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In this paper the 8p inelastic x-ray scatterinXS) cross sections of CgFare analyzed using a ligand-
field multiplet approach. All dipole matrix elements necessary for the IXS cross section are calculated and it is
shown that interference effects are not negligible. The important possibility to map out a specific character of
the 2p°3d! intermediate states is explained. The experimental results of Rubegisabiare reproduced with
the ligand field multiplet model and the Kramers-Heisenberg equation of inelastic x-ray scattering. The values
found for the ligand-field splitting 0.91 e\j and the 33d exchange splitting1.2 e\) differ from the results
fitted to experiment.

[. INTRODUCTION study of Himpsel and co-workers showed that the seventh
observable peak is related to an intrinsic surface effect due to
In the last five years a wealth of experimental data hashe relatively shallow probing depth of electron-yield
been gathered on core spectroscopies of Cafith the im-  detection’ The seven possible final states relate to the seven
provement of the resolution of soft x-ray monochromators amultiplet states of the @°3d* final state. As has been de-
synchrotron radiation sourcéssharp-structured x-ray ab- scribed in detafl this 2p°3d* state is subject to large mul-
sorption spectra were obtained. In fact the structures ohtiplet effects caused by the strongg2d Coulomb and ex-
tained[with a Lorentzian broadening of only 80 meV in case change interactions. The multiplet effects dominate the other
of the lowest energy peaks of CaKRef. 2] are in many energy effects due to the ligand field and the pin-orbit
cases sharper than the tabulated core hole lifetimeoupling. The 8 spin-orbit is weak(8 me\) and its inclu-
broadenings.CaF, has been a much studied system for atsion does not modify the picture presented. For a detailed
least two reasong(l) it can be considered as a prototype analysis of the symmetry effects the readers is referred to
system in many theoretical approaches and serves to test tRefs. 2 and 8.
theoretical predictions and also to develop the theoretical Only recently has the 2 excitation been used to reso-
models into the new field of high-resolution spect{@;the  nantly enhance photoemission processs.RPES has been
interfaces of Cak with Si and GaAs are important for ap- used to study the valence batfdl® but also shallow core
plications in the semiconductor industry and also the study oéxcitations like 3 and 3 have been studied at thep2
these interfaces reached new openings in the understandingsonancé®='8 The 2p hole state gives also rise to reso-
of interfaces in general, partly due to the possibility to pre-nances in Auger channels likgp3p3p resonant Auger elec-
pare high-quality interfacesin the present paper for all tron spectroscopy(RAES).**'® The mechanism for both
property (1) is important, that is the electronic structure of RPES and RAES is identical and both occur due to two-
CaF, is simple to explain: Cafis rather ionic and has a electron Auger matrix elements. Their only difference is that
large band gap of approximately 12 eV. The valence band ithe photoemission final states can be reached directly by di-
formed by the fluorine g band and the first empty “band” pole transitions from the ground state. The possible RAES
contain the 8 states. This is not to say that the valence bandinal states ar@s 3s, 3s 3p, and3p 3p two-hole states, all
is 100% pure F P and in fact there is some admixture of Ca with the presence of the excited &lectron. The RPES final
3d, 4s, and 4 character, as quantified by band structurestates are the one-hole staBssand3p. In case of Cak the
calculations>® However, an important aspect that is implied 3d band is empty and@RPES does not occur. With respect
is that the valence band consists of six electron states artd the interpretation of @ RPES experiments there is a de-
there is a large gap to the ten hole states originating from thbate regarding the question if there “exists” any resonafice.
3d band and further hole states due to the other empty bandk the one interpretation there is, in contrast  BPES, no
The valence band has been studied with photoemissioresonance effect and one observes a mere addition of the
and with 3 resonant photoemission p3RPES. Its width,  photoemission channel and the indirect “Auger” chantfel.
at half maximum height, is approximately 3.3 eV and theThis viewpoint might seem somewhat strange if one realizes
maximum dispersion of the peak position is only 2.3%dN.  that one is considering in the RPES process a situation in
this same paper the first “high-resolution’p2x-ray absorp- which the initial and final states are identical and in which
tion spectra were published, with an initial analysis in whichtwo paths exist between them. It might be possible that these
the seven peaks observed were described qualitatieelyg  effects are too small to be observed, as apparently they are in
as turned out later, not completely corpeitt a combination some cases. What one is effectively discussing are two
of multiplet effects and interface effects. The quantitativemechanisms for the decay of a p2core hole,” or better the
interpretation of the @ x-ray absorption spectrum revealed 2p3d exciton. There are many decay routes of @3d ex-
that there are indeed seven transitions possible, but two awton, i.e., the various radiative and nonradiative decay chan-
too close to be separated so six peaks are obser¥able. nels. For the problem as sketched above it is important to
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divide these channels into two classes. One class fills the 2Thole Also in the present case ofs3p IXS interference
hole and the other class modifies the state but leavep a 2effects will be important.

hole present. To this second category belong the so-called The 3s2p IXS spectra of Cak have been measured re-
Coster-Kronig Auger channels that describe the decay of &ently by Rubenssoet al?! Their findings will be discussed
2pyy, hole into a D3, hole. As has been argued in Ref. 19 in Sec. lll, where a comparison will be made of the theoreti-
such decay channels can in principle occur also within thé&al results with these experiments. In Sec. Il the theoretical
2pas; (Ls) edge. The p—2p’ Auger decay channels, which Procedure is outlined.

might be indicated with terms like “dephasing” or “relax-

ation,” leave the system in an ionized state. If such channels Il. THEORY

dominate the intermediate state changes its naiuge its The 3s2p inelastic x-ray scattering cross section is domi-
number of electronswith the consequence that the final state,5¢gq by resonant scattering via th@®3d? intermediate

reached is not identical to the one reached directly by phostates. This reduces the calculation to the transitions of
toemission, thereby removing the interference effects. Thugqo via 2p®3d?, to 3s'3d! states. The effects of charge
the debate might be rendered a debate as to wheth@iansfer are small and will be neglected. They are discussed
“dephasing” or “core hole decay” dominates. In fact for in Sec. IIl. Both the x-ray absorption and x-ray emission
several systems this question can be partly answered from aeps conserve the local charge and it has been shown that in
analysis of, for example, their @Bp3p RAES spectral those experimental conditions ionic systems like ¢a&@n
shapes. As shown in the data of Elango and co-worKdrs, be described in close detail by the ligand field
case of the p3p3p RAES of Cak, “core-hole decay” approximatiorf:®

dominates, but for the [, states the effects of dephasing, Inelastic scattering from localized core states can be de-
followed by normal Auger, are clearly visible. The debatescribed with the so-called generalized Kramers-Heisenberg
started with the interpretation of metallic systems such as NﬂfOfmU|a-26’27

which are much more “covalent” and for which indeed the (FIr XX i >|2

dephasing will be more important and likely to be |(w 0 )= | g al’o Li(w—w’)Gg,
dominant:? However, the effects of resonant core-hole decay o] x Eio+ w—Ey—i Fx‘

have been shown to exist tddThe dynamics of nonradia- (1)

tive decay is also important for the interpretation of the in-with » andw’ as, respectively, the incoming and outgoing
elastic x-ray scattering cross sectiasse Sec. Il x-ray energiesi, represents the & ground statex the
Many different names are used to denote the process ipp®3d? intermediate states, ariche 3'3d? final states. Al
which one comes in with a photon of energy detecting a  angular(polarization degrees of freedom have been taken
photon with energyw’. Names used include core-core in- from Eq.(1).2’ L; indicates a Lorentzian broadening of the
elastic x-ray scatteringcore-corg resonant Raman scatter- 3s'3d® final states andGg the experimental broadening,
ing, resonant x-ray emissidfl,and threshold-excited soft which is approximated with a Gaussian. For the present case
x-ray fluorescencé: The process obviously is an inelastic of 3s2p inelastic x-ray scattering it is important to calculate
scattering process, but to distinguish the present proceshe dipole matrix elemem(gslsdl[r’ﬂrq|2p53d1[F]) and
from other inelastic x-ray scatterir@XS) processes one can (2p°3d*[I']|ry|3d°. The denominator indicates that a reso-
add the label “core-corelor specifically 32p), or alterna-  nance occurs if the incoming x-ray energy)(equals the
tively use the label “Raman,” which denotes a resonant proenergy difference between the intermediate st&g (@and
cess via a Iocalizeq glectronic state. The eguivalent termghe ground stateH; ). Interference effects are important be-
resonant x-ray emission and threshold-excited soft x-ray.ase the energy separation between the intermediate states

fluorescence denote the close relation to resonant photoemig- ¢ the same order of magnitude as their lifetime broaden-
sion. They are derived from the experimental situation foring T
%)

which the x-ray emissioffluorescencecross section is mea-  “rirot the symmetries of the states and their respective en-

sured at a series of excitation energies close to an x-ray al%‘rgies are discussed, followed by a section on the actual

sorption edge. , _ , _calculation of the necessary matrix elements and with(Ex.
The study of core-core inelastic x-ray scattering experi-

. . ; of the resulting IXS cross sections.
ments is a rather new field. Due to the low cross sections a
large number of photons is necessary to obtain sufficiently
accurate experimental data. tddainen et al. measured the
3pils inelastic x-ray scattering cross sections of manganese Starting from a situation with all bands completely full or
system& and the 412p IXS spectra for dysprosiurft. For ~ empty has the advantage of strong restrictions on the pos-
the 3pls IXS spectra it has been determined tfBtthe 1s  sible symmetry states. Important ingredients for the possible
lifetime broadening disappears af®) one can use two dif- symmetries are the dipole selection rule, the projection rules
ferent decay channels and separate spin up and spin downfor different symmetry groups, and the multiplication rules
a so-called “local-spin-selective” x-ray absorption experi- used to combine symmetries of two electrons or used to
ment. The use of aslcore state for the resonance has somecombine theL and S symmetry states with spin-orbit cou-
important consequences such as the absence of interferenglng. For readers not familiar with group theory these rules
effects, essentially because there is only one core gate  are briefly introduced in the AppendX.

spin) that resonate®’ This is not the case for thed2p IXS Ligand field multiplet calculations have been performed
spectra of rare earths as discussed by Carra, Fabrizio, afidr the 3d° initial state, the »°3d* intermediate states, and

A. Symmetries
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TABLE |. The respective symmetries of the configurations involved for the ground state, intermediate
states, and final states. All states in boldface can be actually reached frg#,thground state symmetry,
via, respectively, one and two dipolar transitions.

Configuration Atomic symmetries  Cubic symmetrigsSj Cubic symmetries]]
3d° 's YA [Ad]
! [A1]®[T1]=[T4]

[Tl]1[T2]1[T1]l[T2]1[E]1[A2]
2p°3d? ’P®2?D VYT, T,T,T,EA,) [TiT.EA LT TL,EA LT TLEA;]
[TiTEAL[T4T,],[T,]

! [T1]@[T1]=[AETT,]

3st3d?! 2S®2D YET,) [ELLToL[T1ToL[T1ToEA,]

the 3'3d! final states in cubic symmetry. The respective The initial state consists of a single symmetry and its energy
symmetries of the configurations in atomic and cubic symis set to zero. The relative energies of tre3d® final states
metries are given in Table I. The cubic symmetries are giverre determined by thes3d exchange integral, the ligand
with their LS-like term symbols®S**L, whereL is given field splitting, and the & spin-orbit coupling. The &d ex-
with the Schafliess notation of its irreducible representa- change integral splits the states into triplets and singlets and
tion. To specify completely the symmetry states it is necesthe ligand field splits the states & andE symmetry. Both
sary to project also th8 quantum numbers to cubic symme- the 353d exchange splitting and the ligand field splitting are
try and to couple the spin and orbit representationd-iée  f the order of 1 eV and they give rise to 4 states, given in
totgl symmetry representations. All total symmetry represen; g symmetry by, respectivel’E, 3T,, E, and 1T,. The
tations a“g gven with square brackets. spin-orbit coupling of the 8 electron ) is very small for
. T_he 3d _|n|t|al state consists of only one state W15m:§ divalent calcium, only 8 meV. For atomic symmetries the
=J=0 giving a cubic symmetry of A;[A]. The 20°3d 3D state is split into®D3, 3D,, and 3D, separated b
intermediate states have the atomic symmetries given by the . 3 P 3 2r < 1 Sep oY,
L P 2 o . ; respectively;{4 and{,. Due to the ligand field the®spin-
multiplication of <P times “D, yielding singlet _and triplet orbit coupling is partly quenched, from &=2 state to an
233533 (gth))’S?ﬁ?}l?rg'pré}gcfga?g?rfrg:; ?st;?SICDS(%Z)tg gffective J=1 state. The @ spin-orbit coupling splits the
1 . .
and T,. (cf. Appendi®. Multiplying the representations of T, state into, respectively,T,], [E], [T,], and[A,] total

s . . symmetry states. The energy differences between
both electrons yields the singlet and triplet states of, respec- . ; .
tively, Ty, T, Ty, T,, E, andA, symmetry. This gives a c[T1]+[E] and[T,] equals the 8 spin-orbit coupling, while

, ; )
total number of 25 different total symmetry states. It can pdhe energy difference betwegfT,] and[A,] is equal toz

. . . These energy separations occur for all cases where the
checked(from the Appendix that these are respectively, 2 ﬁaand field strer?gth isF,)considerany larger than tliespin-
states of A,] symmetry, 3 A,] states, SE] states, ATu] coupling. The®E state is split intd T,;] and[T,] but
states and §T,] states. All these 25 states are p055|bletheir energies are equal
within the 2p°3d” state in cubic symmetry, but they cannot The situation for the 9.53dl intermediate states is similar
all be reached from the ground state. Which symmetries d%n

o - . d the states are split by the ligand fielgh32l exchange,
have a finite transition strength depends on the dipole Seleca[nd the small @ spin-orbit coupling. An important differ-

possible staes reachable wif a dpeie transhion must ha g, NOWEVer, is that thep3d exchange integral i large
P P nd takes a more complex form. This has been described in

[T,] symmetry and only 7 of the 25 states acquire intensity.d o : .

L . . 1 e etail in the analysis of the 2 x-ray absorption spectral
Tth?y are |ng|cat§dbwnh tl)tqkljfgcéeén -I.:[?]blfDl' Tvr\]/?[lhsfd flrg)gl shapé& For a 2p3d interaction the “exchange” integral is
states are tound by mulliplyings wi - WITIN CUBIC - ritten with three Slater integra?, G, andG? which are

symmetry these states are projected to 8 states as given & the order of 10 eV. They cause the occurrence of small
Table |. From these 8 states only the,]-symmetry states “prepeaks” and a complete reordering of the intensities of

cannot be reac_hed by t_he dipole selection rule from thethe various peaks.
[T,] symmetry intermediate states.
B. Energies C. Matrix elements and IXS cross sections

The respective energies of the different symmetry states The calculations have been performed with tik®waN
have been calculated using a Hartree-Fock-based prograrfRef. 29 andBUTLER (Ref. 30 computer codes, describing,
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TABLE Il. Parameters used in the ligand field multiplet calcu- states, which are indicated at the top. The matrix elements do

lation. The ligand field value has been optimized to thex2ray

have a positive or negative sign, important for the interfer-

absorption spectral shape. All Slater integrals have been reduced #hce effects. The overall intensity of each of the seven exci-

80% of their HF value. The actuak3d exchange splitting is equal

tation states integrated over the decay channels is equal and

to 3G, also the intensities to each of the seven final states integrated
— over the intermediate states is equal. This comes about as the
Parameter Origin overall intensity originates from thes3-2p transition. The
2p53d! Intermediate states: details of the »3d and 33d couplings give the spectral
shapes but do not alter the overall intensity. Table Ill con-
{p=2.4¢eV HF calculation tains the information necessary to determine the inelastic
{q=11 meV HF calculation X-ray cross sections. Additional parameters needed are the
F2=3.03 eV HF calculation 2p lifetime broadening K,,), the 3 lifetime broadening
G!=2.01eV HF calculation (I'3s), and for the simulation of experiments also the spread
G3=1.14 eV HF calculation of the incoming and outgoing x-ray energies, both assumed

10Dg=—0.91 eV

Set to experiment

to be Gaussians.
An approximate picture to describe the IXS cross sections

3s!3g? Final states: is to assume that they are given as the>2ray absorption

: cross section multiplied for each intermediate state by the
{q=8 meV HF calculation various 32p x-ray emission cross sections. This approxima-
G!'=3.00 eV HF calculation

10Dg=—0.91 eV

Splitting of 1.2 eV
Splitting of 0.91 eV

tion neglects completely the interference effects. Under this
approximation the matrix elements in Table Ill can be trans-
formed to intensities. These intensities are given in Table IV,

where the intensities for thiglose tg degenerate final states

rgspectively, the atomic multiplets and their projection to CU+,5ve been added. The overall intensities are given as
bic symmetry? The cowaN program calculates the average

energies of the 8°, 2p°3d* and 3*3d* configurations. The
absolute energies
(HF-)based program are off by some eV. To make a close

resulting

from

the Hartree-Fock-

I(C,T7)=[(3s'3dY[I"]|rq|2p°3d*[T'])|?
X [(2p°3d*[]|rq|3d%)|?, )

comparison to the experiments in the remainder of this paper

the absolute energies of the configurations have been set to The 7X4 matrix of intensities is plotted in Fig. 1. The
experiment. That is the energy position of the highest-energgxis gives the energies of the incoming x-ray energy and the
peak in the P x-ray absorption spectrum has been set toy axis the energy difference of the incoming and outgoing
352.3 eV and the energy position of the highest-energy peaknergies. That is, on the axis the 2°3d* states have con-

in the 3s2p IXS spectrum has been set to 48.64%\The

stant energy and on the axis the 3'3d’ states have con-

parameters used in the ligand field multiplet model are giverstant energies. The integral over thexis gives the P x-ray
in Table Il. They are exactly the same as in Ref.2, where iabsorption cross section. In Table IV also the ligand field

has been shown that they reproduce tipex2ray absorption
spectrum of Cak in great detail.

nature and the spin nature of the sevegrr®d! states have
been given. For example, the peak at the highest energy has

In order to determine all possible matrices the seven tran87% T, character and 13% character’? it has 46% triplet
sitions 3°— 2p®3d*[I'] must be calculated for the excita- character and 54% singlet character. A§!3d® states are

tion. The decay step is described with x 7 matrix for all
transitions °3dY[I']—3s'3d}[I'']. Table Il gives all

100% pure inT, or E character and they are also very close
to 100% pure in triplet or singlet character. This implies that

energy-positions of the intermediate and final states and athe sum of the intensities of @3d'—3s'3d[T,] transi-

matrix elements. The first column gives thp®3d* energies tions is equal to the percentage Bf character of the inter-
and the second column the “x-ray absorption” matrix ele- mediate states. This can be seen in Table IV and Fig. 1 where
ment. The other columns contain the decay matrix elementthe T,-like intermediate states decay essentiallyTtofinal
between the seven intermediate states and the seven firshtes.

TABLE 1ll. All dipole transiton matrix elements for the d®—2p°3d! excitation and
2p°®3d—3s'3d! decay. The signs are important for the interference effects.
Energy (2p3d) E[T,] E[T,] 3T,[T4] 3T [E] 3T,[T,] 'E[E] IT,[T,]

46.53 46.53 47.44 47.44 47.44 47.73 48.64

346.6 0.1059 -0.7413 -0.6344 -—0.1061 0.1374 —-0.0243 -—0.1305 -0.0035
347.2 0.2598 0.4245 —0.3828 —0.1966 —0.2900 -—-0.1673 —0.6558 —0.3037
347.5 0.0597 0.1051 0.0891 —0.7226 0.4311 -0.4910 0.0985 0.1487
348.1 0.1632 0.1791 —-0.0233 -0.1115 0.6378 0.6875 —0.2686 —0.0558
348.9 —0.8513 —0.2501 0.2623 —0.4959 —0.3068 0.2997 0.1870 —0.6353
350.9 0.3900 —0.3842 0.5894 0.1845 0.1726 —0.2548 —0.5994 —-0.1294
353.3 1.0070 -0.1294 0.1616 —0.3678 —0.4247 0.3205 —0.2766 0.6797
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TABLE IV. Intensities of excitation and decay obtained by squaring all matrix elements, multiplying
excitation and decay and adding the degenerate final states.

Energy Intensity UE Triplet °E T, e T,
46.53 47.44 47.73 48.64
346.6 0.011 97% 98% 1068 34 19 .01
347.2 0.067 76% 48% 2205 1018 2903 622
347.5 0.003 3% 96% 6 339 3 7
348.1 0.026 10% 92% 87 2378 192 8
348.9 0.724 16% 56% 9524 31161 2536 29250
350.9 0.152 85% 62% 7532 1959 5467 254
352.3 1.014 13% 46% 4349 42439 7763 46865

The important consequence of this observation is that th&, suggesting that interference effects are not dramatic for the
final states map out the characterversusT, and singlet actual IXS cross sectio(but see below
versus triplet of the intermediate states, thereby creating a In experimental studies it is customary to plot a spectral
direct experimental route to determine the character of thehape, that is a particular cross section of Fig. 2. Three often
2p x-ray absorption excitons. By setting the detector to aused spectral shapes are the followita):the resonant x-ray
certain decay channel one can determine directly its spreasission spectrumi(w’)|,,, which is a cross section along
over the x-ray absorption spectrum. This procedure has beehe y axis. Experimentally this is the most common cross
used, for example, to separate spin-up and spin-down statgection because one only has to scan the detector with fixed
in so-called “local spin selective x-ray absorptioff'"Simi- incoming Xx-ray energy. The spectrum plotted as
larly this can be used in the present case to obtaif,a I(w—o')|, identifies with this cross section. The only dif-
symmetry projected x-ray absorption spectrum. There is onéerence is that the spectrum is shifted owgrwhich is done
major problem in doing this, namely, that interference effectdn order to align identical final states if two excitation ener-
will tend to destroy this nice picture of a 100% pure decaygies are comparedb) The constant final-state spectrum
channel. In fact it will be shown below that this destruction|(w)|,_, is a cross section along tixeaxis at a fixed point
is very effective. on they axis in Fig. 2. With a constant final-state spectrum
one can map out certain features of the intermediate states as
_ _ indicated in the previous sectioric) The cross section
D. The importance of interference effects I(w)|,, which is the detection of the excitation spectrum
Figure 2 gives the full result using the matrix elements ofobtained at a fixed decay energy. This leads to a somewhat
Table 1ll and a Lorentzian broadening of 0.2 eV for the 2 complex result. In Fig. 2 it identifies with a cross section
holes and 0.4 eV for thes3holes. A small Gaussian spread in taken at—45°, i.e., the same amount of changedr o’
the incoming x-ray energies of 0.25 eV has been used. Noand w.
tice that as for Fig. 1 it has been chosen to pletw’ versus In order to investigate more closely the importance of
w, instead of aw’ versusw plot. The reason for this is that interference effects in Fig3 a series of spectidw— '),
the constant final-state spectra are directly visible. At firsis plotted, where the excitation energy is chosen at the
sight Fig. 2 looks very much like a broadened version of Fig.seven peaks of the absorption spectrum. The bottom spec-

45

46

47
w-w (eV) 48

“‘" X}
SEXABKY
“‘“‘ ‘:‘:“'t‘:

FIG. 1. Intensity line plot of the IXS cross sections, calculated FIG. 2. Intensity plot of the IXS cross sections, calculated using
as the x-ray absorption intensity times the x-ray emission intensityEq. (1), that is including interference effects. Excitation energy
Excitation energy ) on x axis; final-state energy«(— ') ony (w) on x axis; final-state energy«(— ') ony axis. A Gaussian
axis. The seven ®3d? intermediate states are visible along the broadening of 0.25 eWVHWHM) has been used, together with the
axis and the four 8'3d* final states are visible along theaxis. lifetime broadeningd™,,=0.2 andl'3,=0.4 eV.
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10 , , . . . . i peaks, for example, the peak 350.9 @¢cond from the top

This is the case because there is a considerable overlap of the
Lorentzian tails of the two large peaks at both sides. Al-
though the lifetime broadening is only 0.2 eV and the energy
difference is 1.4 eV with the main peak at 352.3 eV, its
intensity is a factor of 8 larger with the result that it still
influences the excitation at 350.9 eV. The noninteracting su-
perposition of the Lorentzian spectruifdashed clearly
shows a shoulder at 48.6 eV, related to the influence of the
tails of the main peak. However, this shoulder disappears
again if interference is turned asolid). The reason is that
the interference for this 48.6-eV peak is destructive, as can
be seen from Table Ill. Using the numbers in Efj), one
adds a negative number (0:89-0.12) to a positive one
(proportional to 1.6 0.67) and squares. Using Table Ill one
deduces that the interference effects are constructive for the
47.7 state but destructive for all transitions to the 47.4 states.
From Fig. 3 one can observe that the overall effect for the
peak at 47.5 eV is constructive.

One can observe in Fig. 3 that in all comparisons of
interference-orsolid) and interference-offdashegl the inte-
grated intensities of the solid and dashed line are equivalent,
or in fact identical as the integrated intensity is conserved by
) A e 346.6 a sum rule. Relatively large interference effects can be seen
for the spectra excited at 347.5 and 348.1 eV. These two
energies relate to weak excitations, hence the decay spectrum
0 . . ' . . ' . is dominated by the Lorentzian tails of the neighbours, which

B have 20 to 30 times more intensity at only 0.3 and 0.6 eV
away. That is, interference effects are largest if two channels

FIG. 3. Cross sectiongw—')|, through Fig. 2 at the excita- have a comparable effective strength at a certain er?érgy.
tion energies indicated on the right. The dotted lines gives the decay In conclusion, at all energies away from the main peaks
of only the excited state at precisely the energy indicated. Thdhe interference effects will be visible, especially at those
dashed lines include the Lorentzian tails of the neighboring stategnergies with equivalent effective strengths. Interference ef-
and the solid lines include interference effects. The spectra witfects can be destructive or constructive. This depends on the
excitation energies at 348.9 and 352.3 have been divided by Sign of the matrix elements for excitation and decay, as given
Broadenings as in Fig. 2. in Table Il

intensity (arb. units)

trum relates to the first small prepeak at 346.6 eV and the top
spectrum relates to the highest peak at 352.3 eV. The spectra
of the two large peaks at 348.9 and 352.3 eV have been
reduced to 20% with respect to all other spectra. In Fig. 3 Above it has been argumented that it is possible to map
three sets of theoretical spectra are given. The spectrum iput directly the amount of, character, or triplet character,
dicated with dots is the decay spectrum of the particular inwithin the 2p x-ray absorption spectrum. Because the
termediate state, which is excited. The dashed spectrum Rs'3d! final states aréclose t9 100% pure in ligand field
the decay spectrum without interference but with the inclu-and spin character, by putting the detector on such a final
sion of the Lorentzian tails of the neighboring intermediatestate one can map out its character. In this section it will be
states at the energy of excitation. This spectrum will be inshown how this appealing picture is largely destroyed by
dicated as the noninteracting superposition of Lorentziangnterference effects.

The solid spectrum is the spectrum for which interference A similar approach has been used for thel3 inelastic
effects have been included. X-ray scattering cross sections of manganese compounds.
From Fig. 3 the following observations can be made: ForThe 3p°3d°® final states contain two energy regions almost
the two main peaks in the excitation spectrum all three propure in their spin character and separated by more than 10
cedures to calculate the decay spectrum give identical reaV:>*3233This situation has been used to map out the spin-

sults. This is easy to understand as there is one channel th&glective x-ray absorption states. In the present casejf 3
completely dominates, hence the Lorentzian tails of thdnelastic x-ray scattering thesd,-selective or triplet-
neighbors can be neglected. This implies that interferenceelective x-ray absorption spectra can be plotted directly by
effects cannot be effective because then two channels arsaking a cross section through Fig. 2 along xhaxis at a
needed that have approximately the same size of effectivparticular final state energyw—w’. These so-called
matrix elements, that is a matrix element weighted by theconstant-final-state specttefs) are plotted in Fig. 4 for the
lifetime broadening at a certain energy difference from theenergies related to the fours®d! final-state energies. For
peak. There is a considerable interference for most smathe curves in Fig. 4 both the overlap of the Lorentzians and

E. The detection of specific decay channels
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FIG. 4. Constant final-state spectra
I(®)|,—o. Top: spectra for thelE state
(0—w'=47.73 eV, dashadand for the®T, state
(w—w'=47.44 eV, soligl Bottom: spectra for
i 1T, with w—w’=48.64 eV (dashedl and for
3E with w— ' =46.53 eV/(solid, multiplied by
i 2.5).
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0
346 347 348 349 350 351 352 353 354 355
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the interference effects have been included. These fouplotted. All spectra are given with their theoretical intensity
curves should be compared with the numbers as given iincluding interference, that is by using E@.). For conve-
Table IV. This comparison is correct for thl, peak de- nience the seven spectra have been given an offset, chosen to
tected at 48.64 eV. For the other decay channels it is wronghe their excitation energyminus 345 eV. Note that the
The 'E and T, channels at 47.73 and 47.44 eV are toophoton energies are plotted and the energy axis runs in the
close to each other to be separated, given thdifétime  opposite direction from Fig. 3.
b.ror.:ldening. It can be observed in Fig. 4 that both spectra are |, Fig. 5(b) the theoretical spectra are compared with the
similar. In the case of the spectrum takenuat w’=46.53  experimental spectra taken at the four main peaks at 347.4,
eV the Lorentzian tails of the neighboring peaks are t00349.0, 350.9, and 352.3 eV in the experimental spectrum.
strong to relate the observed spectral shape quantitatively tphe theoretical spectra are taken at the same energies, with
the 3E character. From these observations one can concludge exception of the second peak, which is taken at 348.9 to
that in the present the case only thE, peak at 48.64 eV can pe positioned exactly at the maximum of the peak. The theo-
be used to map out the character of the intermediate statesetical spectra have been determined using(Exg.with life-

Concerning the broadening mechanism it is noted that ijjme broadeningd’,,=0.2 andT'3s=0.45 eV, convoluted
case of the Bls inelastic x-ray scattering cross sections theyith a Gaussian broadening of 0.27 é4WHM), chosen in
decay channel is also used to remove the lifetime broadenir@rder to mimic the experimenta| broadening_ The experimen_
of the intermediate stafé,or better, the & lifetime broad-  ta| spectra are shown on the same scale. The theoretical spec-
ening of about 2.0 eV is replaced by the 8Bfetime broad-  tra have been given a small flat background in order to re-
ening of about 0.4 eV. In the present case this implies that thgroduce the flat background of the experimental spectra. The
2p lifetime broadening of about 0.2 eV is replaced by tise 3 highest peak is normalized to experiment and all other peaks
lifetime broadening of 0.4 eV. In other words the spectrumgre plotted with their theoretical intensity ratio. Also the en-
becomes intrinsically broader instead of sharper. The actu@rgy position of the highest peak is aligned with experiment
situation is even worse due to the additional interference ef(because the mu|t|p|et calculations are a|WayS some eV
fects, which are not present for & hole. From this anaIySiS wrong as far as absolute energies are Concé)‘ned
it is clear that the use of particular decay channels to map out Before discussing in detail the comparison between
a particular character should be used with great care. Th@eory and experiment it is noted that in the theory all atomic
final state used for the mapping must be separable from thgarametergSlater integralshave been kept at their atomic
other final states and the intermediate states at stake shoujd|yes and the ligand field splitting has been kept-8t91
alSO be in a Situation insensitive to interference effects. eV as determined by X_ray absorption_ No additional param_
eter enters the calculation, apart from the broadenings. Com-
paring theory and experiment, one notices the following
things: (1) The spectral widths are equivalent, in particular
there are in general two structures in each spect(@mlhe

In this section the theoretical results will be compared torelative shifts of the spectra are identical in theory and ex-
the experimental IXS spectra as measured by Rubenssgeriment.(3) The relative overall intensities ar@vith the
et al. 2! They measured thes2p x-ray emission spectra at exception of the 347.4-eV pepgimilar. (4) There is an extra
several positions within the®x-ray absorption edge. The structure at a constant kinetic energy of 302.0 eV for the
experiments were done with a resolution of 0.6 Eull spectra excited at 350.9 eV and 352.3 ). The two main
width at half maximum(FWHM)] for the incoming x rays peaks have a double-peaked structure in the theory and only
and 0.4 eV(FWHM) for the outgoing x rays. In Fig.(8)  a shoulder in the experiment.
seven theoretical resonans®y x-ray emission spectra are These five points will now be discussed in more defail.

IIl. COMPARISON WITH EXPERIMENT
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13 L ——— been convoluted with a Gaussian to mimic the experiment
(2) The relative energy shifts are largely determined by the
energy shifts between the excitation energies. The energy
difference between the two largest spectra is exactly equal to
this energy shift, because they reach the same two final states
as discussed above. There is in theory and experiment ex-
actly the same variation in the energy shifts as Eyestates
reach different final states as tfigy states.(3) That the
relative intensities of all but the 347.4 spectrum are in close
agreement between theory and experiment implies that the
experiment detects a fluorescence yield that is proportional
to the prediction with the model, in other words, it is propor-
tional to the x-ray absorption intensity. Though this is no big
surprise, it is noted that this is not always the case as has
been shown for fluorescence vyield detection using the
3d—2p emissiort* Variations can in principle occur due to
overall intensity fluctuations in some decay channels, which
will to some extent influence all other channels. However, as
/348.1 noted above the8-2p is constant and the dominant Auger
T T~ [347.5 channels do show almost no variatiGsee Ref. 34 and ref-
2r tgigg erences therejnthus the integrated intensity equals the x-ray
’ absorption cross section. The fact that the intensity of the
T N 347.4-eV peak is higher in experiment can be explained due
@) 27 B8 2 3ogmi3sgi10n31£2)§er§3%e\?)04 305306307 to the relatively large contribution of surface-related states at
this energy, as has been shown in Refi4J As explained in
1000 Ref. 21 the extra peak at 302.0 eV is a consequence of the
decay from the ionized statep2e reached directly or via
Coster-Kronig decay. This will be discussed in the next sec-
tion.

(5) Perhaps the most significant point is that the two larg-
est spectra, related to tfig intermediate states at 348.9 and
352.3 eV, do show a clear double-peaked spectrum in theory,
while in experiment they do show only a shoulder. The en-
ergy separation of the two peaks seems to be exactly correct
but the intensity of the'T, final state is too high as com-
pared with the®T, final state(plus the 'E final state; cf.
Table IV). There are several potential origins for this differ-
ence.(a) In the theoretical simulation a constarp #fetime
broadening has been assumed that is known to be not exactly
correct? A different broadening will influence the degree of
interference effects but as these effects are very small for the
two main peakgcf. Fig. 3 the estimated maximal effect is
less than 1%(b) Also the potential influence from surface-
related statéscan be expected to be very small, though they
will have the correct tendency in lowering th&, states(c)

The model used in Ref. 21 assumes a variation &3
b 298 303 . 3}82 V304 306 exchange and also a variation in the ligand field splitting. For
(o) mission Energy (V) the peak ratio it is important to note that variations as large
as 30% in the exchange interaction and ligand field interac-

FIG. 5. () The resonant x-ray emission spect(@')|,, at the  tjon have an effect of only about 1% on the decay matrix
excitation energies are given on the right. All intensities given onglements. Thus even if these variations occur they will not
the same scaléb) Comparison with experiment for the four main affect significantly the intensitiesd) A large change in the
peaks in the absorption spectrum. The_experiment_al spectra at 347,&41iye intensity of the two peaks occurs when the excitation
eV (smal) and 349.0 eV(large are given with diamonds. The energy is shifted over the peak maximum. Shifts of only 0.1

spectra taken at 350.9 el¢mal) and 352.3 eMlarge are given S - S o .
with crosses. The four theoretical spectra have an offset adapted EV can result in intensity variations of up to 10%. Knowing

experiment. The series of four spectra are aligned and normalized Ppat the lncor’_nlng X. rays ha\_/e a spread_ of 0'6. ev, thls m'ght
the peak-maximum of the 352.3 eV peak only. cause some intensity variations, more if the intensity distri-

bution of the incoming x rays does not follow a Gaussian.
That the overall widths agree is no surprise as the generddowever, as the incoming x-ray energy is set exactly at the
model of the 3'3d! final states split by 83d exchange and peak maximum this effect should be sma#) Other possi-
ligand field is well known(and the theoretical spectra have bilities include a difference in the effect of charge transfer

(a)
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FIG. 6. 3'3d! final-state energy diagram, comparing the re-
sults fitted to experimeriteft) and the ligand field multipletLFM) FIG. 7. Diagram indicating all relevant channels in whichg 2
results(right). Experimental ligand field splittings are, respectively, core hole is created and annihilated. Horizontally each column rep-
1.02 eV (triplet) and 1.36 eV(singled, compared with the LFM  resents an ionization state as indicated at the top. Vertically each

value of—0.91 eV. The 33d exchange splittings are indicated with row represents a particular type of core hole as indicated on the left.
the arrows. The row indicated with Auger decay includes all possible configu-

rations reachable by Auger decay from the @ore hole.C indi-
cates Auger decay, whefe, is a Coster-Kronig Auger transition.
(see Ref. 2i However, none of these effects seems to beBoth C, and C! indicate all Auger channels annihilating the 2
large enough to explain this discrepancy by itself. Thereforéole. P indicates x-ray absorption transitions aXc-ray emission
no final conclusion can be reached to explain this differencelecay, where the subscripimplies a neutral intermediate and final
between theory and experiment. state and an ionised (#) state. For example, a transition series
From the theoretical calculations a number of conclusionsan be 3°—2p°3d!—2p5s — 3s's,.
can be drawn that differ from the spectral analysis in Ref. 21.
For example, a ligand field splitting of 0.91-eV is found in
contrast to the fitted- 1.02 eV (triplet) and —1.36 eV(sin-  results are that th&, states contain around 70% triplet char-
glet) values. The—0.91-eV value has been optimized to the acter, whereas the result of the ligand field multiplet calcu-
2p x-ray absorption spectrum, which was reproduced inlations are that botfi, states have around 50% triplet char-
great detaif It is difficult to understand why the ligand field acter. Also the two largedf states have around 50% triplet
should be larger for a €3d* configuration than for the character. The three low-intensity peaks are dominated by
2p°3d* configuration. Also the large difference between sin-triplet character +92%). These theoretical percentages.
glet and triplet ligand field strengths is not supported by theTable V) have been determined without the inclusion of the
2p x-ray absorption spectrum, that is, both thps2 and  Lorentzian tails and their interference effects.
2py, parts of the spectrum can be simulated accurately with The peak at 302.0 occurs at constant photon energy
exactly the same ligand field splitting. In the present multip-(«") in contrast to all peaks discussed so far that occur at a
let model also a single exchange splitting of 1.2 eV states hagonstant binding energyw(— »"). As has been discussed in
been usedfor both t,; and ey), while the experimentally Ref. 21 the constant kinetic energy peak at 302.0 eV is re-
fitted values are 0.85e() and 1.19 {,,) eV. lated to radiative decay from an ionizech2 core hole,
To show clearly the two different sets 068d* peaks in  Wheres denotes a free electron. ThgBd'—3s'3d" de-
Fig. 6 both the theoretical positior(sight) and the experi- cay intensity (,,) is then compared with the decay from the
mentally optimized fitsleft) are plotted. An important con- ionized state p°c—3s'e (I;). To make the analysis more
sequence from the theoretical numbers is that the ordering dfansparant in Fig. 7 the situation of the creation and annihi-
states is different from the fitted one. ThE state is at lower lation of a 2o core hole is sketched in as far as necessary for
binding energy than théT, state in the experimental fit. the analysis of the &p IXS spectra. In this figur®, is the
Because in the experimental fit there is no necessary conddd®—2p°3d* dipole transition to a neutral final state and
tion on the symmetry of each peak it is possible to exchang®; relates to the ionizing &— 2p°e transition. This ion-
the labels'E and °T,. Another possibility would be to refit ized final state, which also includeg, is referred to as % .
experiment with the condition that the ligand field splitting Both states with the 2 core hole decay vias$$—2p matrix
be fixed to—0.91 eV for both triplet and singlet states. A element. The overall intensity of, and X; must be equal.
consequence of the difference in assignment of 588"  The 2p°3d! final state can decay via a Coster-Kronig Auger
states is a large difference in the triplet to singlet intensitychannel C.) to 2p®e, if a 2p°s continuum state occurs at
ratio of each of the @°3d’ intermediate states. The fitted the same energy as 23d’ state. Apart from this channel
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there are a series of other Auger decay channels, all annihi- IV. CONCLUDING REMARKS
lating the 2 core hole. They are, together with all other

radiative decay channels, collected under the t€m The ion h . f .
overall size of the Auger channels is larger fop°3d*! cross section has been given for Gay making use of a

. ligand field multiplet model. The different ingredients of the
* 5
(C) compared to s (C,) due §2326'a“"e'y strong decay ligand field multiplet model such as symmetries, energies,

ch?_r;]nels inv?l\{in%the (g.electron. ketched in Fia. 7. Th and dipole matrix elements have been discussed in detail,
€ complete flow diagram IS Sketched In ™g. /. eincluding the different origins of the energy splittings such as

neutral final state, or resonant, decay intensity (s given the ligand field splittina. the §3d exchanae splitting. and
asP,X, . Taking account of other decay channels annihilat- g o ge spiing,

) ; . the 3d and 2 spin-orbit couplings. All necessary dipole
ing a 2p hole and the Coster-Kronig crlannel this nuMber 4t elements have been given and it has been shown that
must be corrected with a factor {1C.—C}). The constant

S X ) N _ interference effects are not negligible.
Kinetic energy intensityl() is given asP;X; . To this channel The detection of specific decay channels to map out, for

must be added the route via the Coster-Kronig decayexample,T, or triplet character of the 3d* intermediate
(PaCcX;) and both channels must be corrected withgiates is explained. Theoretically this character can be deter-

(1—C,). From experiment it is known that for shallow core mined precisely, but it is outlined that the experimental route,
holes the Auger _channels dominate over radiative c_hannel§vhich exists in principle, is in practice largely troubled by
Neglecting the difference betwe&) andC} one obtains overlap and interference effects.

The experimental results of Ref. 21 are reproduced with
the ligand field multiplet model and the Kramers-Heisenberg
&) equation of inelastic x-ray scattering. The theoretically deter-
mined values of the ligand field splitting-(0.91 eV} and the
3s3d exchange splitting1.2 e\) differ from the results fit-
, , ) ed to experiment. It is outlined that consistency of the model
C.efris an effective measure of the Coster-Kronig decay an‘iequires the ligand field strength to be0.91 eV.
its value is renormalized due to the removal @f. This Coster-Kronig decay is observed, both is2p IXS and
equatioznl has been used to analyze the intensity ratiy, of 553535 resonant Auger, at energies lower than expected
ang 'il' ~ A complication is that all channels involving m the accepted models. This remains a challenging prob-
2p>3d- intermediate states have a strong symmetry deper]ém, which needs to be resolved by a series of high-

dence in their decay channels. If one attempts to calculate glbgoiution 32p IXS and 23p3p resonant Auger experi-
creation and annihilation processes theoretically, the Costefants.

Kronig decay poses a problem.
In case of Cak it has been noticéd!®'°that Coster-
Kronig transitions occur at energies lower than expected.
One might expect the continuum states to start at an energy ACKNOWLEDGMENTS
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from 3s2p IXS and 2p3p3p resonant Auger, that at energies

below 353.0 eV Coster-Kronig processes occur. In Ref. 19

the Coster-Kronig channels have been discussed in the

framework of charge transfer. It has been shown that if the APPENDIX

decay channel [253d1§2p585. is forbidden because the en-  Tne dipole selection rules, spin-orbit coupling, and crystal

ergy difference AE) is positive then in most cases the symmetry reduction all have consequences for the symme-
charge-transfer-induced channep®3d’L—2p°3d'Les i tries involved. Here some group theory results are repro-

open because its energy difference is givem\&-Usgsq-  duced from Sugano, Tanabe, and Kitamifra.
The amount of charge transfer in Caks low because the

3dL configuration is at an energy of the order of the band
gap(12.0 eV} above 21°. Thus this channel will have very
low weight in the ground state and also in the 2-ray A multiplication table is used to couple two electrons in
absorption final stat® It shows, however, that there are de- different shells or to couple the andS quantum numbers in
cay channels down to lower energies than expected from thgpin-orbit coupling. In atomic symmetry it just states that if
single-particle picture. The detailed study of these decay.=1 and S=1 then J can be 0,1 or 2; that
channels needs further experiments such as the detection oP&® D =P,D,F, etc.

much finer grid of excitation energies measured with higher The dipole selection rule states that thejuantum num-
experimental resolution. Radiative decay channels such aser must be changed by one and that the spin is conserved
3s2p-IXS and nonradiative channels such gs3p3p reso- (AS=0). Important is the selection rules fdr which state
nant Auger or » resonant photoemission will all show the thatAJ=—1,0,+ 1, with the additional condition thalt can-
evidence of these Coster-Kronig decay channels. not be zero in both the initial and final state. From the sym-

The calculation of the &p inelastic x-ray scattering

I_i [Pi+PnCc, eff]
In [Pn](l_cc,eff).

A. Multiplication table in atomic symmetry
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metry point of view this implies that the dipole selection rule C. Multiplication table in cubic symmetry
can be expressed exactly witP] symmetry.
The multiplication of irreducible representations in cubic

B. Projection rules from atomic to cubic symmetry symmetry: Consider for example ¥, state. The spin-orbit

The projection rules govern the splitting of atomic statesfg.tlj_p“?g”lgnv\?;g ith:tr:lrjtti tmi;;g:?gf? 1V2/itsr:a'|t'e 'Ius) pri\(jjeetcr:gd
under symmetry reduction to cubic symmetry. B&hand P ¢ rllv all mr);l T tpt lt dqin t2h tgbl below
states are not split, d-electron is split intoT, andE, etc. our-overall-symmetry states as quote € table below.

Note that the dipole selection rule can be represented in cu-[he dipole operator ha®, symmetry and the possible final

bic symmetry withT, symmetry. states can be found by multiplying the initial-state symmetry

with T;.
Atomic Cubic

Dimension Name Name Dimension AL Az E T T2
1 S (O) Al 1 Al Al A2 E Tl T2
3 P (1) Tl 3 A2 A2 A]_ E T2 Tl
5 D (2) E, TZ 2+3 E E E AlAzE Tsz T]_TZ
7 F (3) A21 le T2 1+3+3 Tl Tl T2 Tsz AlETsz AZETlTZ
9 G (4) AL E Ty, T 1+2+3+3 12 T2 T Tl AETIT,  AETHT,
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