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A theoretical description is given of the 2p3p3p (= L3,3Ma2,3M33) resonant Auger spectra in
CaF'3. Using a charge-transfer multiplet analysis, it is shown that the 2p3p3p Auger spectra excited

at the 2p x-ray absorption edge show a large variation if one scans through the edge and excites

the different symmetry states. A detailed comparison is made with experiment. The origins of
the symmetry effects on the resonance are analyzed and the full charge-transfer multiplet theory
is approximated using crystal-field and atomic multiplet calculations. The analysis shows that the
Auger spectra of CaFy are dominated by the resonance channel, with little contribution of the
normal Auger channel. The differences with other recently used analysis are discussed.

I. INTRODUCTION

Resonant 2p3p3p Auger spectroscopy has been stud-
ied experimentally for KF, KCl, CaF,, CaCl;, and
Sc303.! Scanning through the 2p x-ray absorption edge
the 2p3p3p Auger spectra are detected. CaF, as well as
the other compounds mentioned, is an insulator and has
a gap of 12 eV in between the filled ¥ p band and the Ca
3d (and 4sp) band. The Ca atoms are surrounded by a
cube of eight F atoms. The 2p x-ray absorption spectrum
of CaF; has been measured with high-resolution and an-
alyzed successfully using a crystal-field multiplet model.?
In the crystal-field multiplet model the initial state is de-
scribed in the ionic limit as 3d” with 2p®3d*® final states.
The 2p x-ray absorption spectrum of CaF, consists of
four peaks and small prepeaks and the crystal-field mul-
tiplet analysis shows that there are in total seven tran-
sitions due to the (2p3d;2p3d) Coulomb and exchange
matrix elements in the final state, which causes transi-
tions which are forbidden in a single particle scheme.?3

In the resonant 2p3p3p Auger experiments the excita-
tion energy is varied through the edge and 2p3p3p Auger
spectra are measured for the different 2p®3d* excitonic
states. The interpretation of the equivalent spectra of
KCIl showed that the 2p3p3p Auger peaks reveal states
of both constant kinetic energy and constant binding
energy (see Fig. 8 in Ref. 1). The constant binding-
energy peaks indicate so-called spectator 2p3p3p Auger
transitions, in which the 3d' electron remains present
in the final state.! A theoretical analysis of resonant
2p3p3p Auger spectroscopy has been recently given by
both Kukk et al. for KF (Ref. 4) and by Tanaka and
Jo for a series of transition metal oxides.? Kukk et al
distinguish between normal Auger, spectator Auger, and
shake-up Auger. The shake-up Auger is the process in
which the spectator 3d electron transfers into a 4d elec-
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tron at the Auger step. Using the ionic approximation,
the three processes are normal Auger, 2p® — 3p*e,; spec-
tator Auger, 2p°3d’ — 3p*3d'e,; and shake-up Auger,
2p®3d' — 3p4dle,. ¢, denotes a free electron of p sym-
metry. To describe the transitions atomic multiplets are
vsed for the final states. The variations through the
x-ray absorption spectrum are explained from a varia-
tion in strength of all transitions, which are fitted to
experiment.* The approach used by Tanaka and Jo is
different. They use only the spectator Auger process and
describe the initial state of TiO, as a mixture of 3d° and
3d*L. In the second configuration a hole is created in
the oxygen 2p band and the electron is added to the Ti
3d band, which names the model as a “charge-transfer
multiplet model”.>® This costs an energy A. By mixing
both configurations a ground state with lower energy is
formed. A similar approach is then used for the inter-
mediate 2p°3d! states and the final 3p*3d® states. Using
this approach they predict a large variation in the 2p3p3p
Auger spectra of TiO,.% The two approaches can be writ-
ten as normal plus spectator plus shake-up Auger, with
an atomic Hamiltonian;* only spectator Auger, with a
charge-transfer Hamiltonian.5

In the rest of the paper we will analyze these two ap-
proaches. In Sec. II we perform charge-transfer multi-
plet calculations for CaF; to explain its resonant 2p3p3p
Auger spectra. In Sec. ITI we will analyze the main cause
for the observed spectral variations. We discuss the anal-
ogy between shake-up processes and the charge-transfer
multiplet model and we discuss the Coster-Kronig decay
model] for ionic insulators such as CakF',.

II. CALCULATIONS

The calculations have been performed with a series of
programs related to, respectively, atomic multiplet the-
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ory, crystal-field multiplet theory, and charge-transfer
multiplet theory. The used computer codes are, respec-
tively, the RCG9,” RACAH,® and BANDER (Ref. 9) pro-
gram in the versions written and/or modified by Thole
and co-workers.%? The Hamiltonian of atomic multiplet
theory describes all partly filled bands. For the present
problem we have a core state of p symmetry and a valence
state of d symmetry. Following the notation of Ref. 6, the
Hamiltonian is, in second quantization, written as

Hare =Y gaa dididsds+ () 1-sdids
) )

+ gpp PIPIPspa+ G D 1-splpa
(@) (2)

+ Z 9pd dJ{P;gPsch-
(4)

The g4q term defines all two-electron integrals, cou-
pling two d electrons. It contains the Coulomb terms
F? and F*4. 2(4) denotes the summation over the four
symmetries of the d electrons. {4 defines the spin-orbit
coupling. The same two terms are repeated for the p
state. The last line contains the two-electron integrals
coupling the p state with the d state, represented with
the Coulomb (F?) and exchange (G*, G®) integrals.

The crystal-field Hamiltonian is similar and contains
one additional crystal-field multiplet (CFM) term (D)
redistributing the energies of the d states:

Herm = Han + Z D, did,.
2

The charge-transfer multiplet Hamiltonian is more
complex and contains, for example, two configurations
for the ground state, in the present case 3d° and 3d'L.
In the calculations only one ligand-hole state is used, in
other words the ligand-hole band (L) is approximated
with one state at a certain energy. The energy differ-
ence between a configuration A (3d°) and configuration
B (3d'L) is indicated as A;. The hybridization between
3d° and 3d'L is given with V. We use the convention
that V;,, = 2-V,. Notice that this is the opposite of
the convention used in octahedral! because CaF4y has an
eightfold cubic surrounding. The charge-transfer multi-
plet (CTM) Hamiltonian is

Herm = Z ea AYA +Horm,a
A
+ ZEB BB + HerM,B
B

+Y Vap (A'B+ BY4).
A=B

Al A gives the occupation of configuration A. The sum-
mations are over all possible symmetries within a cubic
field. The energy difference ep — £ 4 is defined as A. For
both the configuration A and B complete crystal-field
multiplet calculations are done. The hybridization term
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niixes the configurations A and B from identical sym-
metries. The terms containing Usg and Upg, as given in
Ref. 6, are not included explicitly. Within the present no-
tation they only determine the effective energy differences
(A) between the configurations A and B (see below).

Figure 1 sketches the dipole transition (D4) and
Coulomb matrices (C4) for the 2p3p3p resonant Auger
transitions at the Ca 2p edge in CaF;. Cgr denotes
the Coster-Kronig decay of the 2p33d® excitonic states
to the 2p°3d°k state, further discussed in Sec. IIIC.
In the present analysis we omit the 3s photoemission
channel which, though strongly coupled,'? does not in-
fluence the shapes of the 2p3p3p resonant Auger spec-
tra significantly.’® The 2p x-ray absorption process to
the 2p53d! states has a dipole strength D,4. The ini-
tial state is given as 3d° 4 3d*L. With A; = 9 ¢V and
Vi, = 2 €V, the ground state has for 95% 3d° charac-
ter. For the 2p®3d* +2p°3d2 L intermediate state we have
Ag = A; 4 Usqzq ~ Uspsqa. Extending on the values deter-
mined for other transition metal compounds'* we choose
Uszazq = 4 eV and Uppzq = 6 eV, hence A, =7 eV.

The 2p®3d! states decay via the (3p3p;2pe,) Coulomb
matrix element (C4) to reach the 3p*3dle, final states.
The Coulomb matrix elements to a free electron of f
symmetry are not included in the present paper (they are
in Ref. 13) but this does not influence the spectral shapes.
The same matrix elements couple 2p°3d?L to 3p*3d?Le,.
Because there are two 3p holes the value of Ay is given as
Ay = A;+Usgzq—2-Uspsq. With Uszgsq =4 eV and Uspzq
=6eV, we find Ay =1eV. The consequence of this small
final state charge-transfer energy is a strong mixing of
both configurations. In practice there are five empirical
parameters in the present charge-transfer calculations:
A;, Ay, and Ay, as discussed respectively 9, 7, and 1 eV,
the hybridization parameter V;,, = 2 eV and the cubic
crystal-field (D,) set to —0.45 V. Note that the crystal-
field strength used in a crystal-field multiplet model, —0.9
eV,? is larger than the value used in a charge-transfer
multiplet model because in the latter the hybridization
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FIG. 1. The configurations used to describe the 2p3p3p res-
onant Auger spectra of CaF3. The vertical position gives the
core hole indicated on the left. The horizontal position gives
the ionization state (see text).
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is different for e, and ¢34 orbitals causing an additional
splitting.1®

Three types of Coulomb interactions occur in the
charge-transfer multiplet model: The Auger matrix el-
ements describing the decay of one configuration to an-
other with the escape of a free electron; the Coulomb

interactions, or hybridization, coupling two different con- .

figurations; the Coulomb interactions coupling the elec-
trons within a configuration, i.e., the multiplet effects.

Important multiplet effects are caused by the large
{2p3d; 2p3d) Coulomb (and exchange) matrix elements of
the 2p°3d! intermediate state and the (3p3p;3p3p) and
{3p3d;3p3d) matrix elements of the 3p*3d' Auger final
state. Similar matrix elements exist for the 2p53d*L
and 3p*3d2L configurations. All Coulomb interaction
strengths are calculated with an atomic Hartree-Fock-
based program.” The calculated Hartree-Fock values are
used for the spin-orbit couplings ({) of the 2p, 3p, and 3d
states. The Coulomb (F?*) and exchange (G'3) Slater
integrals have been reduced to 80% of their theoretical
Hartree-Fock value, following atomic spectroscopy.” The
3p3d integrals in the final states have been reduced to
72% of their Hartree-Fock value (90% of their atomic
value) in order to make the width of the multiplet struc-
ture in agreement with experiment. All parameters used
are schematically given in Fig. 2.

Figure 3 shows the 2p x-ray absorption spectrum cal-
culated for the transition 3d° +3d*L — 2p®3d +2p°3d%L
(solid line). It is compared with the crystal-field multi-
plet spectrum (dashed line)? and the experimental CaF,
spectrum.! Good agreement had been obtained if the
seven transitions in the crystal-field multiplet are broad-

final states

ground state —  intermediate

———
[-0.246) [R®=-0.064]
[R2=-0.038]
=2.0
Dy _ Ca
———p

FIG. 2. All configurations and their couplings plus all their
parameters as used in the calculation of the 2p3p3p resonant
Auger spectra of CaFz. The dipole transition is given in a.u.,
the Auger matrix elements (C4) in a.u.eV'/2, All other pa-
rameters are given in eV. The empirical parameters (A, V,
and D,) are given in boldface (see text).
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ened each with an individual broadening.? In order to
lower the number of empirical parameters we have in
the present simulations assumed a constant Lorentzian
broadening of 0.2 eV for all calculations. The experi-

‘mental broadening was approximated with a Gaussian

with ¢ = 0.2. This broadening is approximately correct
for the main L, peak but it can be seen that it is too
large for the other peaks. It is noted that the electron
yield spectrum of CaF; is affected by intrinsic surface ef-
fects which increase the intensity in between the e, and
ta, peaks.?

The four main peaks visible relate, respectively, to the
eg and iy, of the L3 edge at 347.8 and 349.3 eV, repeated
for the L; edge at 351.3 eV (eg)and 352.7 eV (£2,). Apart
from these four main peaks three additional peaks are
present for the 3d° — 2p53d! crystal-field multiplet cal-
culation and many more for the complete charge-transfer
multiplet calculation. The open circles denote the excita-
tion energies at which the 2p3p3p resonant Auger spectra
were measured. The calculations have been done at the
same energies.

Figure 4 shows the variations of the theoretical reso-
nant 2p3p3p Auger spectral shapes. A remarkable varia-
tion is visible in the shape of the resonant Auger spectra.
The 2p3p3p Auger spectra at the main (or ¢y,) peaks
show most intensity at the highest binding energy in
contrast to the ey, peaks which have their maxima at

intensity

normalized

345 347 349 351 355

Energy (eV)

353

FIG. 3. 2p x-ray absorption spectrum of CaF3 (points).
The open circles indicate the excitation energies for the
2p3p3p Auger spectra. The solid line is the charge-transfer
multiplet simulation and the dashed line the crystal-field mul-
tiplet simulation. The individual transitions to final states are
given with solid vertical lines. To show the difference more
clearly, the crystal-field multiplet calculation is shown nega-
tively.
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the low-binding-energy side. Also a difference is visi-
ble between Lz and Lg, with a higher intensity (at the
low-binding-energy side) at the L edge. It can be seen
that the 2p3p3p resonant Auger spectra have constant
binding energy, hence shift with the step energy of 0.5
eV to higher kinetic energy while scanning through the
edge. As has been argued in Ref. 1 this behavior is dif-
ferent from normal Auger which has a constant kinetic
energy. The reason is that for reaching the same peak
in the spectrum, the resonant Auger process is accom-
panied by a energy change of the 3d' electron. In other
words, whatever the energy of the 2p°3d' intermediate
state, the energy of the 3p*3d* final state has a constant
binding energy.

Figure 5 shows detailed comparisons between experi-
ment and theory for the four main structures of the x-
ray absorption spectrum. The theoretical curve for the
L3, t2g peak has been aligned to experiment and all other
theoretical spectra are shifted (in kinetic energy) in ac-
cordance with their excitation energy. One observes a
good agreement of the detailed shape and also of the
trends in the relative peak heights at different excitation
energies. The iy, spectra show their largest intensity
at the lowest kinetic energy. This dominates the Lg, ¢y,
spectrum while for the L3, e, spectrum its peak height

vy by e e bov s v by

353.8

Intensity

352.8

351.3

349.3

347.8llllllll||lklllllll

-55 -50 -45 -40

Binding energy (eV)

-60

FIG. 4. Simulation of the resonant 2p3p3p Auger spectra
of CaF2. The numbers denote the position in the 2p edge as
given in Fig. 3. The total intensity of a spectrum is given by

the 2p x-ray absorption cross section. The spectra taken at .

the main peaks at 349.3 and 352.8 have been divided by 2.
The spectra are given on a binding energy axis to show the
same final states at the same energy.
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is about equal to the peak at the high energy side. This
is reproduced in the theory. The L3, {3, spectrum is cor-
rectly reproduced, including the small structure at 293
eV. The dip at 285 eV is deeper in the theoretical curve
and there is some uncertainty due to the background at
the low energy side. Compared to this the agreement
of the Lj,ty, spectrum is worse. For the peaks at 290
and 294 are too high in the theory. A possible reason
for this is the presence of normal Auger intensity at 280~
285 €V (see discussion). Note that the crystal-field mul-
tiplet analysis (Fig. 6.) gives much lower intensity at
the low-binding-energy side. Thus it is possible that al-
though the charge-transfer multiplet calculation gives a
correct description of the position of the peaks it is (with
the parameters used) not perfect for the intensities. The
theoretical e, spectra reproduce the peak maxima at the
highest kinetic energy side. Although the general shapes
are similar in theory and experiment, the precise struc-
tures at the lower kinetic energy side are not in perfect
agreement, for example, the theoretical peak in L3, e, at
280 eV (and in L, eq at 284 eV) is not distinguishable in
experiment. A potentially important factor for this dis-
agreement is the fact that only a single ligand-hole state
is included in the calculations and not (as it should in a
more complete treatment) a ligand-hole band.

III. DISCUSSION
A. Symmetry effects on the Auger spectral shape

To analyze the symmetry effects in more detail we
performed an approximate calculation in which the mix-
ing parameters were set to zero. This identifies with a
crystal-field multiplet analysis as has been given already
in Ref. 13. This is indicated in Fig. 6. where a compar-
ison is made for the two spectra at (a) the L3 edge and
(b) the L; edge. The crystal-field multiplet calculations
show much sharper spectra and their agreement with ex-
periment is considerably worse, particularly on the low
kinetic energy side. Also the energy difference between
the two main peaks is too large. If charge transfer is in-
cluded the intensity of the peak at —55 eV is smeared
out and its maximum is shifted to lower energy. Note
that although the spectral shapes are considerably worse
for the crystal-field multiplet model, their variation is al-
ready in good agreement with the experimental trend.
An atomic multiplet calculation (dashed line) is almost
identical to the crystal-field multiplet result for the ¢z,
states. This shows that the inclusion of t‘_he crystal field
is not important for the main peaks. The crystal field
is crucial for the small e, peaks which are absent (the
2p°3d* atomic multiplet consists of only three states?) if
the crystal field is not included.

To show the precise nature of the peaks in the 2p x-
ray absorption spectrum, we have calculated the degree
of e, (tag) nature of the seven states of the 2p°3d" config-
urations. Their relative energies, intensities, and purity
[degree of ey (t24) nature] are given in Table I. The quali-
tative assignment of the four peaks to, respectively, L3, e4
L3, tay Ly, eq, and Ly, tay is confirmed in Table I The pu-
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FIG. 5. Comparison between theory and experiment for the four main peaks in the x-ray absorption spectrumn. (a) L, eq;
(b) L3, tag; (c) La,ey; and (d) L, tag. The experimental curves are reproduced from Ref. 1.

rities of the four main peaks are of the order of 60% for
the L3 edge and 70% for the L, edge. It is restated that
the reason that they are not 100% pure are the multiplet
effects.

B. Shake-up versus charge transfer

It was suggested in Ref. 4 that the resonant Auger
spectra (of KF) can be separated into normal Auger,
shake-up Auger, and spectator Auger. With these three
channels the spectra were analyzed, optimising the ener-
gies and intensities of the multiplet states in (LS) cou-
pling to the experimental data.? In our analysis as given
in Fig. 1, we distinguish only normal Auger (via relax-
ation to the relaxed 2p® state) and resonant Auger, which
can also be called spectator Auger. The shake-up chan-
nels seem to have been omitted in our model. However
there is an analogy between the 3p*4d! shake-up states as
discussed in Ref. 4 and the 3p*3d2L states in our model.
As has been discussed above both the 3d° and 2p®3d!
states have very little admixture of the ligand-hole states.
Due to the presence of two 3p holes the two configurations
of the final state 3p*3d"! and 3d*3d%L are close in energy,
hence strongly mixed. Thus transitions are present from
the 2p°3d! state to the bonding and also to the anti-

bonding combinations, which gives rise to a satellite. We
wish to make an analogy of this satellite with the shake-
up peaks in atomic spectroscopy, by noting that shake-up
occurs because of “the contraction of the spectator orbital
in the course of the decay process.”*

A difference between charge transfer and the shake-up
channel is that the shake-up (as discussed in Ref. 4) is
intra-atomic while charge transfer is interatomic. How-
ever the charge-transfer multiplet calculations are in fact
performed for a single atom. The ligand-hole states are

TABLE L Relative energies (in eV), intensities (in Az),
and purities (in %) of the seven 2p°3d" states as calculated
with the crystal-feld multiplet model. An asterisk means
that the purity of the e, character given as 94% indicates an
expectation value for the crystal-field strength which is 94%
of the value reached by a pure e, state.

Energy

y Intensity Purity
~2.202 0.011 24%* ¢,
—1.558 0.067 61% e,
-1.313 0.003 92% tz,
—0.693 0.026 75% tag

0110 0.724 59% tag
2.077 0.152 5% eq
3.489 1.014 68% tag
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represented as delocalized d states and the configura-
tion 3d*3d* + 3d*3d*L is represented as 3d*3d'nd'® +
3d*3d?nd®. Note that this formulation really describes
intra-atomic mixing of 3d and nd. The only differ-
ence between an atom and a solid is that the crystal
structure of the solid implies a different mixing for £,
and e, symmetry. Another difference between charge-
transfer and the shake-up is that while shake-up de-
scribes 3dN +3d"—'4d", the charge-transfer model reads
3d" + 3dV+14d~1. Thus in both cases a 3d electron is
exchanged for a 4d electron, but the direction is oppo-
site. Despite this paradoxical observation, the analogy
between charge transfer and shake-up is that both de-

() |

Normalized Intensity

-60 -55 -50 -45 -40
Binding Energy (eV)

Normalized Intensity

L B S S I B R R S

-60 -55 -50 -45 -40
Binding Energy (eV)

FIG. 6. Top: Comparison for the ¢z, peaks of (a) Ls and
(b) L2 of the full charge-transfer multiplet calculations (thick
solid lines) with the crystal-field multiplet calculations (thin
solid lines) and atomic multiplet calculations (dashed lines).
Bottom: same comparison for the e, peaks.
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scribe an initial state as a mixing of @ + 3 and a final
state as o' + @', where due to ionization the contribu-
tions of & and B are modified drastically which causes a
satellite structure.

C. Resonant versus normal Auger

A last point to discuss is the ratio of resonant ver-
sus normal Auger. As discussed above resonant (both
spectator and shake-up) Auger has a constant binding
energy and varies in shape as has been shown. Normal
Auger has a constant kinetic energy and constant shape
as it originates from the relaxed 2p® state. One can then
decompose the experiment into resonant Auger and nor-

-mal Auger, for example by subtracting the normal Auger

spectra from the spectra taken at resonance.

A problem which occurs is the detailed mechanism of
the Coster-Kronig decay process. Within a crystal-field
multiplet analysis the dominating Coster-Kronig decay
channel (CK,) is 2p®3d*[a] — 2p°3d°[Blk, where k is a
continuum electron and in general [o] is a 2p;/; state
and [] a 2p3/ state. The energy difference between the
2py/2 and 2p;/; edge is only 3.5 eV which is less than the
theoretical, binding energy of the 3d electron.! In other
words there seems to be no energy gain in process CK,,
hence no Coster-Kronig decay. That is the energy of the
lowest 2p®3d°[G]k continuum start at an energy E, above

- the highest 2p®3d*[a] exciton (E, > 0).

Within the charge-transfer multiplet model one forms
a 2p®3d! state with some admixture of 2p°3d2L. A new
Coster-Kronig decay channel (CKj) becomes possible:
2p°3d2L{a] — 2p°3d'L[Blk. Following the analysis as
given by Zaanen and Sawatzky,'® one finds that the en-
ergy gain of this C K, channel is different. Within the
charge-transfer model its energy is Ep = E, — Ugq. Be-
cause Uyy = 4 €V and E, is small, it is very likely that
this second process can occur. In this situation that pro-
cess CK, is forbidden and process C K} allowed, the de-
gree of hybridization of the 2p°3d’ state determines the
importance of the Coster-Kronig decay. Another conse-
quence of the inclusion of charge transfer is that in the
Coster-Kronig final states the different configurations are
mixed which will give states of 2p°3d"k nature a lower en-
ergy, thereby opening the C K, channel. Both the chan-
nel CKj and the hybridization-induced channel CK,, im-
ply that increased hybridization gives increased Coster-
Kronig decay, hence a shorter life time.

The additional intensity in the energy range of the nor-
mal Auger [280-286 ¢V (Ref. 1)] in the comparison with
theory of the spectral shapes in Fig. 5 might indicate the
existence of normal Auger for the Ly edge. It is difficult
to quantify the importance of normal Auger. No clear
peaks of normal Auger are present and the situation is
made difficult due to the rising background visible in the
experiment (Fig. 5). Other uncertainties are the spec-
tral details of the present charge-transfer multiplet simu-
lations and the background present in the normal Auger
spectrum itself. Because of these uncertainties we did

not attempt to make a quantitative estimate for normal
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Auger. We prefer to state that normal Auger, if present,
is considerably less important than resonant Auger.

IV. CONCLUDING REMARKS

The 2p3p3p resonant Auger spectra of CaF, are cal-
culated using a charge-transfer multiplet model. The
experimental results are reproduced in detail, indicat-
ing that the Auger spectral shape variations are a direct
consequence of the symmetries of the intermediate states.
The spectra excited at the L3 edge show only resonant

F. M. F. de GROOT, R. RUUS, AND M. ELANGO Sl

Auger, with for the L, edge a potential contribution from
normal Auger.
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