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The L& 3 x-ray-absorption edges of 3d compounds are calculated with use of an atomic descrip-

tion of the 2p 3d to 2p'3d' excitation, with the inclusion of the crystal field. For reasons of clarity,
we confine ourselves to d compounds in octahedral symmetry, but the same approach is applicable

to all other d compounds in any point-group symmetry. The experimenta1 spectra of FeTi03,
Sc203, ScF3, CaF2, and the potassium halides are well reproduced by the present calculations, in-

cluding the previously misinterpreted small leading peaks. The splitting between the two main

peaks in both the L3 and L2 edge are related, though not equa1, to the crystal-field splitting. Corn-

parison to experiment showed that the broadening of the main multiplet lines is different. This can

be related to Coster-Kronig Auger processes for the L, edge and to a solid-state broadening which

is a combination of vibrational (phononic) and dispersional broadenings. With the full treatment of
the atomic multiplets, the atomic effects can be separated from solid-state effects, which offers a

better description of the latter. This includes vibrational broadenings, the covalent screening of the

intra-atomic Coulomb and exchange interactions, via the position of small leading peaks, and sur-

face effects. The same general framework can be used to discuss crystal-field effects in both lower

symmetries, with the possibility of polarization-dependent spectra (e.g. , TiO, ), and partly filled d
bands.

I. INTRODUCTION

In the past few years experimental progress in the field
of soft-x-ray absorption has been tremendous. The at-
tainable experimental resolution has improved to its
present best value of 30 meV at 300 eV. ' This technical
progress has opened the possibility to measure the transi-
tion metal Lz 3 x-ray-absorption edges, including also K
and Ca, with great accuracy.

Theoretical developments have lagged behind those of
experiment but the improvement in resolution has creat-
ed the need for a much more advanced description. In
this paper we contribute to a description of the transition
metal L2 3 x-ray-absorption spectra. The starting point
is an atomic multiplet calculation. We then treat
those cases where the most prominent effect of the solid
state is the crystal field, the breaking of the spherical
symmetry around the atom. We prefer to use the term
crystal field rather than ligand field, because in principle
we only change the point-group symmetry. The crystal
field is put in as a parameter fit to the experiment. In this
manner the hybridization effect of the ligands is implicit-
ly taken into account. Dispersional effects, which have
been treated earlier for the elemental transition metals, '

are not taken explicitly into account here.
Using group-theory formalism &o —&2 it js possible to

project the atomic spectrum (spherical symmetry) onto a
specific symmetry group. All point-group symmetries
can be addressed in this way. However, the lower the

symmetry, the more parameters are needed to account
for all possible interactions. In this paper we only consid-
er Ot, symmetry, which accounts for both sixfold (octahe-
dral) and eightfold (simple-cubic) surroundings. We will
show that with the restriction to Oh symmetry we are al-

ready able to obtain excellent results, even for some cases
in which the actual symmetry is lower. To limit the com-
plexity of the theory presented, we postpone the discus-
sion of lower symmetries.

We start with an outline of the theoretical approach
(Sec. II). In Sec. III we will present some general results
for the d compounds, where we take Ti + as an exam-
ple. We show that the splittings in the x-ray-absorption
spectroscopy (XAS) spectrum are due to, but do not
directly scale with, the crystal-field parameter 10Dq. In
Sec. IV we will make a comparison to experimental re-
sults of K+, Ca +, Sc, and Ti + compounds.

II. THEORY

We calculated the excitation from the d ground state
to the final-state 2p 3d' multiplet by means of an optical
dipole transition. The central point in our analysis will
be the crystal field. First it is necessary, however, to cal-
culate the atomic multiplet.

A. Atomic multiplet theory

For reasons of clarity we will brieAy repeat atomic
multiplet theory as can be found in the standard text-
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books. ' ' The Hamiltonian for atomic multiplets can
be written as

H =H +L.S(P)+L.S(d)+g(i j) .

H,„consists of the kinetic term and the interaction
with the nuclei. It gives the average energy of the multi-
plet and does not contribute to the multiplet splittings.
The splittings in the multiplet are caused by the spin-
orbit couplings, L S, for the 2p and 3d electron, and by
the Coulomb repulsion term, g(i,j) T.his two-electron
operator can be expressed in terms of spherical harmon-
ics, ' which necessitates the division of radial and angu-
lar parts. The radial part, R (l&12', 13!4) is divided in
direct Coulomb terms, F ( 1, l2, 1, l2 ), and exchange
terms, 6 (i, l2', Izl, ). The angular part of g (i j ) results in
the selection rules, or in other words it gives the possible
E values. For the direct Coulomb term, no odd I( values
are allowed, and the maximum I( value is two times the
minimal I value. For the p d' multiplet this results in F
and F, while for a d multiplet F also comes into play.
The K values in the exchange term equal

~ l, —Iz ~,

~1,
—12+2k, . . . , l&+l2. For the p d' multiplet this re-

sults in 6' and 6 . Thus we can evaluate the two-
electron operator g (i,j ) for the p d ' multiplet in terms of
four interactions: F, F, 6', and 6 . F only contrib-
utes to the average energy and is taken into H,„. The ab
initio calculated Coulomb, exchange and spin-orbit pa-
rameters (F, G', 6, L S, and L Sd } of K+, Ca +,
Sc +, and Ti + are given in Table I. For the actual
crystal-field calculations, the ab initio (Hartree-Fock)
values of F, 6', and 6 are scaled down to 80% of their
original value to account for many-body corrections. '

B. The atpmig exgitgtipn frpm 2p 3d tp 2p 3d '

The ground state d consists of one single 'S state.
Therefore with x-ray absorption, following the optical
transition selection rule, only the 'P final state is within
reach in LS coupling, thus only one peak would appear in
the XAS spectrum. Turning on the spin-orbit coupling
of the 2p core hole, but still neglecting the spin-orbit cou-
pling of the 3d electron and the Coulomb repulsion term,
g(i,j), leads to the well-known approximation of two
peaks with an intensity ratio of 1:2, denoted by the L3

and L2 edge. This is caused by the transformation from
LS tojj coupling which results in the mapping of 'P (LS)
onto 'P, P, and D (jj ), of which both triplet states have
equal energy. As is directly evident from the values of
Table I, the direct Coulomb and exchange terms F, 6',
and 6 are not negligible. The result is a splitting of the
L 3 edge and consequently three absorption lines. The in-
tensities of these lines are also strongly redistributed by
F, 6 ', and 6 . Figure 1 gives only the result for Ti + as
the atomic spectra for K+, Ca +, and Sc + are similar.
The small leading peak has predominantly triplet charac-
ter and is mixed through the spin-orbit interaction and
the Coulomb repulsion into the main L3 edge. This small
leading peak retains its intensity when the crystal field is
considered and will give rise ta a general small leading
peak in x-ray-absorption spectra of 10 compounds. We
stress this atomic multiplet feature as it has been over-
looked in some x-ray-absorption literature.

C. Crystal-field e8'ect pn the 2p '3d ' multiplet

We now consider the crystal field. In terms of group
theory the effect of an octahedral crystal field is the
reduction of symmetry from 03 to 0&. All irreducible
representations (henceforth referred to as IR) in spherical
symmetry are projected onto the 0I, group. We have to
consider separately (1) the ground state IR, (2) the final
state IR's, and (3}the transition IR.

Using jj coupling in 03 symmetry, there exists one IR
per J value, with a degeneracy of 2J+1. The d ground
state has a J value of 0, and the transition has a J value of
1. The accessible final states are thus restricted to those
with a J value of 1. The 60 possible states of the p d'
multiplet are distributed over five IR's with J values of 0,
1, 2, 3, and 4, and with degeneracies of, respectively, 1, 3,
4, 3, and 1. Notice that in LS coupling the p d' multi-
plet has six IR's: singlet and triplet F, D, and P.

We have to transform these 03 IR's to 0& symmetry,
where there are five possible IR's. Their standard nota-
tion is A, , A2 (one-dimensional), E (two-dimensional),
T~, and T2 (Ref. 14) (three-dimensional). The transfor-
mation from 03 to its subgroup 0&, mostly called the
03 0$ branching, can be found in the work of Butler. '

Ion Ca + Ti4+

TABLE I. Values for the atomic multiplet, from an ab initio
calculation. E„gives the average energy of the multiplet and
L.S gives the parameters for the spin-orbit coupling. The ab in-
itio value of the Coulomb and exchange parameters or Slater in-

tegrals F, G ', and G' are given; they are normalized to 80% of
their ab initio value in the real calculation, to simulate
configuration interaction.

8
Q
Cs)

L.S(p)
L.S(d)
F2
6'd
Gpd

298.40
1.88
0.005
2.20
1.32
0.74

350.37
2.4
0.011
3.79
2.51
1.42

405.75
3.03
0.020
5.09
3.58
2.03

464.81
3.78
0.032
6.30
4.62
2.63

460 465 470
Energy {eV}

475

FIG. 1. Atomic multiplet spectrum for the 3d to 2p'3d' ex-
citation of Ti +; the Slater integrals are reduced to 80% of their
Hartree-Fock values.
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TABLE II. The branching table from 03 to Ol, is given for
integer values of J in 03 (as occur for the p'd' multiplet). See
Butler for more details and all other branching tables.

J=O
J=1
J=2
J=3
J=4

Al
Tl
E+T,
Tl + T2+ A2
A i+ Ti+E+ T2

The essential details are repeated in Table II.
The ground state and the transition IR are transformed

to, respectively, A
&

and T, . The entire effect of the crys-
tal field to split and shift the peaks in the spectrum is thus
concentrated in the final state. All possible final states
must have T, symmetry, otherwise the transition matrix
element equals zero. The T, IR can be reached not only
from the J=1 IR, but also from the J=3 and J=4 IR's
(see Table II). The J= 1 and I=3 IR's are both threefold
degenerate and the J=4 IR is nondegenerate. This re-
sults in seven possible T, IR's in 0& symmetry, or, in
other words, seven possible final states. The XAS spec-
trum consists, in principle, of seven lines, as can be seen
in Fig. 2, where the Ti + XAS spectrum for a crystal-field
splitting (10Dq) of 1.8 eV is calculated.

D. Generality of the method

I
d

460 465 470
Energy (eV}

475

FIG. 2. Multiplet spectrum for the 3d to 2p'3d' excitation
of Ti + in octahedral symmetry; the crystal-field parameter
10Dq was taken as 1.8 eV. The 80% reduction of the Hartree-
Fock values was used.

The method used starts with the calculation of the
atomic (initial and final) multiplets. The Slater integrals
(F, G', and G ) are scaled down to 80% of their ab ini
tio values. Then the reduced matrix elements of all neces-
sary operators in the spherical group are calculated with
the use of Cowan's atomic multiplet program. To ob-
tain the reduced matrix elements in any point group,
Butler's program is used for the calculation of all neces-
sary factors (3J symbols). With this general approach,
the program is, in principle, capable of calculating the
transition probabilities between any two configurations in

XAS, x-ray photoemission spectroscopy (XPS), or brems-
strahlung isochromat spectroscopy (BIS) in all point-
group symmetries. '

This means that for the L2 3 XAS edges any transition
from a d ground state to a p d +' final state can be cal-
culated. The number of final states increases drastically
if N&0. Also, ground-state crystal-field effects become
important, which complicates the analysis. We have cal-
culated the complete d series in OI, symmetry, which
will be published elsewhere. ' The calculation of lower
symmetries, using the necessary branchings, means that
the number of parameters increases. For example, 0&
needs only one parameter while D4I, needs three, which
makes the analysis more difficult. Another important
effect of lower symmetries such as D4I, is the polarization
dependence of the spectrum. The possibility to use lower
symmetries to correctly describe x-ray-absorption spectra
was used for rutile Ti02. '

III. RESULTS FOR d COMPOUNDS

Experimentally it is found that the crystal field splits
the L3 and L2 x-ray-absorption edges. Often this is pic-
tured as a splitting of both edges into two, with the ener-

gy difference between both peaks assumed equal to the
crystal-field parameter 10Dq. Using the crystal-field pro-
gram we have calculated the p d ' multiplet for a number
of 10Dq values. Figure 3 gives the results for Ti + using
both positive and negative values, related to, respectively,
sixfold (octahedral) and eightfold (simple-cubic) sur-
roundings. The crystal field has to compete with all
intra-atomic interactions [F, G', G, L.S(p), and
L S(d)]. The result is a complex change of the spectrum
as a function of 10Dq. The value of the crystal-field split-
ting is indicated as the distance between the vertical line
and the diagonal. In Fig. 4 the distance between the two
main peaks in the L3 (peak a, and az) and Lz (peak b,
and b2) edge is given as a function of tQe crystal field.
The result is evident: The energy splitting in the XAS
spectra, is, in general, not equal to IODq.

Starting with the atomic calculation (Fig. 4, 10Dq=0)
and turning on a small crystal field, a small energy split-
ting immediately appears. This does not mean that the
atomic lines are split in two, but that other final states are
mixed in. These states were not accessible in spherical
symmetry as discussed in Sec. II. The intensities of these
new transitions (opened channels for Oh) are small for
low crystal fields as can be seen in Fig. 5.

The following picture then emerges: In 0& symmetry
the p d' multiplet consists of seven lines, four of which
are forbidden in spherical symmetry. The crystal field
has the effect of (1) shifting the seven final states in energy
(see Figs. 3 and 6) and (2) redistributing the absorption
intensity over all seven lines (see Fig. 5).

The crystal field has a slightly different, though
equivalent, effect on the L3 edge, compared to the L, 2

edge. This small difference between the L3 and L2 edge
can also be seen in the experimental spectra, but this was
not extensively discussed until now. With the present im-
provement in resolution, it is possible to show the ine-
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scan ium cornd compounds show well separated peaks, from
a i i reaccu-which wecans ow a i ih that it is possible to make more ac

mallns with the exact position of the smarate comparisons wit e e
h CaF whoseeaks. Section IV C deals wit a

re roduced. We end with a(bulk) spectrum is completely repro uce .
with a series of potassium- a i e-.. .i e K

)
comparison wit a
edges, w icd, ' hich will be discussed in Sec. IV D.

A. The Ti L» XAS spectrum of FeTi03
1

We have compared the titanium 2 3 gL ed e of FeTi03
with the calculation of Ti in 0I, sy y.s mmetr . The exact
structure of FeTi03 (see Table V) (Refs. 20 and 21) and

Ti are not critical for our
Fi ure 7 ives the FeTi03 spectrum compared

with the calculation in 0& symmetry, w ic s
a reement and justifies the approximation of octahedrally
surrounded Ti ions. ou

note that thetheoretica i1T' + spectrum we calculated, we note t a e
1 Ti L XAS spectrum of FeTiO, is on yexperimental Ti 2 3

4+
1consistent with Ti, not T' +.

~ ~To obtain the optimum agreement wit pwith ex eriment, it
is necessary to c oose ih different Lorentzian broadenings
for the four pea s. ek . The optimum values for the broa en-

iven in Table III. After the Lorentzian broaden-ing are given in a e
ith a Gaussianin the whole spectrum was convoluted wi a

broadening of 0. e e ..15 V (Ref. 23) to simulate the experi-
'

n. From this choice of broadenings and
from the resulting agreement with experiment, it is c ear
that each peak in t ek

'
h L XAS spectrum has its own

oticin this we will try tocharacteristic broadening. o ic' g
xtra broadening of t eg hfi d the underlying reasons. The extra bn t eun

peaks belonging to the L2 edge (peakak b and b2) origi-
f th horter lifetime of the p&&z states. A p, &2

roni (CK)state has an extra decay channel, the Coster-Kronig
by which it can fall back to a

hole, with the simultaneous ejection of a e ectron.p3y2 0 e, wi
The energy difference between a p &&22 and a 2p3/p hole,
due to the (2p) spin-orbit coup ing,u lin must be larger than
the binding energy of the d electron, otherwise the CK
Auger channel is closed.

Table III we conclude that the CK AugerFrom a e
a and b ) is 0.4 eV.broadening of the L, edge (peak a, an z

Subtracting this broadening, p 2both eaks a2 and b2 have
an extra roa en't b adening of about 0.5 eV with respect to pea s

nd b . The origin of this broademng could e
(1) a lifetime effect similar to the L2 CK Auge y,u er decay, (2)

effect of the actual point-group symmetry, (3) vibra-
tional (phononic) broadening, an, , i p

465
Energy (eV }

FIG. 7. The experimental FeTiO& specs ectrum (dotted), mea-
sured with t esured

'

h SX700 monochromator at Berliner
aft fiir S nchrotronstrahlungElektronenspeicherring-Gesel sc a t iir nc

m. ,H {BESSY),is compared with a multipletlti let calculation in 0&,

symmetry. e cry» a-. Th t 1-field parameter is 1.8 eV; the broadening
factors are tabulated in Table III.

broadening. The possibility of a large broadening effect
(1) seems unlikely. The energy

iiich rohibits real Auger decay processes,
thoug vir ua ph

'
t al rocesses cannot be exc u ed. e e ec

r ma be impor-of an actual lower point-group symmetry may e impor-
tant in the special case of FeTiO, . Because in the other
compoun s w icd h' h we will discuss 0& symmetry is better
obe ed and their broadenings are equivalent see a eobeye an

the reduced symmetry, though in the case of FeTiO, it
may be considera e. n ec.
possi e e ec o'bl ff t of a lower symmetry and make a connec-

ith the vibrational broadening mechanism. e wtion wit e vi

nd (4) the vibra-f ther concentrate on effects (3) an, e
tional and dispersional broadening mechanism,ms which
can be combine un er ed d th heading solid-state broaden-
ing.

1In a simple picture o a. f transition metal in octahedra
symmetry, the two peaks in both the L3 and the L2 edge

d and d, orbitals) and e~can be related to t, (dzy zz yz

d nd d . orbitals) symmetry. ' Although in a u(,2 an
lti let plus crystal-field descripti ion thisatomic mu ip e

oint. In octa-a
' ' '

not exact, it is a good starting poin . nivision is no
the li ands, whilehedral symmetry e„orbitals point to t e igan

t, orbitals point in between them. . This causes the e or-
bitals to bind more 'strongly to the ligands and conse-

rs for the FeTiO& spectrum: The total broade
'

gnin ( I ) is divided'"g
a and the solid-state broadeningin the Coster-Kronig Auger broadening (a) an — d in r

e
' '

d h t o. =0.4 eV and @=0.5 eV (see Fig. 7).experiment it is foun t a a =

Peak

Qi

Q2

b,
b,

Total
r

0.1 eV
0.6 eV
0.5 eV
1.0 eV

CK Auger

0.4 eV
0.4 eV

0.1 eV
0.6 eV
0.1 eV
0.6 eV

Solid state
0

0.5 eV

0.5 eV

0.1 eV
0.1 eV
0.1 eV
0.1 eV
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quently to a higher energy of the (antibonding) e state,
compared to the (antibonding} tz state. This is in fact
the origin of the crystal-field splitting. ' We can now
conclude that, independent of the exact symmetry, the
second peak will always be related to a state that has a
larger hybridization with the ligands.

Large hybridization, which arises when the states are
directed towards the ions, also means that the equilibri-
um interatomic distances are strongly dependent on oc-
cupation of the levels. In x-ray absorption the antibond-
ing levels become occupied, which means that the final-
state interatomic distance is larger than the equilibrium
ground-state interatomic distance. This is indicated in

Fig. 8 [R'(eg)&R']. Following the Franck-Condon
principle this means a large final-state vibrational
broadening (see Fig. 8}. For small hybridization (i.e., the

t2g orbitals) this Franck-Condon broadening will be
smaller. Thus the larger hybridization can cause the ex-
tra broadening of the a2 and bz peak. We would also ex-
pect a large temperature dependence because of the occu-
pancy of excited vibrational states in the (electronic)
ground state. Thermal effects will broaden both the "t2 "
and "e " states, but the effect on the e state will be
larger. This thermal broadening more or less scales with
the final-state vibrational broadening, which is also
present at 0 K [see Fig. 8; compare the energy widths for
eg and t2 at 0 K and at finite temperature (T")].

The possibility of dispersional broadening is related to
the amount of hybridization. The larger hybridization of
the e states results in larger bandwidths in the solid
state. This dispersion can, however, be reduced or elim-
inated by excitonic effects due to the large core-hole 3d
attraction, which localizes the 3d electron. The con-
clusion is that the a2 and b2 peaks, because of their larger

hybridization, can have stronger vibrational broadening
and possibly also stronger dispersional broadening. We
do not see a possibility to separate these two broadening
mechanisms. Therefore we would like to denote the ex-
perimentally found broadening of the e peaks in general
as a solid-state broadening. This solid-state broadening is
found to be 0.5 eV in FeTi03 (see Table III). From the
discussion of the potassium-halide spectra (Sec. IV D), vi-
brational broadening is found to be the major broadening
mechanism.

The analysis procedure of the FeTi03 L2 3 XAS spec-
trum can be generalized in the following way: First mea-
sure the experimental splittings between the a& and a2
peak (b,L3) and between the b, and bz peak (EL2). The
splittings found can be related to the value of 10Dq with
use of the theoretical hL versus 10Dq lines as given in
Fig. 4. With the observed 10Dq value, the spectrum can
be simulated and from a comparison with the experimen-
tal spectrum the exact broadening factors are found.

Although we will not discuss other symmetries in de-
tail, it is interesting to see what happens for a strongly
distorted system, such as rutile Ti02. The strong dis-
tortion makes it impossible to simulate its XAS spectrum
with the Ti +

p d ' multiplet in 0& symmetry. If the
symmetry is reduced to D4&, however, good agreement
with experiment can be reached (see Fig. 9). We have
used the same range of broadenings as found for FeTi03.
In D4& symmetry the p d' multiplet consists of 22 lines
(seven in 0&). Also one has to consider three crystal-field
parameters (only one in 0~) and the polarization depen-
dence of the spectrum. Further discussion of D4& sym-
metry and the Ti02 spectrum will be given elsewhere. '

B. The Sc L2 3 edge of Sc203 and ScF3

. Kj

&E„) see'

Figure 10 shows the Sc L2 3 edge of Sc203 overlayed
with a calculated spectrum for a crystal field of 1.83 eV.
The broadening factors used are given in Table IV. The
ScF3 spectrum, Fig. 11, was measured by Chen et al. at
Brookhaven National Laboratory (BNL). '

The ScF3 spectrum is similar to Sc203, but some in-
teresting differences can be seen: The broadening factors
for the fluoride are smaller than for the oxide (see Table

R' -wR 458
Energy (eV)

463 468

FIG. 8. Because an electron is added to an antibonding e~ or
t,g orbital, the equilibrium interatomic distance (R) becomes
larger. The largest AE occurs for the eg* orbital. Following the
Franck-Condon principle this leads to the largest broadening
(hE). Raising the temperature from 0 K (T) to a finite ternper-
ature ( T*)enlarges AE both for the eg and t2g peaks.

FIG. 9. The experimental Ti02 spectrum (dotted), measured
with the SX700 monochromator at BESSY, is compared with a
multiplet calculation in D4„symmetry. The crystal-field param-
eter (10Dq) is 1.8 eV and the values for the 420 and 220
branches are 0.75 and 0.3 eV, respectively; the broadening fac-
tors are similar to those for FeTi03.
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FIG. 10. The ex erimenperimental Sc203 spectrum (dotted), mea-
sured with the SX700 monochromator at BESSY, is corn .
with a multiplet calcul t' 0 ya ion in z symmetr . T

Table IV.
r is . e; the broadeninening factors are tabulated in

IV). Notice ththat this is no resolution effect wh' " '

en care of b the ex
e ec, w ic» is tak-
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KL

CaF2
ScF3
Sc203
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a,

0.14

0.08
0.13
0.10
0.10

0.22

0.15
0.20
0.30
0.60

0.20

0.10
0.19
0.25
0.50

0.22

0.18
0.26
0.45
1.00

0.03

0.03
0.03
0.15
0.15

0.02
0.06
0.15
0.40

0.07
0.07
0.20
0.50

10aq

0.6 (KF)
1.1 (KI)

—0.9
1.7
1.8
1.8
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CaFz are related to Ca+ (4s). Figure 12 shows the
spectrum with a crystal-field splitting (10Dq) of about
—0.9 eV, which compares well with the experimental re-
sult for bulk CaF2 (Ref. 34) [and also for seven layers of
CaFz on Si (Refs. 32 and 33)]. Notice that negative
values of 10Dq are used, because the calcium ion is in
eightfold coordination (simple-cubic). The two main lines
are reproduced, as well as the small leading peaks. In
this case the leading peaks also include the low-energy
peaks of the crystal-field doublet, the a, and b, peak,
which have low intensity because of the small and nega-
tive value of 10Dq. The bL2 and EL3 splittings deviate
strongly from 10Dq and from each other, which prohibits
a direct explanation of the individual peaks and thus
necessitates a full atomic multiplet calculation. Including
the crystal field, this can fully explain the Ca L2 3 XAS
spectrum and the small leading peaks come out "au-
tomatically, "without recourse to the 4s ' configuration.

In Fig. 12 there are some small discrepancies: In the
experimental spectrum there exists an extra peak at
—352.3 eV (b') and also the a' peak at -348.7 eV is con-
siderably more intense. We believe that this originates
from a shifted superposition of the spectrum as a result of
surface (or damage) effects. This shift is also observed in

a surface study of CaF2 on Si, ' in which it is suggested
that in the surface layer of CaF2 the Ca ions have an ex-
tra 4s electron. The (formally) monovalent Ca+ ions shift
the spectrum to lower energy. If this is correct the spec-
trum originates from a 4s' to 2p 3d'4s ' transition, which
can result in a modified multiplet spectrum. To check
this we performed a series of calculations with different
crystal fields: We calculated the Ca+ 2p53d'4s' in Oz

symmetry and also in lower symmetries (D4„and D3d ) to
make a better simulation of the surface symmetry. Ex-
perimentally a polarization dependence is found, which
clearly proves the existence of a symmetry lower than 0&.
In a future paper we will focus on CaF2 and discuss the
different multiplet calculations in detail.

D. The K L2 3 edges of potassium halides

To complete the series of d compounds, we have cal-
culated the potassium L23 edges from the K+ 2p 3d'
multiplets with the crystal-field parameter between 0 and
1 eV, and compared the results with the data of the po-
tassium halides from Sette et ai.

Our calculations are in excellent agreement with the
experimental results. In Fig. 13 the experimental results
are compared with approximately the corresponding cal-
culated K+ p d' multiplets. We did not optimize our re-
sults accurately to the experimental spectra, but the ex-
cellent visual agreement makes one sure of the possibility
to do so. With the use of the relation between 10Dq and
the splittings between the main peaks (see Fig. 4), the
values for 10Dq can be extracted from the experimental
spectra. The small inequality of the L3 and L2 splittings
(Fig. 4) and the small leading peaks are visible in the ex-
periment. The small peaks in between the L3 and L2
edge, and the bumps around 300 eV, are not explained by
the present multiplet calculation. They are probably re-
lated to the 4s bands, although there is also a possibility
that they originate from a lower symmetry, eventually in
combination with surface effects (as for CaF2).

The four calculated spectra in Fig. 13 are broadened

THEORY

~ ~
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354
En'~ {qV)

300 294 300
Energy QV)

FIG. 12. The experimental CaF, spectrum (solid line), mea-
sured with the "dragon" monochromator at BNL by Chen
et al. , is compared with a multiplet calculation in OI, symmetry
(shaded area). The crystal-field parameter is —0.9 eV; the
broadening factors are tabulated in Table V.

FIG. 13. Four K+ 2p 3d' excitation spectra in Oq symmetry
(right side) are compared with the four potassium halide spec-
tra, measured with the dragon monochromator at BNL by Chen
et al. (left side). The calculated spectra are not completely opti-
mized to the experiment. The broadenings used are adjusted to
KI. Notice that the KF spectrum is broader (see text).



936 de GROOT, FUGGLE, THOLE, AND SA%ATZKY

TABLE V. The crystal structure and nearest-neighbor
metal-ligand distances {RML) of the discussed compounds.
Data from Ref. 28.

Compound

KF
KCl
KBr
KI
CaF2
ScF3
Sc&03
FeTi03

*Reference 27.

Crystal
structure

rocksalt
rocksalt
rocksalt
rocksalt
fluorite
cubic Re03
Re203-C
ilmenite

2.66
3.14
3.29
3.53
2.27
2.11*
2.01*
1.92(3)
2.06(3)
1.94(4)
1.99(2)

with identical broadening factors (see Table IV). Close
comparison to the experimental spectra reveals that the
a2 and b2 peaks are extra broadened for KF compared to
KI. Or in other words, the solid-state broadening of the
e peaks (see Sec. IVB) is considerably larger for KF.
Going through the halide series the dominant change is
the potassium-halide interatomic distance, as given in
Table V. We will examine their relation to the possibility
of vibrational and dispersional broadening.

A shorter interatomic distance means that the final-
state vibrational broadening will be larger: A shorter dis-
tance results in a larger expansion (hR) after the filling of
the antibonding e orbital. KF has shorter interatomic
distances than KI, thus KF should have a larger broaden-
ing. The trend in the vibrational broadening is thus in
agreement with experiment.

Considering the dispersional effects a distinction can be
made between broadening due to K+-halide hybridiza-
tion and K+-K+ hybridization. The direct cation in-
teractions are expected to be smaller and in general they
can be neglected for ioniclike compounds. We will, how-
ever, shortly consider both possible sources of dispersion.
The hybridization with the ligand is expected to be larg-
est for iodide, which would lead to the largest broadening
for KI, opposite to the experimental trend. Thus ligand
hybridization cannot explain the observed broadenings.
Direct cation-cation interactions (K+-K+ hybridization)
should in rocksalt structure be larger for the t,g orbitals,
compared to the e orbitals. This is also in contrast with
the experimental observation that the a2 and b2 peaks
(corresponding largely to e orbitals) are broader than the
a, and b, peaks (corresponding largely to t2g orbitals).

The conclusion is that both possible sources of disper-
sional broadening do not agree with the experimental ob-
servation. Thus the extra broadening for the e peaks in
KF is caused by vibrational broadening, which also sug-
gests that, at least for the potassium halides, final-state vi-
brational broadening is the dominant broadening factor.
As can be seen in Table IV the amount of broadening
scales with the interatomic distance for all compounds
discussed.

V. CONCLUDING REMARKS

We have shown that an atomic multiplet calculation
followed by a transformation to a cubic crystal field (Oh
symmetry) can reproduce excellently the transition-metal
Lp 3 x-ray-absorption edges of the d compounds dis-
cussed. Within this description it becomes clear that the
splitting between the two main peaks in both the L3 and

L2 edge is related, though not equal to the crystal-field
splitting 10Dq. Also the small leading peaks can be ex-
plained as a part of the p d' multiplet. Their position is
controlled by the Coulomb and exchange parameters (F,
6', and 6 ). The crystal field does not infiuence them
strongly, which causes their uniform appearance in the
spectra.

Each main peak has its own individual broadening,
which is caused by the Coster-Kronig Auger decay pro-
cess of the L2 edge and by the solid-state broadening of
the "e " peaks. From the discussion of the potassium-
halide spectra it becomes clear that the dominant solid-
state broadening effect is the final-state vibrational
broadening.

The central discriminating factor for the e broadening
is the interatomic radius. A small radius results in a
large broadening and also a large crystal-field splitting.
This causes the broadening trend for the potassium
halides to be F )Cl )Br & I, in agreement with the
trend in the radii. From this observation it can be con-
cluded that for the potassium halides the crystal-field
splitting originates dominantly from ionic factors. The
covalent contribution, which can be expected to be larg-
est for iodide, can be neglected in first approximation.

It is shown that the small leading peaks in the fluoride
spectra (CaF2 and ScF3) fully agree with the "atomic"
multiplet spectra. In the oxide spectra, however, the
leading peaks are closer to the rest of the spectrum,
which is a mark of decreased intra-atomic Coulomb and
exchange parameters. In the oxides the effects of the
solid state (covalent screening) are so large that the
intra-atomic interactions (on the empty 3d electron
states) are rescaled, while for F no effect is found. This
marks a different "nature" of the oxides compared to the
fluorides. Fluorides can be considered as ionic, while ox-
ides have some important covalent character.

We have sho~n that with our calculations, which treat
the atomic multiplet effects in detail, it becomes possible
to separate out the atomic effects from solid-state effects.
This makes it possible to study the latter, i.e., the
broadening of the peaks, related to the final-state vibra-
tional broadening and the CK Auger decay, the exact po-
sition of the small leading peaks, related to the covalent
screening of intra-atomic (pd) Coulomb and exchange in-
teractions, and the presence of extra peaks, related to sur-
face effects and/or reduced symmetry.

Finally we point out the relationship between vibra-
tional broadening and the (static) lowering of the symme-
try. Vibrations can be viewed as dynamical distortions of
the site symmetry. The Franck-Condon principle states
that x-ray absorption is a fast process with respect to vi-
brations. The symmetry of the absorbing (transition-
metal) cation is constantly changing. This affects the



41 Lp 3 X-RAY-ABSORPTION EDGES OF d COMPOUNDS: 937

XAS spectrum, which in this picture can be viewed as a
superposition of all possible distorted site symmetries.
The difference with a static symmetry breaking is that in
that case a specific point-group symmetry can be applied
to all cations, which results in a different spectrum, as for
Ti02. For cases like FeTi03, with structureless peaks it is
not trivial to separate the (small) static lowering of sym-
metry from the dynamical (vibrational) symmetry-
breaking effects. To answer the questions concerning
these effects it would be desirable to study a compound
more closely, experimentally as well as theoretically.
Measurements at low temperatures can reduce the
dynamical effects and possibly reveal the static symmetry
effects. Theoretically all lower point groups can be calcu-
lated, and in principle also the dynamical effects can be
simulated.
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