowed peaks out of
and the Slater—-Condon parameters cause the presence of thidie 180 final state term symbols. Frarable 4some special
pre-peak. It can be seenTable 3that the 3p and 4d spectra  cases can be found, for example, & Sgstem makes a tran-
have small core spin—orbit couplings, implying smad}p sition to a 283dC configuration, which has only two term
(ds/2) edges and extremely small pre-peak intensities. The symbols, out of which only the term symbol with = 3/2
deeper 2p and 3d core levels have larger core spin—orbit split-is allowed. In other words, thesledge has zero intensity.
ting with the result of a g2 (ds/2) edge of almost the same  The 3d and 3& systems have only three, respectively, four
intensity as the p» (ds/2) edge and a larger pre-peak. Note peaks, because of the limited amount of states for thdadp
that none of these systems comes close to the single-particleind 233 configurations.

result of a 2:1 ratio of the p edges or the 3:2 ratio of the  Atomic multiplet theory is able to accurately describe the
d edgesFig. 4 shows the X-ray absorption spectral shapes. 3d and 4d X-ray absorption spectra of the rare earths. In
They are given on a logarithmic scale to make the pre-edgescase of the 3d metal ions, atomic multiplet theory can not

visible. simulate the X-ray absorption spectra accurately because the
Energy (eV)
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Fig. 4. The L&' 4d and 3d plus ¥ 3p and 2p X-ray absorption spectra as calculated for isolated ions. The intensity is given on a logarithmic scale to
make the pre-edge peaks visible. The intensities of titanium have been multiplied by 1000.
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Table 4 a series expansion of spherical harmonicg 's:
The 2p X-ray absorption transitions from the atomic ground state to all

allowed final state symmetries, after applying the dipole selection rule: oo L
AJ=-100r+1 o) =" > rtAmYim (Y. ¢)
Transition Ground Transitions Term symbols L=0M=—-L
3 — 2p°3dt 15 3 12 The crystal field is regarded as a perturbation to the atomic
3dt — 2p°3d ’D3)2 29 45 result. This implies that it is necessary to determine the ma-
3 — 2p°3 °F2 68 110 trix elements ofp(r) with respect to the atomic 3d orbitals
3d® - 2p°3d 4F3)2 95 180 ; .
3t — 253 5Do 32 205 (3d|¢(.r)|3q}. One can separate the matrix elements into a
3 — 2p3cf 655/ 110 180 spherical part and a radial part, as was done also for the
3d — 2p°3d’ D, 68 110 atomic Hamiltonian. The radial part of the matrix elements
3d’ — 2p°3d *For2 16 45 yields the strength of the crystal field interaction. The spher-
3$ - 2p53$0 Fa 4 12 ical part of the matrix element can be writteriny symme-
3 —~ 293 Ds/2 ! 2 try, which limits the crystal field potential for 3d electrons to:
2 4

, . _ 2 4
effects of the neighbors are too large. It turns out that it ¢(r) = AooYoo + Z reAoy Yoy + Z r*AayYam
is necessary to include explicitly both the symmetry effects M=-2 M=-4

and the configuration—interaction effects of the neighbors. Tne first termAggYoo is a constant. It will only shift the

Ligand field multiplet theory takes care of all symmetry giomic states and it is not necessary to include this term
effects, while charge transfer multiplet theory allows the use explicitly if one calculates the spectral shape.

of more than one configuration.

1.4.1. Cubic crystal fields
1.4. The crystal field multiplet model A large range of systems consist of a transition metal ion
surrounded by six neighboring atoms, where these neigh-

Crystal field theory is a well-known model used to ex- bors are positioned on the three Cartesian axes, or in other
plain the electronic properties of transition metal systems. words, on the six faces of a cube surrounding the transi-
It was developed in the fifties and sixties, mainly against tion metal. They form a so-called octahedral field, which
a background of explaining optical spectra and EPR data. belongs to the @point group. The calculation of the X-ray
The starting point of the crystal field model is to approx- absorption spectral shape in atomic symmetry involved the
imate the transition metal as an isolated atom surroundedcalculation of the matrices of the initial state, the final state
by a distribution of charges that should mimic the system, and the transition. The initial state is given by the matrix
molecule or solid, around the transition metal. At first sight, element(3d" |Harom|3d"), which for a particulad-value
this is a very simplistic model and one might doubt its use- in the initial state gives),(J|0|J). The same applies for
fulness to explain experimental data. However it turned out the final state matrix element and the dipole matrix element.
that such a simple model was extremely successful to ex-To calculate the X-ray absorption spectrum in a cubic crys-
plain a large range of experiments, like optical spectra, EPRtal field, these atomic matrix elements must be branched to
spectra, magnetic moments, etc. cubic symmetry.

Maybe the most important reason for the success of The symmetry change from spherical symmetry {50
the crystal field model is that the properties explained are to octahedral symmetry ¢ causes the S and P symmetry
strongly determined by symmetry considerations. With its states to branch, respectively, to afyAand a T, symmetry
simplicity in concept, the crystal field model could make state A D symmetry state branches tg Blus Tog symme-
full use of the results of group theory. Group theory also try states in octahedral symmetry and an F symmetry state
made possible a close link to atomic multiplet theory. to Ay, + T1y + T2y. One can make the following observa-
Group theoretically speaking, the only thing crystal field tions: The dipole transition operator has p-symmetry and is
theory does is translate, or branch, the results obtained inbranched to T, symmetry, implying that there will be no
atomic symmetry to cubic symmetry and further to any dipolarangular dependence iR €ymmetry. The quadrupole
other lower point groups. The mathematical concepts for transition operator has d-symmetry and is split into two op-
these branchings are well developpt8]. In this chap- erators in @ symmetry, in other words, there will be differ-
ter we will use these group theoretical results and study ent quadrupole transitions in different directions.
their effects on the ground states as well as on the spectral In a similar way, the symmetry can be changed from
shapes. octahedral @ to tetragonal By, with the corresponding

The crystal field multiplet Hamiltonian extends the atomic description with a branching table. An atomic s-orbital is
Hamiltonian with an electrostatic field. The electrostatic branched to i, symmetry according to the branching se-
field consists of the electronic charge e times a potential thatries S— Ajg — Ayg, i.e. it will always remain the unity
describes the surroundings. This potentié) is written as element in all symmetries. An atomic p-orbital is branched
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Table 5
The energy of the 3d orbitals is expressedXifao, Xa20 and Xa20 in the second column and in Dq, Ds and Dt in the third column
r Energy expressed iX-terms Energy in D-terms Orbitals
by 1/+4/30- X400 — 1/+/42- X420 — 2/~/70- X220 6Dq + 2Ds — 1Dt 3di2-y2
a 1/@-)(400—}- 1/\/4T2 X420+2/«/%-X220 6Dg — 2Ds — 6Dt 3d
by —2/3v/30- X400+ 4/3v/42- X420 — 2//70- X220 —4Dq + 2Ds — 1Dt 3d,,
e —2/3/30- X400 — 2/3v42- X420+ 1/~/70- X220 —4Dq — 1Ds + 4Dt 3d,,, 3d,,

according to P— T1y — Ey + Agy. The dipole tran-
sition operator has p-symmetry and hence is branched to
Eu + Aoy symmetry, in other words, the dipole operator is
described with two operators in two different directions im-
plying an angular dependence in the X-ray absorption inten-
sity. A D-state is branched according to-B Eg + Tog —
A1g+ Bi1g+ Eg+ Bog, etc. The Hamiltonian is given by the
unity representation £y. Similarly as in @ symmetry, the
atomic G-symmetry state branches into the Hamiltonian in
Dsn symmetry according to the series G Aijg — Agg.

In addition, it can be seen that thgy Eymmetry state of
On symmetry branches to the;fsymmetry state in kh
symmetry. The Esymmetry state in @symmetry is found
from the D and G atomic states. This implies that also the
series G- Eg — Ajgand D— Eg — A1g become part of
the Hamiltonian in @n symmetry. We find that the second
term AppmY2m is part of the Hamiltonian in k) symmetry.
The three branching series imPsymmetry are in Butlers
notation givenas 4> 0— 0,42 —»0and2—-»2—- 0

and the radial parameters related to these branches are in
dicated asX400, X420, andXz20. The X400 term is important
already in @ symmetry. This term is closely related to the
cubic crystal field term 10Dq as will be discussed below.

1.4.2. The definitions of the crystal field parameters

In order to compare th&soo, X420, andXooq crystal field
operators to other definitions, for example, Dq, Ds, Dt, we
compare their effects on the set of 3d-functions. The most
straightforward way to specify the strength of the crystal

field parameters is to calculate the energy separations of the

3d-functions. In @ symmetry there is only one crystal field
parameterXso. This parameter is normalized in a manner
that creates unitary transformations in the calculations. The
result is that it is equal to /8 x /30 times 10Dq, or
0.304 times10Dg. In tetragonal symmetryafPthe crystal
field is given by three parameted§po, X420 andXa20. An
equivalent description is to use the parameters Dq, Ds and
Dt. Table 5gives the action of th&Xsg0, X420 and X209 on

from, for example, the values of Dq, Ds and Dt from optical
spectroscopy to thesévalues as used in X-ray absorption.

1.4.3. The energies of the Batonfigurations

We will use the 38 configuration as an example to show
the effects of @ and Dy, symmetry. Assuming for the mo-
ment that the 3d spin—orbit coupling is zero, ip §mmetry
the five term symbols of 3dn spherical symmetry split into
eleven term symbols. Their respective energies can be cal-
culated by adding the effect of the cubic crystal field 10Dq
to the atomic energies. The diagrams of the respective ener-
gies with respect to the cubic crystal field are known as the
Tanabe—Sugano diagrantsg. 5 gives the Tanabe—Sugano
diagram for the 3% configuration. The ground state of a
3d® configuration in @ symmetry hasA,q symmetry and
is set to zero energy. If the crystal field energy is 0.0eV,
one has effectively the atomic multiplet states. From low
energy to high energy, one can observe, respectively, the
3k, 1D, 3P, 1G and!s states. Including a finite crystal field
strength splits these states, for example 3fhestate is split

Reduction
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Fig. 5. The Tanabe—Sugano diagram for & 8dnfiguration in @ sym-
metry. The atomic states of a 8donfiguration are split by electrostatic

the 3d-orbitals and relates the respective symmetries to the,ioractions into ther ground state, théD and 3P states (at~2eV),

linear combination of X parameters, the linear combination
of the Dq, Ds and Dt parameters and the specific 3d-orbital
of that particular symmetry.

Table 5implies that one can writ&4go as a function of
Dq and Dt, i.e X400 = 6 x 30%2 x Dq — 7/2 x 30Y2 x Dt.
In addition, it is found thaf{ 400 = —5/2 x 422 x Dt and
X000 = —70%2xDs. These relations allow the quick transfer

the 1G state (at~2.5eV) and the'S state (at~6eV), for which atomic
Slater—Condon parameters have been used, which relates to 80% of the
Hartree—Fock valu¢l2,15] The horizontal axis gives the crystal field in

eV. On the right half of the figure the Slater—Condon parameters are re-
duced from their atomic values (80%) to zero. In case all Slater—Condon
parameters are zero, there are only three states possible related to, re-
spectively, the ground state with two holes iy states, a ghole plus a

tog hole at exactly 10Dq and twed holes at two times 10Dq.
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Ezliigh—spin and low-spin distribution of the 3d electrons for the configuratiohsa3a8d’

Configurations High-spin Low-spin 10Dg (D) Exchang® ( JD
3d* By €+ By g 1D e 3
3P B €+ B g 2D 6Jie + Jee — Jt ~3
3P By €5+ g By By 2D 6Jie + Jee — 3Jn ~2
3d’ tgngeg +t597 tgwtggfeé . 1D 3te + Jee — 2t ~2

The fourth column gives the difference in crystal field energy, the fifth column the difference in exchange energy. For the last column, we have assumed
that Je ~ Jee~ Jit = J.

into 3Aq + 3T1g + 3T2g, following the branching rules as For the configurations 3d 3P, 3cf and 3d there are
described above. At higher crystal field strengths states starttwo possible ground state configurations iR &/mmetry.
to change their order and they cross. Whether states actuallyA high-spin ground state that originates from the Hunds
cross each other or show non-crossing behavior depends omule ground state and a low-spin ground state for which first
whether their symmetries allow them to form a linear com- all tyg levels are filled. The transition point from high-spin
bination of states. This also depends on the inclusion of theto low-spin ground states is determined by the cubic crys-
3d spin—orbit coupling. The right part of the figure shows the tal field 10Dq and the exchange splittidg The exchange
effect of the reduction of the Slater—Condon parameters. Forsplitting is present for every two parallel electrofiable 6
a crystal field of 1.5 eV the Slater—Condon parameters weregives the high-spin and low-spin occupations of thgaind
reduced from their atomic value, indicated with 80% of their ey spin-up and spin-down orbitalsgt, , g4, tog- and g_.
Hartree—Fock value to 0%. The spectrum for 0% has all its The 3d* and 3d configuration differ by onez} versus g
Slater—-Condon parameters reduced to zero, In other wordsglectron hence exactly the crystal field splitting D. Thé 3d
the 3d3d coupling has been turned of and one observes theand 3¢ configurations differ by 2D. The exchange inter-
energies of two non-interacting 3d-holes. This single particle actionJ is slightly different for gey, egtog and bgtog inter-
limit has three configurations, respectively, the two holes in actions and the fifth column contains the overall exchange
€98y, Egtog and bgtog States. The energy difference between interactions. The last column can be used to estimate the
€y€y and gtz is exactly the crystal field value of 1.5eV. transition point. For this estimate the exchange splittings
This figure shows nicely the transition from the single parti- were assumed to be equal, yielding the simple rules that
cle picture to the multiplet picture for the 8ground state.  for 3d* and 3& configurations high-spin states are found
The ground state of a 8ctonfiguration in @ symmetry if the crystal field splitting is less thanJ3In case of 38
always remain$Ay,. The reason is clear if one compares and 3d configurations the crystal field value should be less
these configurations to the single particle description of a than 2 for a high-spin configuration. Because J can be
3c® configuration. In a single particle description &2wn- estimated as 0.8 eV, the transition points are approximately
figuration is split by the cubic crystal field into thgtand 2.4eV for 3d and 3@, respectively, 1.6eV for 3dand
the g configuration. Thegy configuration has the lowest  3d’. In other words, 38 and 3d materials have a tendency
energy and can contain six 3d electrons. The remaining twoto be low-spin compounds. This is particularly true fof 3d
electrons are placed in thg eonfiguration, where both have  compounds because of the additional stabilizing nature of
a parallel alignment according to Hunds rule. The result is the 3¢ *A14 low spin ground state.
that the overall configuration isf®ey 2. This configuration
identifies with tho:-,'3A2g configuration.
Both configurations gand g can split by the Stoner ex-
change splitting). This Stoner exchange splittirdgs given

?Sf Iw;ear c;mbllzatlog C.)tf f[he SIater—and(;n p?ratmheterfs 33he nature of the tetragonal distortion either th@ethe byg

= (F2 + Fy)/14 and it Is an approxima lon 10 IN€ € state have the lowest energy. All configurations fror &d
fects of the Slater—Condon parameters and in fact, a secontgdg have a low-spin possibility in B symmetry. Only the
parametecC, the orbital polarization, can be used in com- 3d? configuration with the gstate as ground state does not

bination withJ. The orbital polarizatiorC is given asC = . . . :
(°F» — 5F4)/98. We assumg for the momegt that the effect POSSESS & Iow_—spln conﬂgurauqn. Thel.zmj 3d config-
2 4 ’ urations contain only one unpaired spin thus they have no

of the orbital polarization will not modify the ground states. possibility to form a low-spin ground state. It is important to
In that case, the (high-spin) ground states of awnfigura- note that a 3% configuration as, for example, found in'Ni
tions are simply given by filling, respectively, thgf, &y, and CU!' can yield a low-spin ;:onﬁguration., Actually this
tag- and %_Ftates.gFor examplae, tHfé\2g ground state of low-spin configuration is found in the trivalent parent com-
3d® is simplified asr3,, and the®Aq ground state of 34 pounds of the high & superconducting oxidg®,10]. The

as §g+eg+2t§g_, etc. Dan symmetry ground states are particularly important for

1.4.4. Symmetry effects imPsymmetry
In Dan symmetry thedy and g symmetry states split fur-
ther into g and Ipq, respectively, & and b 4. Depending on



F. de Groot/Coordination Chemistry Reviews 249 (2005) 31-63 41

Table 7

The branching of the spin-symmetry states and its consequence on the states that are found after the inclusion of spin—orbit coupling

Configurations Ground state in O HS ground state in @ Spin in G Degree Overall symmetry in D

3d° 15y A4, Axg 1 Ag

3dt D3, 2o Ezg 2 Eig + Gg

3 3F, 3T1g Tag 4 Eg + Tag + Tog + A1g

3¢ 4F3)2 4Pog Gqy 1 Gy

3d* Do °E, Ey + Tog 5 Aig + Azg + EQ + Tig + Tog
3T1, Tig 4 Eg+ Tig + T2g + Axg

3P 6Ss/2 A1, Gy + Eyg 2 Gy + Exg
2T Ezg 2 Gy + Eig

3P °D, 5T, Eg + Tag 6 Atg + Eg + T1g + T1g + Tog + Tog
A1, Axg 1 Aig

3d’ 4Fo)2 MER Gqy 4 Eig + Ezg + Gg + Gg
2E, Ezg 1

3B 3F, Az Tig 1 Tzg

3d° 2Ds)2 2E, Ezg 1 Gy

The fourth column gives the spin-projection and the fifth column its degeneracy. The last column lists all the symmetry states after inclusionbdf spin—
coupling.

those cases where,@ymmetry yields a half-filled gstate. into two configurations. These configurations are degenerate
This is the case for 3dand 3@ plus low-spin 3d. These as far as the 3d spin—orbit coupling is concerned. However
ground states are unstable in octahedral symmetry and willbecause of differences in the mixing of excited term symbols
relax to, for example, a fp ground state, the well-known a small energy difference can be found. This is the origin
Jahn-Teller distortion. This yields the ions with all states ~ of the small but non-zero zero field splitting in the EPR

filled except the'A1g-hole. analysis of 38 compounds.
Fig. 6 shows the Tanabe—Sugano diagram for 4 Guh-
1.4.5. The effect of the 3d spin—orbit coupling figuration in G, symmetry. Only the excitation energies

As discussed above the inclusion of 3d spin—orbit cou- from 0.0 to 0.4eV are shown to highlight the high-spin to
pling will bring one to the multiplication of the spin and
orbital moments to a total moment. In this process one loses 0.4 N/
the familiar nomenclature for the ground states of th& 3d
configurations. In total symmetry also the spin moments are
branched to the same symmetry group as the orbital mo-
ments, yielding for NiO a’.’Azg ground state with an overall
ground state off'1g ® Axg = Tag. It turns out that in many
solids it is better to omit the 3d spin—orbit coupling because
it is effectively ‘quenched’. This was found to be the case
for CrOy,. A different situation is found for CoO, where the
explicit inclusion of the 3d spin—orbit coupling is essential : T,
for a good description of the 2p X-ray absorption spectral G
shape. In other words, 2p X-ray absorption is able to de- E,
termine the different role of the 3d spin—orbit coupling in, 00 05 10 15 20
respectively, Cr@ (quenched) and CoO (not quenched).

Table 7 gives the spin-projection to {Osymmetry. The
ground states with an odd number of 3d electrons have aFig. 6. The Tanabe-Sugano diagram for & 8dnfiguration in @ sym-
ground state spin moment that is half-intefjgf1]. Table 7 metry. The atomic‘ states of a Bdonfiguration are split by electrostatic
shows that the degeneracy of the overall symmetry states jg"teractions and within the first 0.4 eV above the ground state oniffthe

. . . states are found, split by the atomic 3d spin—orbit splitting. The horizon-
Of.ten not exactly equal to the spin number as_ glve_n_ in the tal axis gives the crystal field in eV and tH& ground state is split into
third column. For example, thOé—lg ground state is splitinto  the 4T1q ground sate and th&T,g and *A,q excited states that quickly
four configurations, not three as one would expect. If the 3d move up in energy with the crystal field. THE 14 state is split into
spin—orbit coupling is small (and if no other state is close four s_ub-states as indicated with the grey block. These sub-states are, re-
in energy), two of these four states are quasi-degenerate angPectvely, the (double group symmefy1,12) Ezq ground state, a &
. . state, another Estate and a E state. At a crystal field value of 2.25eV

one finds three states. This is in general the case for all

. . - h the symmetry changes to low-spin and thg Sates mix with the’Eg
situations. Note that théAlg ground state of Rlis split low-spin G state.

E

0.3

0.21

Excitation Energy (eV)

\

Crystal Field (eV)
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Table 8
The matrix elements in SOsymmetry needed for the calculation of 2p
X-ray absorption
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Table 9
The matrix elements in ©symmetry needed for the calculation of 2p
X-ray absorption

3dV — 2p°3dV+! in SO; symmetry

3d¥ — 2p°3dV*! in Op symmetry

Initial state Transition Final state Initial state Transition Final state
{0[0]0) (0[1]1) (0|ojo (A1lA1|A7) (A1|T4|T1) (A1lA1|A1)
(11012 (1/1]9 (110]1) (T1lA1]T1) (T1lT1lA1) (Ta|Aq|T2)*
(1112 (T1|Te|Ta)
(1[112 (T1T1B)
/0l @iy /[ Tl
(2113 (ElAq]E) (EITa|T1) (ElAlB)*
(3013 @i (3(0[3* (EITlT)
(31113 (T2|Aq|T2)* (T[T T2)* (T2lAq|T2)*
(31114 (T2IT1|B)*
(T2|Te|T2)*
(4l014* (4[1(3* (4|014* «
(A2|A1lA2) (A2|T1|T2) (A2lA1|A2)*

Boldface and* matrix elements apply to, respectively, a’3ahd a 38
configuration.

low-spin transition at 2.25eV and also the important effect
of the 3d spin—orbit coupling. It can be observed that the
atomic multiplet spectrum of Cohas a large number of
states at low energy. All these states are part OfAfF‘ﬁz
configuration that is split by the 3d spin—orbit coupling. Af-
ter applying a cubic crystal field, most of these multiplet

Boldface and* matrix elements apply to, respectively, a’3ahd a 34
configuration.

In octahedral symmetry one has to calculate five matrices
for the initial and final states and thirteen transition matrices.
Note that this is a general result for all even numbers of
3d electrons, as there are only these five symmetrieg,in O
symmetry. In the 38 case, the ground state branches to A

states are shifted to higher energies and only four states reand only three matrices are needed to generate the spectral

main at low energy. These are the four states'Bfy as
indicated inTable 7 These four states all remain within
0.1eV from the E ground state. That this description is
actually correct was shown in detail for the 2p X-ray ab-
sorption spectrum of Co@12], which has a cubic crys-
tal field of 1.2eV. At 2.25eV the high-spin low-spin tran-
sition is evident. A new state is coming from high en-
ergy and a G-symmetry state replaces the sgmmetry
state at the lowest energy. In fact there is a very inter-
esting complication: due to the 3d spin—orbit coupling the
G-symmetry states of thT14 and2E4 configurations mix
and form linear combinations. Around the transition point,
this linear combination will have a spin-state that is neither
high-spin nor low-spin and in fact a mixed spin-state can be
found.

1.4.6. The effects on the X-ray absorption calculations
Table 8gives all matrix element calculations that have
to be carried out for 3§ — 2p°3d"¥+1 transitions in S@
symmetry for theJ-values up to 4.We will use the transi-
tions 3 — 2p°3d! as examples. 3dcontains onlyJ = 0

symmetry states, indicated in boldface. This limits the cal- o

culation for the ground state spectrum to only one ground

state, one transition and one final state matrix element, given2

in boldface. In case of $dNi" the ground state has3k4
configuration, indicated as underlined. We are now going to
apply the S@ — Oy branching rule to this table. The=

4 ground state has transitions o= 3 and 4 final states
(Table §.

shape:(A1|A1]A1) for the 3d ground state(A1|Ty|T1) for

the dipole transition andT1|A1|Ty) for the 23d! final
state Table 9. The 3@systems are rather special because
they are not affected by ground state effetable 10shows

that a 283d! configuration has twelve representations in
SOs; symmetry that are branched to 25 representations in a
cubic field. From these 25 representations, only seven are of
interest for the calculation of the X-ray absorption spectral
shape, because only thesgsymmetry states obtain a finite
intensity.

In the 3¢ case, the ground state branches tg, T.e.
3A2g = T1g®A2g = T2g. The Tog ground state yields dipole
transitions to four different final state symmetries, using
Tog® Tau = Tau+ Tau+ Ey + Azy. Consequently the com-
plete spectral shape is given by calculating one ground state

Table 10

The branching of thd-values in SQ symmetry to the representations in
Oy, symmetry, using the degeneracies of th€&p final state in X-ray
absorption

Jin SO; Degree Branchings I in Op Degree
1 Ay A1u[o.4] 2

1 3 3x Ty Azy3) 3
4 4 x Ey, 4 x Toy T34 7

3 3 3x Azy, 3 x T3 x Toy Toup-4 8

4 1 Ay, By, Tau Tou Euz.4 5

> 12 25

The symmetry in @ is given, including the S@origin of the states in
square brackets.
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Fig. 7. The crystal field multiplet calculations for the%3d> 2p°3d!

transition in ™. The atomic Slater—Condon and spin—orbit coupling
parameters were used as givenTable 3 The bottom spectrum is the
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Fig. 9. The crystal field multiplet calculations for the%3d> 2p°3d!
transition in TIV. The atomic Slater—Condon and spin—orbit coupling

462 464

atomic multiplet spectrum. Each next spectrum has a value of 10Dq that parameters were used as givenTiable 3 The bottom spectrum is the

was increased by 0.3eV. The top spectrum has a crystal field of 3.0eV.

matrix ((T2g|A19|T2g)), four transition matrices and four fi-

nal state matrices and combining all corresponding matrices

to yield the intensities and initial and final state energies.
Because the 28d° configuration is equivalent to a 2pdt
configuration, the degeneracies of th@2y final state ma-
trices can also be found ifable 10

Fig. 7shows the crystal field multiplet calculations for the
3d? — 2p°3d! transition in TIV. The result of each calcu-

crystal field multiplet spectrum with atomic parameters and corresponds
to the fifth spectrum irFig. 8 i.e. 10Dq is 1.5eV. Each next spectrum
has a value of the Slater integrals further reduced by, respectively, 25,
50, 75 and 100%, i.e. the top spectrum is the single particle result.

are surrounded by six oxygen atoms in a distorted octahe-
dron. The value of 10Dq was set to 1.8 eV. The calculation
is able to reproduce all peaks that are experimentally visi-
ble. In particular the two small pre-peaks can be nicely ob-
served. The similar spectrum of Sri®@as an even sharper

seven states were broadened by the lifetime broadening angy 9 20
the experimental resolution. From a detailed comparison to

Fig. 9 shows the effect of the pd Slater—Condon param-

experiment it turns out that each of the four main lines has to gters on the spectral shape of the 3¢ 2p°3d! transition

be broadened differentlji3—15] An additional difference

in broadening is found between thg tand the g states.
This broadening was ascribed to differences in the vibra-
tional effects on they, respectively, the gstates. Another
cause could be a difference in hybridization effects and in
fact charge transfer multiplet calculatiofis6—18] indicate
that this effect is more important than vibrational effects.

Fig. 8 compares the crystal field multiplet calculation of

the 3 — 2p°3d! transition in TIV with the experimental
2p X-ray absorption spectrum of FeTHOThe titanium ions

relative intensity
§ .

Fig. 8. The 2p X-ray absorption spectrum of FeJiGompared with a
crystal field multiplet calculation for " with a value of 10Dq of 1.8eV
(reprinted with permission fronfil4], copyright 1990 American Physical
Society).

in T'"V. The bottom calculation is the same agFig. 8 and
used the 80% reduction of the Hartree—Fock values in order
to obtain a good estimate of the values in the free atom.
In most solids the pd Slater—Condon parameters have the
same values as for the free atom, in other words, the solid
state screening of the pd Slater—Condon parameters is al-
most zero. The five spectra are calculated by using the same
values for the 3d- and 2p-spin—orbit coupling and the same
crystal field value of 1.8 eV. The Slater—Condon parameters
are rescaled to, respectively, 80% (bottom), 60, 40, 20 and
0% (top). The top spectrum corresponds to the single parti-
cle picture, where one expects four peaks, respectively, the
La—tyg, the L3—g;, the Lo—tpg and the l—gy peak, with re-
spective intensities given by their degeneracies, i.e. 6:4:3:2.
This is exactly what is observed, where it is noted that
the intensity ratio is a little obscured by the differences in
line width. One can conclude that there is a large differ-
ence between the single particle result (top spectrum) and
the multiplet result (bottom spectrum). The Slater—-Condon
parameters have the effect to lower the intensity of tige t
peaks and shift intensity to the @eaks. An even larger
intensity shift can be observed from thg &dge to the b
edge and a very clear effect is the creation of additional
(pre-)peaks, because additional transitions become allowed.
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Table 11
The branching of the 25 representations in §ymmetry to 45 represen-

tations in Dy, symmetry, using the degeneracies of th83p final state
in X-ray absorption

I' in Op Degree I' in Dan Degree
Ay 2 A1y A1 245 7
Ay 3 B1u Aoy 7 7
Ty 7 E, + Ay B1u 3+5 8
Tou 8 E, + Bay Boy 8 8
Eu 5 Ay + By Ey 7+8 15
3 25 45

More precisely, it is only the 4. edge that is split and its
two states are splitin five states. Thgeddge is not split, and
in fact because of this thesledge can be expected to stay
closer to the single particle result, in particular the energy
separation between thggtand ¢ level of the L, edge is
only little affected. This is important in those cases where
the multiplet effects are smaller, such as for thesledges
of the 4d-elements. In the case of 4d-elements, theedge
can be expected to be closer related to the single patrticle

stry Reviews 249 (2005) 31-63
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Fig. 10. Upper panel: Potassium 2p3d XAS spectra obtained for
K/Ni(100) and CO/K/Ni(100), with the E vector parallel to the surface.

picture than the CorreSpondm@ bdge. Lower panel: K 2p3d XAS spectra obtained for CO/K/Ni(1 00); the angle

« is given as the deviation of the electric field vector from the surface
plane (reprinted with permission frof22], copyright 1990 American
Physical Society).

1.4.7. 3d Systems in lower symmetries

If one reduces the symmetry further frony @ Dy the
seven lines in the X-ray absorption spectrum dV Teplit
further. The respective degeneracies of the representations
in O symmetry and the corresponding symmetries ijp D tural details, which is caused by the strong (crystal) field of
symmetry are collected ifiable 11 the CO molecules on the K ions. The CO and K adsorbates

A 2p°3d' configuration has twelve representations in are considered to be placed on, respectively, the black and
SOs; symmetry that are branched to 25 representations in awhite squares of a checkers game. Each K ion is surrounded
cubic field. These 25 representations are further branchedby the four CO molecules in plane as well as the nickel sur-
to 45 representations ingp symmetry, of the overall de- face below and vacuum above. Thig,Gymmetry field is
generacy of 60. From these 45 representations, 22 are ofexpected to have significant angular dependence between the
interest for the calculation of the X-ray absorption spec- X-ray absorption spectral shape in-plane and out-of-plane.
tral shape, because they have eithgrde Az, symmetry. This is shown in the bottom half dfig. 10 Two asymmet-
There are now two different final state symmetries pos- ric peaks are visible for (near) grazing incidence and four
sible because the dipole operator is split into two repre- peaks are visible at normal incidence.
sentations. The spectrum of two-dimensional E-symmetry Fig. 11shows a crystal field multiplet calculation of the K
relates to the in-plane direction of the tetragon, while the 2p X-ray absorption spectrum inggcsymmetry. The calcu-
one-dimensional A,-symmetry relates to the out-of-plane lation reproduces the two asymmetric peaks that are visible
direction. for grazing incidence and four peaks at normal incidence.

Examples of this angular dependence ig,@nd lower At normal incidence the electric field of the X-ray probes
symmetries can be found in the study of interfaces, sur- the bonds that are in the direction along the Ni(100) sur-
faces and adsorbates. A detailed study of the symmetry ef-face. This are the bonds/interactions between the K ion and
fects on the calcium 2p X-ray absorption spectra at the sur-the CO molecules. Because of the four CO molecules sur-
face and in the bulk of CagHdid clearly show the ability of  rounding the K ion, this interaction induced a clear energy
the multiplet calculations to reproduce the spectral shapesdifference between the 36 ,, orbitals pointing towards
both in the bulk as at the reduced,Gymmetry of the sur-  the CO molecules and 3dorbitals pointing in between the
face[21]. Recently, the group of Anders Nilsson performed CO molecules. It is the energy difference between these or-
potassium 2p X-ray absorption experiments of potassium bitals that causes the two peaks to be present. This effect
adsorbed on Ni(100) as well as the co-adsorption systemcan be nicely shown by using exactly the same crystal field
CO/K/Ni(100)[22]. Fig. 10shows the K 2p X-ray absorp- parameters and reducing the Slater—Condon parameters to
tion spectra of K/Ni(100) compared with CO/K/Ni(100). zero. This single particle limit is shown in the bottom half
The co-adsorption system shows significantly more struc- of Fig. 11
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Fig. 12. The crystal field multiplet calculation of Eavith and without the

inclusion of the 3d spin—orbit coupling. The bottom spectrum is without

¥ 3d spin—orbit coupling. The 0 and 300 K spectra have an atomic spin—orbit
kL coupling included, where the close degeneracy of the spin—orbit split

296 207 208 299 300 301 302 states causes temperature effects in the X-ray absorption spectral shape.

Energy (eV) The experimental CoO spectrum is simulated with the 300K spectrum.

S I S e =

Fig. 11. Crystal field multiplet calculation of a'Kon in Cy4, symmetry.

The Dq, Ds, and Dt parameters (given in the text) have been optimized

to experiment (upper panel). Exactly the same calculation with the 2p3d (d) The inclusion of lower-symmetry parameters, for exam-
Slater-Condon parameters set to zero. The four symmetry states are ple, Ds and Dt.

directly visible. The 0 spectra are given with dashed lines and sticks (e) In many systems itis important to extend the crystal field

a?ti r;;z;gﬁcftﬁsngg Scci)";’yr'i'gﬁf gngdo T;ﬁiiéfrirhsggg) S(gi?:t;;e‘j multiplet program with the inclusion of charge transfer
' ' effects as will be discussed Bection 1.5

1.4.8. X-ray absorption spectra of Zdsystems

The description of the X-ray absorption spectra of systems
with a partly filled 3d-band follows the same procedure as
for 3d° systems as described above. The matrix elements
must be solved for the initial state Hamiltonian, the transition
operator and the final state Hamiltonian.

A difference between $dand 3d" ground states is that
the latter are affected by dd-interactions and crystal field
effects. Whether a system is high-spin or low-spin can be
determined directly from the shape of the X-ray absorption
spectrum. The calculation of the X-ray absorption spectrum
has the following parameters to consider.

1.5. The charge transfer multiplet model

Charge transfer effects are the effects of charge fluctu-
ations in the initial and final states. The atomic multiplet
and crystal field multiplet model use a single configuration
to describe the ground state and final state. One can com-
bine this configuration with other low-lying configurations
similar to the way configuration—interaction works with a
combination of Hartree—Fock matrices.

1.5.1. Initial state effects
The charge transfer method is based on the Anderson

(a) The atomic Slater—Condon parameters. For trivalent impurity model and related short-range model Hamiltonians
and tetravalent systems these parameters are sometimetiat were applied to core level spectroscopies. This line of
reduced. An effective reduction can also (partly) be approach was developed in the eighties by the groups of
achieved by the inclusion of charge transfer effects. ~ Jo and Kotani[23], Gunnarsson and Schonhamnj24],

(b) The inclusion of the cubic crystal field strength 10Dg, Fujimori and Minami[25] and Sawatzky and co-workers
optimized to experiment. The value of 10Dq determines [26—28]} There are variations between the specific methods
the spin-state of the 3do 3d’ systems. used, but in this review we sketch only the main line of

(c) The inclusion of the atomic 3d spin—orbit coupling. Be- reasoning behind these models. For details is referred to the
cause of an effective quenching of the 3d spin—orbit original papers.
coupling by lower symmetries and/or translational ef-  The Anderson impurity model describes a localized state,
fects, in some cases the 3d spin-orbit coupling must bethe 3d-state, which interacts with delocalized electrons in
set to zero to achieve a good agreement with experi- bands. The Anderson impurity model is usually written in
ment. This is, for example, the case for Gr@n con- second quantization. In second quantization one starts with
trast the case of CoO proves the importance of the in- the ground state/o and acts on this state with operators
clusion of the 3d spin—orbit coupling as is evident from that annihilate QT) or create §) a specific electron. For
Fig. 12 example, a 2p to 3d X-ray absorption transition is writ-
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_ L— spectral shapg31]. The multiplet model approximates the
] band usually as a square of bandwidthwheren number of
points of equal intensity are used for the actual calculation.
i Often one simplifies the calculation furtheriio= 1, i.e. a
v single state representing the band. In that case the bandwidth
[w ] is reduced to zero. In order to simplify the notation we will
1 in the following remove the&-dependence of the valence
/‘—\ u band and assume a single state describing the band. It must
WO\ be remembered however that in all cases one can change
back this single state to a real band with bandwidth
Removing thé&-dependence renders the Hamiltonian into:

Density of States

4 5]
Energy (eV)

o

t t t
10 Haiv -1 = €3dazqa3d + Uddagqaadasgasd + exayay

+ fv3d(a;,dav + alazq)

Fig. 13. The interaction of &-correlated localized state with delocalized

bands. From bottom to top are, respectively, given: a general DOS, a  Bringing the multiplet description into this Hamiltonian
semi-elliptical valence band, a square valence band and a single valencamplies that the single 3d state is replaced by all states that

state. are part of the crystal field multiplet Hamiltonian of that
particular configuration. This implies that théyg-term is

ten as|1//oa;rpa3d). With second quantization one can also replaced by a summation over four 3d-wavefunctions, 3d

indicate the mixing of configurations in the ground state. 3k, 3ds and 3d:

For example, an electron can hop from the 3d-states to

f f t ;
: . . Hpm = €3daz4a3d + ekayav + had(azgav + ayasd)
a state in the (empty) conduction band, |l¢oa§dack>, 3d vIu TR dTY B

whereag, indicates an electron in the conduction band with + Z gdda;dlasdzagdﬂsm
reciprocal-space vectdt. Comparison to experiment has I, 1,13,
shown that the coupling to the occupied valence band is + Z l-Segdlasdz—i- Hcr

more important than the coupling to the empty conduction
band. In other words, the dominant hopping is from the va- _ )
lence band to the 3d-states. If one annihilates an electron inThe term gqg describes all two-electron integrals and

a state and then re-creates it one effectively is counting theincludes the Hubbard) as well as the effects of the
Slater—Condon parametefé and F4. In addition, there is

a new term in the Hamiltonian due to the 3d spin—orbit
coupling.Hcr describes the effects of the crystal field po-
tential @. This situation can be viewed as a multiplet of
localized states interacting with the delocalized density of
" + states. One ingredient is still missing from this description
+’V3dz (agqavk + ayasd) that is if the electron is transferred from the valence band
k to the 3d-band, the occupation of the 3d-band changes by
These four terms represent, respectively, the 3d-state, theone. This 3&*1 configuration is again affected by mul-
correlation of the 3d-state, the valence band and the cou-tiplet effects, exactly like the original 3d configuration.
pling of the 3d-states with the valence band. One can further The 3dV+1 configuration contains a valence band with a
extend the Anderson Impurity model to include more than hole. Because the model is used mainly for transition metal
a single impurity, i.e. impurity bands. In addition, one can compounds, the valence band is in general dominated by
include correlation in the valence band, use larger clusters,ligand character, for example, the oxygen 2p valence band
etc. In case of multiplet calculations of X-ray absorption in case of transition metal oxides. Therefore the hole is
these approaches lead in most cases to a too large calculaconsidered to be on the ligand and is indicated withé. a

I, 12

occupation of that state, i.egdagd yields n3g. The Ander-
son impurity Hamiltonian can then be given as:

t T T t
Haim = €30da34a3d + Udddzga3dazqdad + Z Evkdyy vk
k

tion. There has been much work for the'Cease, in partic- ligand hole. The charge transfer effect on the wave function
ular in connection to the high Tc superconduct@$], and is described as 36+ 3dV*+1L. If one includes the effects of
also there have been calculations concerning the effects ofthe multiplets on the 3&™L, a configuration—interaction
non-local screening on larger clusters fo! N80]. picture is obtained coupling the two sets of multiplet states.

Fig. 13sketches the Impurity model with a semi-elliptical Fig. 14 gives the crystal field multiplets for the 3¢nd
band of bandwidthw. Instead of a semi-elliptical band one  3d®L configurations of Cb. The 3d configurations is cen-
can use the actual band structure that is found from DFT tered at 0.0 eV and the lowest energy state is‘Hf@ state,
calculations (bottom). It has been demonstrated that thewhere the small splittings due to the 3d spin—orbit coupling
use of the real band structure instead of an approximatewere neglected. The lowest state of théB3donfiguration
semi-elliptical or square band structure hardly affects the is the3A2g state, which is the ground state off3d@he cen-
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lonic Conf. Charge Transfer States A and the hopping strengthThe hopping can be made sym-
- metry dependent and one can add crystal field parameters
related to lower symmetries, yielding to an endless series of
Tanabe—Sugano diagrams. What is actually important is to
determine the possible types of ground states for a particu-
lar ion, say C8. Scanning through the parameter space of
F2, F4, 10Dq, Ds, Dt, LSq, t and A one can determine
the nature of the ground state. This ground state can then
be checked with 2p X-ray absorption. After the inclusion
of exchange and magnetic fields one has also a means to
compare the ground state with techniques like X-ray MCD,
-4.0 1 o - optical MCD and EPR.
t=0.5 ComparingFig. 13with Fig. 14 one observes the transi-
T = tion from a single particle picture to a multiplet configura-
tional picture. One can in principle put more band character
Fig. 14. Left: The crystal field multiplet states of 3dnd 3d configu-  jntg this configurational picture and a first step is to make a
rations. The multiplet states V\{Ith energies higher thehO0 e\( are not transition from a single state to a series oPBatates. each
shown. A was set to+2.0 eV. Right: the charge transfer multiplet calcu- e ) . " !
lations for the combination of crystal field multiplets as indicated on the With its included multiplet but with each a different effec-
left and with the hopping ranging from 0.0 to 2.0eV as indicated below tive charge transfer energy. One can choose to use a more
the states. elaborate cluster model in which the neighbor atoms are ac-
tually included in the calculatiof29,30,33] These cluster
models are not described further here.
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ter of gravity of the 38 configuration was set at 2.0eV,
which identifies with a value ofA of 2.0 eV. The effective 1.5.2. Final state effects
charge transfer energy is defined as the energy difference The final state Hamiltonian of X-ray absorption includes
between the lowest states of the/ 2ohd the 38L configura- the core hole plus an extra electron in the valence region.
tions as indicated ifrig. 14 Because the multiplet splitting  One adds the energy and occupation of the 2p core hole to
is larger for 3d than for 3@L, the effectiveA is larger than  the Hamiltonian. The core hole potentlabq and its higher
A. The effect of charge transfer is to form a ground state order termsyyq give rise to the overlap of a 2p wave function
that is a combination of 3cand 3¢L. The energies of these  with a 3d wave function and is given as a summation over
states were calculated on the right half of the figure. If the two 2p and two 3d-wavefunctions 2@2p,, 3cy and 3a:
hopping parametédris set equal to zero, both configurations
do not mix and the states of the mixed configuration are ex- Hop= szpaz azp + Z gpdaT az 1aJr 2

p 3d192p192,243d
actly equal to 34, and at higher energy to 8d. Turning I,02,13,T
on the hopping parameter, one observes that the energy of n Z 1.5% aopp
the lowest configuration is further lowered. This state will = pL=ep
still be the*T14 configuration, but with increasing hopping, vz
it will have increasing 38L character. One can observe that The termgpq describes all two-electron integrals and in-
the second lowest state is split by the hopping and the mostcludesUpq as well as the effects of the Slater—Condon pa-
bonding combination obtains an energy that comes close torameters=?, G* and G. In addition, there is a term in the
the 4T14 ground state. This excited state is a doublet state Hamiltonian due to the 2p spin—orbit coupling. There is no
and if the energy of this state would cross with ffleg state  crystal field effect on core states.
one would observe a charge-transfer induced spin-transition. ¥ + T T
It was shown that charge transfer effects can lead to new7AIM = €3dd3qd3d + exayay + fvad(agqay + ayasa)

types of ground states, for example, in case of &@uhfig- + Z gdda; dla3d2a; 4343da
uration, crystal field effects lead to a transition of &2 M0
high-spin to a S= 0 low-spin ground state. Charge transfer + +
effects are also able to lead to an=S1 intermediate spin + ) |- saygazsaz + Her + E2pdapiap
ground statd32]. N1z

Fig. 14 can be expanded to Tanabe-Sugano like dia- + Z gpda;dlazmagpza;;dz
grams for two configurations 3d+ 3d"V*1L, instead of M. 05.0%
the usual Tanabe—-Sugano diagrams as a function of only " Z .sd 4
one configuration. The energies of such two-configuration Bp112p2

Tanabe—Sugano diagrams are affected by the Slater—Condon ek

parameters (often approximated with the B Racah parame- The overall Hamiltonian in the final state is given. This
ter), the cubic crystal field 10Dq, the charge transfer energy equation is solved in the same manner as the initial state
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Hamiltonian. Using the two configuration description of 5 N1
Fig. 14 one finds for CB two final states 238cf and HFINAL,l=<2p 3d”
2p°3dPL. These states mix in a manner similar to the two

configurations in the ground state and as such give rise to a x 2p53dN+1>
final state Tanabe—Sugano diagram. All final state energies

are calculated from the mixing of the two configurations.
This calculation is only possible if all final state parameters
are known. The following rules are used.

2
e
o T Splp - sp + Suld - sd + HiFm

The charge transfer model adds a configuratiof{*3d.
to the 3d ground state. In case of a transition metal oxide,
in a 3d"*1L configuration an electron has been moved from
the oxygen 2p-valence band to the metal 3d-band. One can
(2) The 2p3d Slater-Condon parameters are taken from an:ontinue with this procedure and add3®L2 configura-
atomic calculation. For trivalent ions and higher va- tjon, etc. In many cases two configurations will be enough
lences, these atomic values are sometimes reduced. g explain the spectral shapes, but in particular for high va-
(b) The 2p and 3d spin—orbit coupling are taken from an |ence states it can be important to include more configura-
atomic calculation. tions [36,37] As far as X-ray absorption and X-ray emis-
(c) The crystal field values are assumed to be the same as;ion s concerned, the consequences for the calculations are
in the ground state. the replacement of 34 with 3d" + 3d"*1L plus the cor-
(d) The energies of t.he configurations, i.e. the charge trans‘responding changes in the final state. This adds a second
fer energy, are given by the valuesddq andUpq. Ef- initial state, final state and dipole transition:
fectively Ap = A} 4+ Ugd — Upg. Because in general
Upd is approximately 1-2 eV larger thayg, one often  Ixas,2 X (3dVHL|p|2p3dV +2L)?
assumesAr = A — 1 or—2eV. 2
(e) The hopping parametelis assumed to be equal in the HniT.2 = <3dN+1|_“"_ + caldsd + Hiem
initial and final states. r12

3dN+lL>

2
Detailed analysis of X-ray absorption and resonant X-ray HrinAL,2 = <2P53dN+2L‘e— + Splpsp + sdldsd + Hirm

emission spectra has shown that the crystal field values are 2

smaller by 10-20% in the final staf@4]. The same obser- % 2p53dN+2L>

vation has been made for the hopping paramg85F One

can understand these trends from the (slight) compression

of the 3d wave function in the final state. From the presence

of the 2p core hole one would expect a significant compres-

sion of the 3d wave function, but the effect of the 2p core

hole is counteracted by the effect of the extra 3d-electron

in the final state. Because we have seen tha is a bit

smaller thanUpq this counteracting action is not complete _JauN |t N+1

and there will rE)e a small compression of the 3d wave func- Hwix .12 = <3d ‘Z‘ 3d L>

tion. In conclusion it can be said that, t and 10Dq will all ¢

be slightly smaller in the final state. Because the reduction Hmix 1. r2 = <2P53dN+1 ‘Z‘ 2P53dN+2|->

of these parameters has counteracting effects on the spectral

shape, in most simulations one varies omlyand keepg The X-ray absorption spectrum is calculated by solving
and 10Dq constant. the equations given above. If a’$2LL’ configuration is

included its energy is 2 + Ugq, WhereUgq is the corre-
1.5.3. The X-ray absorption spectrum with charge transfer lation energy between two 3d-electrofz8]. The formal
effects definition of Ugq is the energy difference one obtains when
The essence of the charge transfer model is the use ofan electron is transferred from one metal site to another, i.e.
two or more configurations. Ligand field multiplet calcula- @ transition 3d + 3" — 3d1\./+1 +.3dN_.1- The number
tions use one configuration for which it solves the effective Of interactions of two 34 configurations is one more than

atomic Hamiltonian plus the ligand field Hamiltonian, so the the number of interactions of 3 plus 3d"~*, implying
following matrices: that this energy difference is equal to the correlation energy

between two 3d-electrons.
By analyzing the effects of charge transfer it is found that,
N 5 1,2
Ixas 1 o (3d" |pl2p3d" ) for systems with a positive value af, the main effects on
the X-ray absorption spectral shape are:

The two initial states and two final states are coupled
by monopole transitions, i.e. configuration interaction. The
mixing parametet couples both configurations autis the
energy difference. The Hamiltonian is abbreviated with
to describe the monopole interaction:

2

e
HnT1i= <3dN o + gdld - sd + HLFm

3dN> (1) the formation of small satellites; and
(2) the contraction of the multiplet structures.
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The formation of small satellites or even the absence of
visible satellite structures is a special feature of X-ray ab-
sorption spectroscopy. Its origin is the fact that X-ray ab-

sorption is a neutral spectroscopy and the local charge of the

final state is equal to the charge of the initial state. This im-
plies that there is little screening hence little charge transfer
satellites. This effect can be explained by using a two-by-two
problem as example. We follow the papers of Hu ef®lL0]

to describe the mixing of two configurations that are sepa-
rated byA and mixed byt. This mixing yields a two by two
determinant:

0
t

t

H = A

Solving the determinant yields the two states after mixing:
The ground state, or bonding combinati@rg has a wave
function:

g = o;[3d") + £;13d" L)
The energy of the bonding combination is given as:
Eg=3A—3VA2+ 4

The parameters; and 8; can be defined im andt:
1

Bi =/1—a?

The anti-bonding combination is given as:

X =A% 4412,

¥ = fiI3d") — ;3" L)
The energy of the anti-bonding combination is given as:
Eg= 1A+ VA2 + 4

It can be found that, apart from numerical deviations at
small charge transfer energies, the value;a$ proportional
to ,/Alt. The dependence o and t is given inFig. 15 A
linear dependence af; is observed as a function ofand
a square root dependence is found as a function.ofhis
implies for the percentage of 3dcharacter in the ground
state, i.eo:l.2 that it is proportional toA/t2.

We have found that in the final state the valueAgf ~
A — 1eV. This implies that the final state determinant is
approximately equal to the initial state determinant:

0 tr

H= tr Afr

This yields fora; andg; that they are approximately equal
too; andp;. The results of the initial and final state equations
can be used to calculate the X-ray absorption cross-section
One can make a transition from %do 2p°3d"V+1 and from
3d¥*+IL to 2p°3dV+2L. This implies that the intensity of
the main peak is equal t@;as + B 5;)? while the satellite
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Fig. 15. The initial state value af as a function of the charge transfer
energyA for t = 2.7 eV (solid circles) and as a function of the hopping
t for A =5eV (open squares).

intensity is equal tda; B — Biaf)2. The contraction of the
multiplet structure due to charge transfer can also be under-
stood using the two by two matrices. Assume two multiplet
states split by an energy They both mix with a charge
transfer state that is positionetl above the lowest energy
multiplet state I. Consequently the charge transfer energy
of the second multiplet state Il id — §. Assuming that the
hopping terms are the same for these two states, the energy
gain of the bonding combination is:

Eg(l) = 34 — 3/ A2 + &
Es()=3A-86-1V/(Aa-8)2+4

These trends are made visibleHig. 16 One can observe
that for zero hopping there is no energy gain. Consider, for
example, a hopping of 1.5 eV. Then one observes the largest
energy gain for the lowest value af. The higher lying

Energy Gain in eV
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3 4 5 6 7 8
Charge Transfer A

Fig. 16. The energy gain of the bonding combination of a two-state
problem as a function of the charge transfer enefggnd the hopping.
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. ) . . ) Fig. 18. Results of theoretical simulations of the copper 2p X-ray ab-
Fig. 17. Series of charge transfer multiplet calculations for tHegdound sorption spectra of GKCuFs (bottom) and LaLi;/2Cu;/204 (top), in
state |38 + 3d°L >. The top spectrum has a charge transfer energy of comparison with the experimental spectra (reprinted with permission from
+10eV. The bottom spectrum has a charge transfer energyl@feV [38], copyright 1998 Elsevier Science).

and relates to an almost pure®3ground state.

calculations look similar to the calculations for'Nsystems

multiplet states have a smaller effectideand consequently ~ With negative values oft. For such systems with negative

alarger energy gain. As such their energy comes closer to the? Values, it is important to carry out charge transfer multi-

lowest energy state and the multiplet appears compressed. plet palculat|ons, as no good comparison with crystal field
The two by two problem in the initial and final state ex- Multiplet spectra can be made.

plains the two main effects of charge transfer: a compression

of the multiplet structure and the existence of only small

satellites. These two phenomena are visibleFig. 17. In 2. An overview of X-ray spectroscopies

case that the charge transfer is negative, the satellite struc-

tures are slightly larger because then the final state charge In this section we use the solid NiO as an example to in-

transfer is increased with respect to the initial state and the troduce the range of different X-ray spectroscopies. It should

balance of the initial and final statés andlg’s is less good_ be noted that we limit ourselves to the ‘multiplet aspects’
Fig. 17shows the effect of the charge transfer energy on ©f the various spectroscopies. A complete discussion of the

divalent nickel. We have used the same hoppirigr the spectroscopies is outside the scope of this review.

initial and final state and reduced the charge transfer energy The ground state of NiO in the charge transfer multi-

A by 1eV. In the top spectrum) = 10 and the spectrum  Pplet model will be described as 8¢3d°L. We will use this

is the ligand field multiplet spectrum of a'Nion in its 3¢ ground state to describe a number of X-ray spectroscopies.
configuration. The bottom spectrum uses= —10 and now In the ground state, the atomic Slater—Condon parameters are
the ground state is almost a pure’Bctonfiguration. Look- used. These values are determined by Hartree—Fock calcula-

ing for the trends |rF|g 17 one finds the increased contrac- tions scaled to 80% of their value. Also the atomic spin—orbit
tion of the mu|t|p|et structure by going to lower valuesaf COUpling of 0.08 eV is used. The ionic CryStal field value is
This is exactly what is observed in the series Ni& NiCl, setto 0.7 eV and the hopping parameters are setto 2.2 eV for
and NiBp [16,17,27,38] Going from Ni to Cu the atomic € hopping and 1.1 eV forp hopping. The charge transfer
parameters change little, except the 2p spin—orbit coupling €nergyA is set to 3.0 eV. These parameters yield a ground
and the 2p binding energy. Therefore the spectra df 3d state of3A2g symmetry that is build from 82% 8d:haracter
systems of different elements are all similar and the bottom and 18% 3dL character. Inclusion of 34LL’ adds only a
spectrum is also similar to d‘,‘bsystems, Therefore one can 0.5% contribution to the ground state and will be neglected.
also use the spectra with negatisevalues for Cll' com-

pounds, such as khi;/»Cu 204 and CsKCuFs. Fig. 18 2.1. X-ray absorption (XAS)

shows the comparison of the 2p X-ray absorption spectrum

of these two compounds with charge transfer multiplet cal-  Fig. 19 gives the 2p X-ray absorption that has been de-
culations[39,40] It can be checked ifrig. 17 that these scribed in detail inSection 1 The dipole transition trans-
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Fig. 19. 2p X-ray absorption spectrum of NiO (top) compared with a
charge transfer multiplet calculation (bottom) as described in the text

(reprinted with permission fron41], copyright 1999 American Physical
Society).

forms the 38+3d°L ground state to Z8d°+2p°3dL.

lates to the states 3pd” 4 3p°3d'°L and the experimental
spectrum is simulated well. Some additional effects are im-
portant, in particular the lifetime broadening of the’3¢®
varies with excitation energid42]. In addition, there is a
dominant transition in the spectral shape at the high energy
side of the spectral shape. This is the so-called delayed on-
set, which is a feature that occurs due to multiplet effects, in
particular the small core hole spin—orbit coupling and large
exchange interactions that cause the final state to be close
to its LS-symmetry limit.

2.2. X-ray photoemission (XPS)

X-ray photoemission (XPS) describes exactly the same
process as X-ray absorption, i.e. the excitation of a core elec-
tron from the ground state to some excited state. A differ-
ence with X-ray absorption is the difference in measurement.
XAS measures the variation in the absorption with respect
to the excitation energy, while XPS measures the variation
in the kinetic energy of the emitted electron at a constant
excitation energy. This immediately gives rise to the obser-

The final state charge transfer is reduced from 3.5 to 2.0 eV vation that one can combine XAS and XPS and measure the
due to the slightly larger pd exchange with respect to the XPS spectra as a function of the X-ray excitation energy, for
dd-exchange. In some calculations the hopping terms wereexample, while scanning through an absorption edge.
also reduced from 2.2 to 1.8 €¥1]. 2p XPS spectra can be calculated with the same charge
The 1s X-ray absorption spectrum of NiO is given by transfer multiplet model as 2p XAS spectra. Thé-88d°L
single particle models and will not be discussed in detail ground state is excited to 2pd°+2p°3d'°L in 2p XAS
here. The pre-edge structure of the 1s XAS spectrum isand to 2P3cPes + 2p°3d°Les, wherees is a free electron
important as it is used for resonance studies. In addition, theof s-character. A free electron is within the charge transfer
pre-edge is determined by quadrupole transitions directly multiplet model defined as an electron without correla-
into the 3d-band and as such the final state is affected bytion effects. Instead of a&s electron, also excitations to a
the 3d3d correlation effects. NiO is a bit special in this d-electron £4) are calculated. The fact that in 2p XAS the
respect, as the quadrupole transition will give a final state electron is excited to a 3d-state implies that the 2p XAS pro-
1s'3d°+1s'3d°L. The mixing in this final state is similar ~ cess is self-screened. In contrast, the 2p XPS process is an
as in the initial state, i.eA/t? is approximately constant. In  ionizing effect that caused large screening effetthle 12
addition, there are effectively no multiplet effects and the gives the relative energies of the two configurations in the
ground state is rather pure in 8dharacter (80%), which  various XAS and XPS experiments. It can be seen that the
implies that the influence of the ligand hole state on the 2p XPS final state contains a real charge transfer effect, in
pre-edge calculation is negligibly small. The final state can the sense that the state with the lowest energy has a differ-
be approximated with a 33d® state and with absence of ent number of 3d-electrons in the final state with respect to
multiplet effects and dd-correlation (as there is only one the initial state. This implies large charge transfer satellites

3d-hole left), this final state relates to a single line.

as can be seen in the calculation of the 2p XPS spectrum

The 3p X-ray absorption spectrum has a similar descrip- of NiO. In case of 2p XPS it becomes important to include
tion as the 2p X-ray absorption spectrum. The final state re- a third configuration 3PLL’ to the ground state because

Table 12

The configurations and energies of the ground state and the final states in 2p XAS, 2p XPS, 1s XAS and 1s XPS
Configurations Energy Remarks

Ground state Fir3d’L A=30

2p XAS 2p3d°+2p°3d0L A4+U—-Qp=20

1s XAS 183d°+1s'3d0L A+U—-Qis=15 Pre-edge
1s'3dP4pt+1s3dPL4pt A— Qs+ Usp=—45 Edge

2p XPS 283 +2p°3d°Ls A—Qp=—-50

1s XPS 183cPe+15'3d°Le A—Qs=-55
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in the final state it is lowered in energy and mixes with the 2.3.1. Resonant photoemission

3d® and 34 final states. 3s and 3p XPS follow the same  Resonant photoemission is the experiment in which one,
energy scheme as 2p XPS. The multiplet effects of a 3p for example, can scan through a 2p XAS spectrum and
and a 3s core hole are different causing a different spectralmeasures at every excitation energy the 3p XPS spectral

shap€38,40,41] shape. Off resonance, the 3p XPS spectral shape is given
by the transition from the 3g-3d°L ground state to the
2.3. Resonant photoemission and Auger 3p°3d®s + 3p°3d°Le final state. On-resonance a second

channel becomes available from thé 368d°L ground state

In case of XPS one can choose the excitation energy of via the 273d°+2p°3d°L state in 2p XAS to the FBcdPs +
the X-ray excitation. For example, one can measure the 3p°3d°Le final state. This resonance channel reaches exactly
3p XPS spectrum of NiO at all energies above the binding the same final states, which implies that both channels in-
energy of the 3p core state. The choice of the X-ray energy terfere. This resonance phenomenon is immediately clear if
in turn implies that one varies the kinetic energy of the one plots the integrated 3p XPS intensity as a function of the
excited core electron. The combination of X-ray excitation excitation energy. This 3p-XPS detected 2p XAS spectrum
energy and electron kinetic energy can be used to vary theshows a distortion of the normal 2p XAS spectral shape that
penetration/escape depth of the experiment and as such tdest is known under the name Fano line shape.
change the effective probing depth from a few nanometers Fig. 20shows an example of such Fano behavior of res-
to micrometers. onant PES, as was reviewed in a recent paper by Martens-

If a core hole is created it will decay on a femto second son et al.[42]. The figure shows the 2p XAS spectrum of
timescale. For shallow core holes, the dominant decay pro- nickel metal, using the 2p3d3d resonant PES channel as de-
cess is the so-called Auger process. In an Auger process théector. The 3dsa +3d8Le, final state can be reached by the
core hole is filled by a shallow core electron while at the resonant channel and if only the resonant channel is avail-
same time another core electron is excited. For example, aable (and one would detect the complete decay spectrum)
3p core electron fills a 2p core hole, while a second 3p core one would measure exactly the 2p XAS spectral shape. This
electron is excited. The kinetic energy of the excited elec- experiment is an electron yield spectrum of 2p XAS. The
tron is given by the difference in binding energy between a 3d’sa + 3d®Ls, final state can however also be reached di-
2p core hole and two 3p core holes (including all correlation rectly by photoemission. This direct channel is independent
effects). The Auger matrix elements are two-electron inter- of the photon energy and by itself gives a constant back-
action matrices, equivalent to the two-electron matrices thatground to the 2p XAS spectrum. However, we now have
give rise to multiplet effects. For example, a 2p3d multiplet two channels that start from the same initial state and end
interaction can be written 82p3d|1f|2p3d and similarly a at the same final states, implying interference effects. It can
2p3p3p Auger decay can be written @p3p|1/|3pep), etc. be shown that the consequence of such interference effect is
Usually Auger transitions are given as KLL Auger for the the deformation of the 2pXAS spectral shape in a Fano-like
1s2p2p decay channel, efiable 13gives the Auger decay fashion, as can be observedkig. 20 One can use such
channels involving all combinations of 3s, 3p and valence studies to study the amount of interference between various
band 3d core holes after exciting a 2p core hole, either on signals as a function of the decay energy and/or the angle

resonance in 2pXAS or off-resonance with 2p XPS. [42].
Table 13
The configurations in resonant processes following, respectively, 2p XPS and a 2p XAS process
Final state Configurations Spectroscopy
2p XPS 3d3d 3Bkacp + 3d'Leacp Normal XPS and Auger
3p3d 333d"eacp + 3p°3PLepsp Possible to do APECS
2p°3dep + 2p°3d°Lep 3p3p 3¢3dPeacp + 3p*3d°Lencp
3s3d 383d"epep + 38'3dPLeacp
3s3p 383p°3dPspep + 35M3p°3d Lenep
3s3s 383cPsasp + 393dLepcp
2p XAS 3d3d 3dea + 3dPLea Resonance with VB XPS
3p3d 373cPea + 3p°3c°Lsa Resonance with 3p XPS
2p°3d° + 2p°3dtOL 3p3p 3(33d% + 3p*3d%Lsa 3p3p RAES
3s3d 383 + 38'3d°Lsa Resonance with 3s XPS
3s3p 3383p°3d%4 + 3'3p°3d0Lsp 3s3pRAES
3s3s 383d%a + 39300 e 3s3sRAES

The second column gives the final state core holes.
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XAS spectrum[41]. This study shows that when the exci-
Ni - RPES e tation energy is below thed.resonance, one observes the
: E” 3p3p and 3s3p peaks at a constant binding energy, which is
. '. typical of resonant Auger. If the photon energy is increased
. _"l_ M— further, the 3p3p and 3s3p lines transform into constant ki-
_ -.-'-\J-" netic energy features, showing a normal Auger behavior.
. i Tl w \ An int(_eresting phenomenon is that on the high photon en-
% s P iﬁ . d - band ergy side of the 2p edg.e, the consFant kinetic energy of the
3 e, T 1 3p3p and 3s3p peaks is systematically larger than the one
£ 20 \f 1 / . observed for an excitation well above the edge. This is a
£ I ; EI direct consequence of the different final states that can be
2 | 80 sa0 se0 - reached at resonance, as was indicatetainle 13 in par-
g ¥R e - ticular the3d? final states can be reached directly within a
= T ; two-configuration description.
- 1;% 2 ) It can be useful to study the whole interference ef-
: 2 I 6eVsatelite fect in resonant photoemission and to map the complete
Xaon—j* % i / e two-dimensional energy space of photon energy in and
"k +—§ IE‘ electro_n energy out. This allows one, for example, to map
o e 4 ;i =L the ratio of resonant versus normal Auger. Resonant Auger
e s aea=at s o ’L...Jh-m.?.*.m involves the excited electron in the Auger process, while
800 820 840 860 880 900 normal Auger assumes a decoupling of the excitation and

Photon Energy (eV)

Fig. 20. Photoemission intensity of the valence band (top and middle

curves) and the 6eV satellite (bottom). The measurements have been

made for two different directions of thie-vector of the incident radiation
(reprinted with permission fromd2], copyright 1999 Elsevier Science).

2.3.2. Resonant Auger

decay processes. A spectator channel assumes that the ex-
cited electron was decoupled from the core hole, and this
process is strongly dependent on the hybridization of the
atom that is excited with its neighbors. One can make use
of this difference by studying the ratio of both processes
under various conditions, for example, for adsorbates on
metal surfaces. The resonant Auger channel is an atomic
process involving local states. This implies that the resonant

Apart from resonant photoemission one can also study ayger is constant under various conditions. In contrasts

the resonant Auger channels that cannot be reached directly o normal Auger channel is strongly affected by the hy-
from photoemission. These resonant Auger emission speCyigization and if one studies the ratio of both one finds
troscopy (RAES) lines can be used to combine the study of 5 gignal of the strength of hybridization of the atom with

XAS and Auger spectra. This can be useful because XAS iSjis environment. By using the decay time of the resonant
sensitive to the symmetry, while Auger is more sensitive to channel, one can define a time scale for the delocaliza-

the covalencerig. 21shows the 3s3s, 3s3p and 3p3p RAES joy of the excited electron and as such do ‘femtosecond
spectra of NiO measured at the peak maximum of the 2p

spectroscopy’.
OX10° [rrre e T T e 2.3.3. Auger photoemission coincidence spectroscopy
I b- If one excites a system off-resonance one can still
RAES (
8x10°F 1 = 853 4 oV Ba - increase the amount of information beyond the normal
i 2p3p3p / ick |
\A XPS and Auger spectral shapes. The trick is to measure
7x10° {2 ' both spectra in coincidence. By doing so, one can study
" i 2p3s3p ! |" |‘ 1 a single core excitation and decay process. Such Auger
‘g i £ D J.’ |\ ] photoemission coincidence spectroscopy (APECS) exper-
S o A f\ Cc/ M | iments are difficult experimentally, but can in principal
5x10°-  2p3s3s A Y i'm & " . .
| T~ N L ] reveal additional information on the core hole process
ax10'L }f__Gﬂ___,.M “N 1\ \'; | I and on the electronic structure of the ground state. The
e T I it \ /1 description of APECS runs parallel with that of resonant
310 — A~ photoemission and usin@able 13 one can describe all
240 220 200 180 180 140 120 transitions within the charge transfer multiplet model. A

Binding energy (eV) difference with resonant photoemission is that two electrons
are excited, implying that different information is acces-

sible. APECS experiments are not often performed and
there are only a few published experiments on 3d-systems

[43-46)

Fig. 21. The 2p3s3s, 2p3s3p and 2p3p3p RAES spectra of NiO (top)
compared with a charge transfer multiplet calculation (bottom) as de-
scribed in the text (reprinted with permission frddi], copyright 1999
American Physical Society).
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2.4. X-ray emission a0k Y T ? ]
L o . (4) 1| x3 (8)
X-ray emission is an old characterization technique. It I\
traditionally made use of 1s2p X-ray emission and 1s3p = 151 |\ 1 \\ Fe Ly
X-ray emission channels, known asxkand KB lines. One = ‘& (a) f\ /J \ \\
can divide the X-ray emission spectra into the hard X-ray £ J \
spectra decaying to the 1s core hole and into soft X-ray = 1.0 - \-J \\"-,_,)' ‘\JL
spectra decaying into the 2p and other shallow core states. -g \
we will briefly mention a few aspects of such experiments. g " ('\ Iﬁ‘\
e £ 05 + H(c:).'l\.
2.4.1. 1s X-ray emission I\ ’ 1
Exciting a 1s core electron off-resonance creates a 1s [\ /\ y,
core hole with a 8¢+ 1s'3d°Ls configuration. Thels2p o L N SN M
X-ray emission replaces the 1s core hole with a 2p core hole, 715 730 716 730
hence the final state can be written a8&ffep+2p°3d°Lep. Final State Energy [eV]

This final state is equivalent to the final state in 2p XPS. In Fig. 22. Resonant XES spectra as a function of the energy difference of

other words, one measures the same final states indirectly viane incident and scattered photon energy (A). Together with the 2p XAS

1s XPS followed by 1s2p XES. It should be noted that the (B). the resonant XES spectra are given for three different excitation

spectral shapes of 1s2p XES is not the same as from 2p XPnergies (a), (b) and (c) (reprinted with permission frfi@], copyright

because the transition matrices are different. In addition, the 1998 American Physical Society).

1s core state could undergo ‘relaxation’ effects before the 2p

to 1s decay occurs. Many details regarding such relaxation Resonant excitations to the 1s XAS pre-edge modify the

phenomena are still unknown. description of the X-ray emission channels considerable.
Similar observations can be made for the 3p and valenceThe pre-edge peaks scan is dominated by the 1s to 3d

states, as is indicated ifable 14 In this table CO stands  quadrupole transitiong8]. This implies that the process is

for cross-over X-ray emission, i.e. the cross-over transition self-screened and the ordering of charge transfer states does

from a ligand 2s state to a metal 1s state, via the hybridiza- not change. Performing 1s2p or 1s3p X-ray emission experi-

tion of the ligand 2s state with the metal 4p state. Bergmann ments at the pre-edge creates exactly the same final states as

et al. [47] have studied crossover transitions in detail. Va- observed in a direct 2p, respectively, 3p XAS experiments.

lence band X-ray emission reaches the same final states aFhe transition matrix elements will be different, so the spec-

valence band photoemission, but again the matrix elementstral shapes will look different. In fact, the spectral shapes

are different, and the dominating fluorescent decay channelwill be different for each excitation energlig. 22 shows

is the valence band 4p to 1s decay. Because the 4p-charcatehe spectral shapes of #&3, comparing the 1s2p pre-edge

is strongly hybridized with the ligand valence states, one of- excited states (at two different energies in the pre-edge) com-

ten apparently probes more the ligand states than the metapared with the direct 2p XAS spectrum. In general, it will

states. be much easier to measure the 2p XAS spectrum, but the
Table 14

The configurations in resonant X-ray emission processes following, respectively, a 1s XPS, 1s XAS, a 2p XPS and a 2p XAS process
Intermediate state Final state Final state configurations Related spectroscopy

1s XPS 2p 2mep + 2p°3d°Lep Ko (~2p XPS)

18'3cPep + 18'3d°Lep 3p 3p3Pep + 3p°3cd’Lep KB (~3p XPS)

co L28'3cPep + L2s'3d%Lep Cross-over (via 4p)

VB L2p®3cep + L2p°3cPLep VB photoemission (via 4p)
1S XASpre-edge 2p 2p3d® + 2p°3dtoL Resonant & (~2p XAS)
18'3d° + 1813001 3p 3p3d® + 3p°3dOL Resonant 8 (~3p XAS)

co L28'3d + L2s'3d1OL Ligand 2s XAS cross-over

VB L2p®3d® + L2p°3d°L Ligand 2p VB XAS
2p XPS 3d 3dep + 3cLep VB photoemission
2p°3d°Lep 3s 343cPep + 38'3cPLep 3s XPS
2p XAS 3d 3¢ + 3d°L Ground statet excitations

3s 343d° 4 3s'3d10L 3s XAS

The second column gives the final state core holes.
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1s2p resonant XES spectrum allows the detection of the 2paxis. Focusing on the total resonant XES signal, one observes
XAS spectrum using only hard X-rays. This is important at the excitation (just) below the edge the elastic excitation
for in situ studies that are (with few exceptions) limited for and the transition to th&T, state, i.e. the first excited state in
soft X-rays. As was the case for resonant photoemission andthe 'Tanabe—Sugano diagram’ of NiO. Note that this peak is
APECS, also for resonant X-ray emission, it is possible to the dominant transition in optical absorption spectroscopy.
measure the complete two-dimensional spectral landscapdf one excites at 858eV, i.e. at the shoulder in the NiO
of the combination of 1s excitation and 2p decay. This will absorption spectrum, one observes a range of new peaks.
be discussed in detail in the review by Glatzel and Bergmann The higher crystal field excitations gain intensity and two

elsewhere in this issud9]. extra peaks are visible at, respectively, 0.25 and 1.25eV.
These extra peaks have a magnetic origin and they are due
2.4.2. 2p X-ray emission to spin-flip excitation of the Ni atom fromus = —1 to +1.

Experimentally, a soft X-ray emission experiment is quite In these transitions one flips two spins, but this is possible
different from hard X-ray emission experiment, in the first due to the fact that the intermediate state has a core hole that
place due to the use of grating monochromators (for excita- has strongly coupled spin and orbital moments, i.e. a large
tion and decay) compared to crystal monochromators. In ad-spin—orbit coupling. This effectively allows thegens = 2
dition, soft X-ray emission experiments are usually carried spin-flip transitions to occur in resonant XES. The energy of
out in vacuum and they are usually measured with higher this spin-flip transition is given by the energy it costs to flip a
resolution, typically 0.3 eV for soft versus 1.0eV for hard spin-state from antiferromagnetic to ferromagnetic, i.e. it is
X-rays, though in principle hard X-ray experiments could closely related to the superexchange energy in [$Q. If
be measured with a resolution of 0.3 eV. one excites at energies above the lowest 2p XAS excitations,

Table 14indicates that the valence band X-ray emission one runs into the same situation as with resonant PES that
to the 2p core hole and performed at the 2p XAS edge, there will be an addition of resonant and non-resonant XES
recreates the ground state plus low-energetic excitations. Inspectra visible, potentially complicated with (incomplete)
other words, the 2p XAS followed by 2p3d XES amount relaxation effects. Much is still unknown about the details
to resonant elastic scattering. The fact that the ground stateof the processes taking place in the various systems, such as
is regained with the creation and destruction of a core hole metals, adsorbates, single atoms, etc.
causes some special effects that can be used to gain new It is clear that if such 2p3d resonant XES experiments
information. In particular, it was shown that low-lying mag- could be performed with the resolution as indicateBim 23
netic excitations are visible in the 2p3d resonant XES spec- (i.e. 0.2 eV overall), it would create a powerful new spectro-
trum. scopic tool to study magnetic interactions in bulk magnetic

Fig. 23 shows the resonant 2p3d XES spectra of NiO oxides, magnetic nanoparticles and, for example, binuclear
excited at five different energies as indicated on the right magnetic centers.
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Fig. 23. Resonant 2p3d XES at the 2p edge of NiO. Indicatedrgrescattering (thin solid)F., scattering (dashed), and the total scattering (thick solid).

The X-ray-absorption spectrum is given with dots. The normalized resonant 2p3d XES spectra are given at the respective X-ray-absorption energies in

steps of 1.0eV as indicated on the right. The symmetries of the states are given at the middle spectrum (reprinted with permi§sign dopyright
1998 American Chemical Society).
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In addition to the basic experiments described, a range 3.2. The 1s XAS pre-edge intensity and energy of minerals
of related experiments are possible. One can make use of
the polarization of the X-rays, for example, with MCD ex- Waychunas did show for a series of minerals that a
periments. Also one can detect the spin of the electrons indistortion of the octahedron will show up as an increased
spin-polarized measurements. Another range of applicationsintensity of the pre-edge peak($83]. They show a roughly
use the angular variations in the respective experiments.linear relationship between the bond angle variance (a mea-
this includes polarization dependent XAS, including mag- sure of the distortion) and the pre-edge intensity relative to
netic linear dichroism, polarization dependent resonant XES the step. A detailed analysis of the pre-edge intensity and
and angle-resolved photoemission. Experiments combiningrelative energy position was developed by Farges ¢b4)].
diffraction and absorption, for example, diffraction absorp- From the analysis of a large number of titanium and iron
tion fine structure (DAFS) or anomalous diffraction (MAD) compounds, the intensity and position of the pre-edge has
must include multiplet effects if they play a role in the res- been determined, where the center-of-gravity (s cho-
onance used. sen for the determination of the position. Concerning the
iron K edges, thd; energy position of P& is 7113.5eV
both for tetrahedral and octahedral symmetry, while their
relative intensities are, respectively, 0.35 for tetrahedral
and 0.06 for octahedral symmetry. The main difference is
the much larger dipole contribution to the tetrahedral site.
A similar phenomenon can be observed for! Fevhich
leads to a tool to analyze both the valence and symmetry
of iron sites from the pre-edge. This analysis technique
has also been used for in situ studies of heterogeneous
catalystg55].

3. Examplesfor 3d coordination compounds

We end this review with a short overview of the vari-
ous possibilities that are provided by the spectroscopic tech-
nigues discussed above, again with the focus on multiplet
effects in the spectral shapes. We start with two examples
that make use of the 1s XAS spectral shape, before turning to
the soft X-ray 2p XAS spectra and the other spectroscopies.

3.3. The 2p XAS and EELS of coordination compounds
3.1. The 1s XAS pre-edge shapes of coordination complexesnd proteins

It was discussed above that the pre-edge region of the The crystal field multiplet theory and later the charge
1s XAS spectrum is dominated by the direct 1s to 3d transfer multiplet theory were developed originally for the
quadrupole transitions. The pre-edge region of coordination 2p XAS spectra of transition metal oxides. The differences
compounds of iron has systematically been investigated bybetween the spectral shapes 2p XAS and 2p XPS have often
Westre et al[48]. Analysis showed that the spectra should be been discussed 2,56] In contrast to 2p XPS, the 2p XAS
interpreted in terms of multiplet theory, including the crystal spectra are dominated by symmetry effects, while for mono-
field and the atomic interactions. That the pre-edge region valent and divalent oxides and halides covalence effects and
in the case of Fg)3 is almost completely of quadrupole na- the related charge transfer effects are much less important.
ture can also be shown from 1s2p resonant X-ray emissionThese charge transfer multiplets effects effectively create
experimentg50]. From the experiments, detailed informa- only small satellites and compress the multiplet lines, in a
tion of iron in a range of complexes was obtained. This manner equivalent to the nephelauxatic effects in UV-Vis
included the spin state, oxidation state, electronic structure spectroscopies.
parameters such as the crystal field splitting and hybridiza- The first systematic application of 2p XAS to coordina-
tion effects, and indirectly also information on the geometry tion compounds was reported in 1991 by Cramer di34l.
and for binuclear complexes also the bridging ligation. They analyzed a range of manganese halides and manganese

It should be noted that there is no uniform understanding complexes. A systematic analysis revealed that it possible
of the pre-edge spectral shapes. For example, detailed calto readily determine the valence, spin-state and cubic crys-
culations on TiQ arrive at a slightly different model com- tal field strengths. It was shown that the final state crystal
pared with the iron pre-edges discussed above. The pre-edgdield splittings were reduced by 10% with respect to their
of TiO2 has three pre-peaks that are caused by two effects:optical analogs. This is due to the fact that the core hole po-
(1) the crystal field splitting between thegland g orbitals tential is slightly larger than the 3d3d correlation eneldyy
and (2) the core hole effect on the quadrupole peaks shiftingi.e. the same effect that makes the charge transfer energy
them by 2.5 eV with respect to the dipole peaks. The dipole slightly smaller in the final state. With the development of
peaks do not shift because they are related to 4p-charactecharge transfer multiplet theory, it became possible to ana-
that overlaps with the 3d-bands of the neighbors. This as-lyze the 2p XAS spectra of trivalent and tetravalent oxides.
signment is confirmed by a number of detailed multiple scat- At this moment 2p XAS has been developed into a standard
tering and band structure calculatiofi8,52] Note that it characterization technique for new materials and nanoparti-
is different from the usual assumption that the dipole and cles, both at synchrotrons and with transition electron mi-
guadrupole peaks are positioned at the same energy. croscopes using EELS.
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Fig. 24. Essential features of the Ni-X—-4Sg structures that have been
proposed for CODH (reprinted with permission fr¢éi], copyright 2000
American Chemical Society).
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EELS studies, in particular on organic molecu[EE]. We Fig. 25. The branching ratio of tran5|t!on metal ions (gl\_/en by the|r
formal number of 3d-electrons) as predicted from crystal field multiplet

would like to mention their StUdy on iron'carbonyl and theory. High-spin states are given by the solid line; low-spin is given

iron—ferrocene complexes in the early ninetjg8,59] At by the dashed line. This picture will be modified by lower symmetries

that time the multiplet model was just being developed and and charge transfer (reprinted with permission friir], copyright 1994

charge transfer not yet included. In addition, multiplet the- Elsevier Science).

ory (in its simplest form) is best suited to describe oxides

and halides. In particular the ferrocene have little resem- from 2/3 and that low-spin compounds have relatively large

blance to the ligand field multiplet spectra, as they would L, edges. MnO and other 3¢ompounds have the highest

need a much better description of the covalence effects andbranching ratio of approximately 0.85.

of m-(back)bonding. These effects are not yet included into  Fig. 26 shows the analysis of the nickel model com-

the multiplet model, though some progress is being made pounds for their energy position and branching ratio. It can

as will be discussed below. be seen that the various valences and spin-states can be dis-
The group of Cramer applied 2p XAS including its MCD

effect to metallo-enzymes and related model compounds

Hitchcock’s group is well known for their core level

[60-63] The MCD experiments are discussed in the re- N L, ) ) e
view of Cramer, elsewhere in this issue. As an example, the TN
2p XAS spectra of Carbon monoxide dehydrogenase from df 3 L 16
Clostridium thermoaceticur(Ct, CODH) andRhodospiril- gt 22 |2 i
lum rubrum(Rr, CODH) will be discusse{b1] (Fig. 24). B : A &l E',fw'-;:-h.\

The electronic structure of the nickel site in this enzyme . e T "ba 5 %
is studied in comparison with a large number of model 3 4{‘“4 = R
compounds. The 2p XAS spectra of the model compounds ;Ef =+ ){I_*]g T E .
are analyzed taking two parameters as measure (1) the f:, ;"““‘": 1%, .
center-of-gravity of the g edge and (2) the branching ratio. = 1 i
The branching ratio is defined as the integrated intensity of I | .
the Ls edge divided by the integrated intensity of the whole i { v | ]
2p XAS spectrum, i.e. thedand L, edge added. The value “t N L2 4
of the branching ratio without multiplets is 2/3, given by [ ‘Hl’ ) 4
the degeneracy of thesland L, edges. Because the mul- T I e gy #55 54
tiplet effects are of the same order of magnitude as the 2p [3 Absorption Centroid (V)

spin—orbit coupling the branching ratios are modified by
multiplet effects, and the details of the effect are strongly Fig. 26. Two-dimensional correlation of branching ratio vs. dentroid
influenced by the spin state of the metal. This makes the position for a set of Ni model compounds with different oxidation state

branching ratio to a tool to determine the spin state of a_nd spin st?tes._Key. 'lellled cwcles,.low spin Ni _mverted tngngleg,
transition metals. as can be seen frbin. 25 high-spin NI' upright triangles; low-spin Nl black diamonds; high-spin

) > 9. i Ni'" open circle; NV square. Ellipses are drawn only to guide the eye
FromFig. 25 it can be observed that the early transition (reprinted with permission frorf61], copyright 2000 American Chemical

metal ions have branching ratios that are strongly deviating Society).
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tinguished by the energy position and branching ratio analy-
sis. In addition, it is clear that there is a significant variation f
within each group. These variations are due to differences in |
the local symmetry and covalence. The 2p XAS spectra of | | ‘
CODH indicate that most of the Ni in as-isolated Ct-CODH '
is low-spin Ni'. Upon CO treatment, a fraction of the nickel
is converted either to high-spin Niand/or to Ni. Ni in
dithionite-reduced Rr-CODH also exhibits a clear low spin
Ni'" component, again mixed with either high-spin'Nir

Ni'. The spectrum of Rr-CODH shifts to higher energy upon
oxidation, suggesting either that most of the high-spih Ni
is converted to low-spin Niand/or that some Ni is oxidized
between these two forms.

A number of 2p XAS studies on coordination com-
pounds, including nickel dithiocarbamate complexes, vana-
dium with oxyoxime ligands and iron with bidentate
N-donor ligands have been performed by the groups of
Garner and co-workerf64—66] An interesting study is |I
on nickel dithiocarbamate and xanthate complexes, where | fll
it is shown that the 2p XAS experiments induce photore- '
duction of such nickel complexes, for example, modifying
[Ni'V(S,CNEb)3][BF 4] into a Ni' square-planar species.
Similar phenomena were often observed for many X-ray
sensitive compounds that have been measured at the most
intense X-ray sources, with the implication that the mea-
surements always have to be checked for sample damage. f'
Because this is an important issue, some of the results on |
the nickel dithiocarbamate complexes will be discussed. | ]

Fig. 27shows the gradual change from an octahedr&i Ni | wdy t| l.'".‘
center to a square planar'Neenter under irradiation, where L N !
the final spectrum was reached after 3 h. Similar effects were L 1 .
found on a range of samples and it was found that the de- ! | '
cay rate is dependent on photon flux, photon energy and ||
ligand set, but is independent of temperat[68]. In case ; I |
of metallo-enzymes, it is well known that they are unsta- [ [
ble and for those systems measurements at low temperature I
(4 K) also seemed to be better concerning radiation damage el .] L f;"'" .
compared with, for example, 77 K. IRig. 26 the changes F-_-_J e ]
were gradual and slow. It can be expected that more sensi- T A T
tive systems will even decay within seconds, which implies Photen Esergy feV
that even the first spectrum is already taken on a modified rig. 27. Ni L-edge spectra of (a) [Ni(S;CNE®)s][BF 4] initial spectrum:;
sample. In case one expects radiation effects, one should ddb) [Ni'"V (S CNEb)s][BF 4] successive spectra; (c) [M{S,CNEb)3][BF 4]
its best to take a first spectrum in a short time, ideally in a final spectrum; (d) [NI(S,CNEg)z]; and (e) [PPNi"(SCOER]
matter of seconds, thereby strongly limiting the possibility gﬁ‘;”rr:‘it;? with permission fronj66], copyright 1998 Royal Society of
that one measures a spectrum of an already damaged sample. )

Arrio and co-workers have analyzed a number of metal
complexes in detail, using the charge transfer multiplet Co'3[Cr!' (CN)s]o—12H0,  Fé'3[Cr!' (CN)g].—18H0,
model [67-70] An important addition to the multiplet and Cs[MA Cr'!'(CN)s]-2H,0O. These systems are cubic
model was the treatment of-(back)bonding, i.e. metal with the CN groups bridging two transition metal sites.
to ligand charge transfer (MLCT). The charge trans- The carbon is bonded to the 'ttrand the nitrogen to the
fer multiplet model had been developed with respect to divalent Ni, Co, Fe and Mn sites. The divalent octahedral
solid state transition metal oxides that are dominated nitrogen bonded sites are all high-spin and the 2p XAS
by o-bonding and by ligand to metal charge transfer spectra of these sites can all be simulated nicely with the
(LMCT), i.e. the addition of 38L configurations to a 3 charge transfer multiplet model using LMCT, for example,
ground state (for Nii systems). Arrio and co-workers stud- the Ni' site has a ground state of 90%83ahd 10% 3dL
ied molecular-based magnets C3[Bi""' (CN)g]-2H,0, character. In contrast, the ¥rsites could not be described
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Fig. 28. (a) Experimental ¢ 2p XAS spectrum. (b) Theoretical tr2p 14 T
XAS spectrum calculated with the 3d- 3c2L interaction configuration. 12 [ (b) CrMn,
(c) Theoretical Gt 2p XAS spectrum calculated with 10Dg) 3.5eV “F L, Chromium L, , edges
and the Slater integrals reduced to 50% and no configuration interaction _5_ 1F ' b
(reprinted with permission frorf67], copyright 1996 American Chemical e
Society). g.g 08 ;
'o8 06 [ B
oS o
55 04f ;
adequately with MLCT and the calculations using 3dth -
3d*L character all failed to describe the 2p XAS spectrum. 2 02F ]
The problem is that, besides LMCT, there is also MLCT. oL b
In principle, one should include both effects in the calcula- P . . ]
tions, but to limit the calculation, it was decided to include 570 575 580 585 590 595 600
the LMCT by reducing the Slater integrals and to include Energy/eV

the 3L configuration describing MLCT, explicitly. Fo. 29, () Experimenal Mn 2p XAS spectum of

Fig. 28shows that this model gave a good description of |c;rcnymn(TrispicMeen}](CIO)o,3THF, paralel (thick line) and
the spectral shape of the '€rsites. In particular the struc-  anti-parallel (thin line) (top). Experimental (dots) and theoretical (line)
ture at 583eV is shown to originate from the MLCT to X-MCD signal normalized to 100% circular polarized light (bottom).
the Cyanide_ This phenomenon is genera”y confirmed for (b) The CI’.ZDXAS and X-MCD spectra (reprir\ted with permission from
m-(back)bonding systems. [69], copyright 1999 American Chemical Society).

A beautiful example of the application of the charge
transfer multiplet model are the 2p XAS and MCD value that is reduced from 2.5 eV for low-spin to 0.5eV for
measurements and simulations of two paramagnetic high-spin[68]. Collison and co-workers studied the same
high-spin  molecules G(CN)Ni(tetren}s](ClO4)9 and system and performed soft X-ray induced spin transitions by
[Cr{(CN)Mn(TrispicMeen}g]—(ClO4)9, 3THF (Fig. 29. trapping the excited spin state. They performed a detailed
The 2p XAS and X-MCD spectra were calculated in the study of the 2p XAS spectra as a function of temperature and
charge transfer multiplet model. The Misites were again  X-ray excitation energies, thereby creating second high-spin
found to be weakly covalent with some LMCT, while the state different from the origingb6]. Recently, Vanko has
cr'!' sites again are affected by MLCT and the*3d3d?L studied the same system using 1s2p and 1s3p resonant XES
calculation yields a good description of the spectrum. In [71].
particular the X-MCD spectral shape is near perfectly re-
produced, indicating that the two-state model is adequate3.4. The differential orbital covalence derived from 2p XAS
to describe the present system. Comparing the sign of the
X-MCD with the calculations, one finds that the Msites The charge transfer multiplet analysis of 2p XAS and
are antiferromagnetically coupled to the'Csites. other spectroscopies gives good simulations on the spectral

An often studied system is [Féheny»(NCS)] (phen shape, but on the other hand, it makes a direct understand-
= 1,10-phenanthroline), which is well known for its spin-flip ing of the spectral shape difficulEig. 11 showed that it
behavior under external conditions. The octahedrilgies can be useful to turn off the multiplet effects once a good
change their spin, for example, as a function of tempera- simulation was obtained. By turning off the multiplet ef-
ture, from high-spin S= 2 to low-spin S= 0, i.e. two elec- fects one obtains the one-electron analog of the 2p XAS
trons flip their spin states. This system was often studied spectrum. Wasinger et al. have followed a similar approach
with X-ray spectroscopic techniques. Briois et al. used 1s recently[72]. They extended the charge transfer multiplet
XAS and 2p XAS. Ligand field multiplet analysis of the 2p theory, to derive the differential orbital covalence (DOC)
XAS spectral shapes found large changes in the crystal fielddirectly from the 2p XAS spectral shape analys$igy( 30.
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Fig. 30. Left (from top to bottom): ligand field multiplet (A); isotropic
covalence charge transfer multiplet (B); and DOC charge transfer multiplet
(C) simulations of Fe(taca¥*. Right: the single particle analysis obtained
by removing the 2p3d multiplet effects and all 3d3d correlation effects
from the 3@ + 3d°L ground state. The Contour plots of the antibonding
metal by (left) and g (right) orbitals have been calculated with DFT
(reprinted with permission frorf2], copyright 2003 American Chemical
Society).

Fig. 30shows the 2p XAS spectral shape of the low-spin
ferric complex Fe(tacnf*. The top spectrum is simulated
with a pure 3d ground state, with 10De= 2.50eV and a
Slater integral reduction of 65%, in agreement with optical
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However, the simulation significantly overestimates the
intensity of all of the I3 and L, pre-edge features. The
mismatch in simulated intensity to the data indicates the in-
adequacy of the ligand field multiplet method to model the
ground state wave function of [Fe(tagh¥t. As discussed
above, the inclusion of charge-transfer adds & 3tbnfigu-
ration to the 3d ground state. The charge transfer multiplet
model as introduced iBection 1.5or NiO assumed a con-
stant ratio between thegtand g orbitals of 1-2, mimicking

the octahedral surroundings of Ni in NiO. Fig. 26 the
charge transfer effect is introduced in two steps, first the
same mixing is used ford and g orbitals (middle spec-
trum), and then the independent mixings for theand g
orbitals are optimized to mimic best the experiment. This
yield a mixing of 0.4 for the gelectrons and of 0.9 for the
tog electrons. These numbers translate to a DOC of 99% for
the g electrons and of 63% for thegelectrons, in close
agreement with DFT calculations. The DOC numbers are
calculated from the 3t3d°L_ground state, using the charge
transfer parameters as determined from the simulation, and
calculating the corresponding ground state wave function by
turning the 3d3d correlations and 3d spin—orbit coupling to
zero[72].

3.5. The 2p XPS spectrum of Cu(acac)

Multiplet analysis of XPS spectra of coordination com-
pounds is not often performed. Still, 2p XPS, for example,
in combination with 2p XAS, could provide very useful in-
formation on the chemical bonding. A beautiful extension
of charge transfer multiplet theory was presented by Okada
et al. in their analysis of the 2p XPS spectrum of Cu(agac)
[73] (Fig. 31). The spectrum of this Cucompound has three
peaks, which is not expected for a®3cbmpound, because
the ground state is expected to consist ot 8dd 3d°L con-
figurations only, leaving for the final state only two charge
transfer states 28d° and 233d'°L. The 2930’ state is a
single peak and the 2pd® state gives some multiplet split-
ting but this is of the order of a approximately 2 eV, while the
experimental spectrum has two satellites split by about 6 eV.

The solution to this problem came with the realization that
the oxygen 2p valence band energy positions of thevep-
sus the 2p states are shifted by about 5 eV. This implies that
the 3@ ground state mixes with two distinct R states.
Within the charge transfer multiplet model this implies the
usage of two differentA’s. The energy scheme reveals that
one of these 3¥L state forms the main contribution to the
leading peak, while the other one forms a satellite, while
the second satellite relates mostly to thé8dal state. This
models is able to explain the observed spectral shape exactly.

3.6. Valence, site, spin and symmetry selective XAS

data. The energy splittings are found to be in reasonable We would like to give one example of the use of multiplet
agreement between the multiplet simulation and the data.theory in X-ray emission. The example makes use of the
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strongly dependent on the valence and spin-state. This dif-
Fig. 31. The structure of Cu(acacfleft). The mixing of the 38 con- ference implies that the main peak will also have to shift to

figuration with the two 3L configuration in the initial and final state keep the center of gravity fixed. It is this multiplet-induced
(right) (reprin_ted with permission fronfi73], copyright 1993 American shift that makes thels3p XES spectra suitable for valence
Physical Society). selective XAS studies. Note that thels2p XES is less suit-
able because the 2p3d exchange splitting is much smaller
multiplet effects the final state of an 1s3p XES experiment. and one expects much smaller shifts in the peak maxima
By making use of these multiplet splittings, it is possible of a 1s2p spectrum. The 1s XANES and EXAFS were
to distinguish different valences in the emission spectrum. measured at various energy positions and using a numerical
Using a high-resolution detector, this allows to measure in- method, the individual site EXAFS spectra were extracted
dependently the spectra of two different valences in a mixed from the experimental data [80]. The pre-edge and XANES
valence compound=g. 32. regions are affected by more complex resonance effects
Valence selective X-ray absorption was applied to that are discussed in the review by Glatzel and Bergmann
Fes[Fe(CNX]3-xH20 (x = 14-16), i.e. Prussian Blue (PB) elsewhere in this issud9].
[74]. Fig. 32shows that the 1s3p XES spectra op©g and Instead of using chemical shifts due to valence differences
K4Fe(CN}, respectively, high-spin Bk and low-spin F& of two states, one can make use any variable that caused a
compound, are shifted in energy with respect to each other.different decay spectrum, either via electrons, i.e. Auger or
It is noted that the center of gravity of the'Fend Fé 1s3p via photons, i.e. XES. In principle, an enormous range of
XES spectra are NOT shifted with respect to each other, possibilities can be used, including the use of secondary or
because one measures a transition from one core state (1s)ascade decay products, for example, X-ray excited optical
to another core state (3p), and the respective energy differ-luminescence (XEOL)signals, etc. Each signal will have its
ences between these ore state are equal independent of thewn characteristic with respect to probing depth, detection
situation around the valence states. The fact that still a shiftarea, etc. for example, 1s2p XES will be a local probe,
is observed in the experiment is due to multiplet effects, i.e. whereas optical signals (XEOL) will emit from a large (
the exchange interaction between the 3p final state and thearea around the absorbing atom, etc.
3d-states is very large and creates the satellites at 7040eV, A beautiful example, using soft X-ray emission is the de-
split by about 20eV from the main peak. The peak split- tection of the independent 1s XAS spectra of iolecule
ting and the amount of intensity shifted to this satellite is adsorbed on a nickel surface. By detecting specific decay



62 F. de Groot/Coordination Chemistry Reviews 249 (2005) 31-63

channels of the nitrogen bonded to the surface one can meaf13] F.M.F. Degroot, J.C. Fuggle, B.T. Thole, G.A. Sawatzky, Phys. Rev.
sure the 1s XAS spectrum of only this atd#®2]. Another B 42 (1990) 5459.

selectivity can be obtained towards the spin of the absorb- 4l E’“ﬁf&%%ogtz’;'c' Fuggle, B.T. Thole, G.A. Sawatzky, Phys. Rev.
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