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Atomic nature of the Ltt ttt white lines in Ca, Sc, and Ti metals
as revealed by resonant photoemission
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The valence-band photoemission of Ca, Sc, and Ti is shown to be resonantly enhanced for excitation en-

ergies in the Li& &&&
white lines. This favors an atomic approach to the line shape and intensity ratio of the

white lines over the band-structure approach, which was recently found to be at variance with experiments.

The structure observed above x-ray absorption edges is
attributed to two different origins. The near-edge structure
within the immediate vicinity of the edge is interpreted in

terms of the density of empty valence states available for
the excited electron, while the extended absorption fine
structure arises from the interference of the
photoelectron's wave function with its part backscattered at
the neighboring atoms, which modulates the matrix element
for the electronic transition. The near-edge structure be-
comes particularly interesting for Lii iii edges in transition
metals, where optical absorption probes the empty d-valence
states. In these cases prominent resonances, referred to as
"white lines, " are observed. Recently it has become feasi-
ble to calculate absorption spectra from the threshold up to
—150 eV above the edge using a band-structure-based

single-particle calculation. ' For a large variety of systems,
these calculations match experimental results strikingly well;
small though persistent discrepancies between the placement
of structures are attributed to the presence of the core
hole." Yet, there are also outstanding examples for com-
plete failure of a band-structure-based explanation, namely,
the Lii t'ai edges of 3d transition metals. ' In these cases, the
line shapes and intensity ratios of the white lines bear no
obvious relation to calculated densities of d-band states.
On the other hand, resonances in the vicinity of 3p absorp-
tion edges of the 3d metals which occur in the soft-x-ray re-
gion have been explained on the basis of quasiatomic
discrete transitions into 3p'3d +' multiplet states. The
discrete nature of the excited state interfers with the
3d el continuum via a Super-Conig-Kronig decay
3p'3d" +' 3p63d" 'el (direct recombination) leading to a
Fano-type' line shape in the absorption curve and to prom-
inent resonances in the 3d-photoemission cross section. '

In view of the two alternative interpretations of x-ray ab-

sorption resonances we have applied the technique of reso-
nance photoemission measurements to the Lii iii white lines
of calcium, scandium, and titanium. By this means we have
been able to provide support for the atomic interpretation
for the investigated cases. General implications will also be
discussed.

Experiments were carried out at the Hamburger Synchro-
tronstrahlungslabor (HASYLAB) using the grazing in-

cidence monochromator FLIPPER. Samples were prepared
by evaporation from tungsten baskets in the spectrometer
chamber at a base pressure of 1 x10 ' Torr. The quality of
the samples was checked by Auger and photoemission spec-
troscopy at low photon energies. For Ca, we detected Na as
impurity, Sc and Ti samples were slightly contaminated by
Cl, and the coverage was estimated to a few percent of a

TABLE I. Energy positions of the Lt&&&& white lines in eV.

This work Reference data

Ca
Sc
Tl

348.2
401.7
456.8

351.6
405.9
462.0

349.27

458
457.7

352.54"

464o

463 Oc

' Optical absorption of Ca vapor, Ref. 13.
Energy loss of Ti metal, Ref. 4.' Optical absorption of Ti metal, Ref. 12,

monolayer. The photoelectric yield of the samples was mea-
sured in "constant final state (CFS)" spectroscopy, '0 the fi-

nal state being —5-eV photoelectron kinetic energy. Under
these conditions CFS spectra reflect the absorption cross
section. ' The 3d-photoemission intensity was obtained by
"constant initial state (CIS)" spectroscopy, '0 the initial en-

ergy being set to the valence band. No corrections are ap-
plied to the measured spectra. The primary intensity of the
monochromator cannot be determined accurately in this en-

ergy range. It is expected, however, to vary smoothly with

photon energy. Because the relative energy variation of
our measurements covering the Liiiii white lines is very
small, the raw data yield photoemission intensity variations
reasonably well without corrections. "

The Lii iii-absorption edges of the 3d metals have very
rarely been studied and, because of severe experimental dif-
ficulties for both optical and electron-energy-loss measure-
ments, the detailed line shapes could not be resolved until

recently (see Refs. 4 and 12 and references therein). The
improved FLIPPER monochromator at HASYLAB provides
reasonably high photon flux at sufficient resolution to allow

optical studies of the white lines up to Ti including even the
investigation of energy-resolved photoemission. Yield spec-
tra of the white lines of Ca, Sc, and Ti are displayed in Fig.
1; the energy positions of the maxima are given in Table I.
The result for Ti is directly comparable with the energy-loss
measurement of Leapman and Grunes4 and the quantum-
yield measurement of Sivkov and Vinogradov. " The energy
scale of the present experiment exhibits a displacement of
—1 eV. This is in the order of uncertainty for the energy

calibration of our monochromator at high photon energies.
For Ca and Sc the white lines fall within a region of higher
accuracy of energy calibration. Here, the onsets of 2p ab-
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sorption coincide with the 2p binding energies in x-ray pho-
toemission" (see Fig. l). Shifting the Ti yield spectra cor-
responding to the energy reported in the literature " leads
to the same result.

We make no attempt to deconvolute the Liii and Lii white
line because this requires ambiguous assumptions concern-
ing the shape of the 2p continuum excitation. It is, howev-
er, obvious already from the yield spectra of Fig. 1 that,
equivalent to the finding of Leapman and Grunes, 4 the in-

tensity ratio between the Liii and Lii line is far from the 2:1
statistical ratio of the two spin-orbit split 2p core-hole states.
According to a band-structure calculation, deviations of the
white-line intensity ratio from the 2:1 statistical ratio are ba-
sically negligible. On the other hand, in an atomic interpre-
tation of the white lines at 2p 3d +' multiplet states, the
2:1 statistical ratio is only expected in the limit in which the
core-hole spin-orbit interaction is much larger than the elec-
trostatic direct and exchange interactions between the hole
and the 3d electrons. " In the case of calcium, the calcula-
tion of absorption intensities is easy because the optical
selection rules allow transitions only into 'P final states out
of the tS ground state (1.$ coupling adopted). Mansfield
fitted a term-dependent Hartree-Fock calculation in the in-
termediate coupling scheme to his 2p absorption measure-
ment of Ca vapor. " The result is in excellent agreement
also with the present 2p yield of metallic Ca (Fig. 2, upper
part).

FIG, 1. Photoelectric yield of Ca, Sc, and Ti at the Lii iii absorp-
tion edges. 4E denotes the energy resolution of the monochroma-
tor; the arrows mark the 2p binding energies from x-ray photoemis-
sion spectra (Ref. 14).
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FIG. 2. Upper part: Yield spectrum of the Lii &&&
edge of Ca met-

al compared to calculated intensities of the optical transition
2p63d t

Sit 2p53d' (Ref. 13). The energy of the calculated transi-

tions is shifted according to the yield spectrum; the energy splitting
is retained. Lower part: CIS spectrum of the valence band with ini-

tial energy setting and total energy resolution as shown in the insert
relative to an energy distribution curve at hew =50 eV. Vertical bars
of yield and CIS spectrum give the noise of the curves obtained
with a recorder, horizontal bars give the monochromator's energy
resolution.

Coupling between the core hole and the excited electron
can finally be proven by the detection of a direct recombina-
tion between them resulting in a resonance of outer-shell
photoemission. In fact, we observe such a resonance for
the valence-band emission separated from an LVV Auger
transition ( V for valence band) which bears no evidence for
an electron-hole coupling (Fig. 2, lower part). To obtain a

sufficient intensity for a CIS spectrum of the valence band,
only a moderate resolution could be reached. In the insert
of Fig. 2 the combined energy resolution hE of monochro-
mator and electron analyzer is indicated relative to an ener-

gy distribution measurement of the valence-band photo-
emission at 50-eV photon energy. For measurements
within the white-lines region we sample the photoemission
up to 2 eV below the Fermi 1evel. Since the measured
widths of the resonances are more than twice as large, they
cannot exclusively be explained by an L VV Auger transition
which may only influence the low-energy part of the mea-
sured resonance profile. This result is corroborated by ener-

gy distribution curves obtained at excitation energies within
the region of the white lines.

Equivalent results are found for Sc and Ti. The intensity
ratio between the maxima of the valence-band resonances
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shows increasing deviations from the white-lines intensity
ratio, which we explain by the L I~L~~~ V Auger transition con-
curring with the direct recombination decay of a Lt~ hole.
This Auger process becomes increasingly important with in-

creasing d-band filling as is showcased by the larger width
of the L~~ white lines. Our result for Ti is shown in Fig. 3.

Our results demonstrate that atomiclike resonances due to
intershell interactions are not confined to the thresholds of
the outermost p-symmetric core levels. This raises the
question of how a prediction can be achieved whether an
atomic approach is in favor of a band-structure approach to
interpret x-ray absorption edges. The answer is usually

given in terms of the spatial overlap between core- and
valence-electron wave functions. ' Here let us translate this
into a discussion of Auger processes determining the life-
time of the excited state. Consider an excitation of a core
2p electron (A) into empty valence d states ( V). For these
excitations, a band-structure approach should be considered
only if the lifetime of the excited electron is sufficiently
large to probe the environment of the excited site in the
solid. However, if the excited state decays by a fast Auger
decay involving the valence d states (ABV decay) the final
state will be indistinguishable from that of a direct photo-
emission of a B electron. In fact, this Auger process may
be called direct recombination of an A t resonance exci-
tation, and its matrix element governs the strength of the
intershell interaction between the shells 3 and B."

For the cases of interest, calculations of Auger lifetimes
of resonantly excited configurations are not available in gen-
eral. " Auger transition rates of core holes may only serve
as a rough estimate. For Ti it has been calculated that
valence d electrons participate with 20% in Auger decays of
an LI~~ hole. '9 But the participation of valence d electrons
increases strongly with increasing d band filling' so that the
result for a 2p 3d resonance excitation may be significant-

ly different. Yet, we readily recognize a trend in the
strength of intershell interactions for deeper-and-
deeper-lying core thresholds. An Auger decay involving
the valence d states has to compete with more and more
other Auger channels which makes intershell interactions
less likely. Accordingly, Materlik, Muller, and Wilkins have
recently been able to explain the L~~ ~~~ white lines of rare-
earth metals within a band-structure approach. In this con-
text, the earlier observation of 4'ei and Lytle of a Pano-type
asymmetry present in the Ltt ttt white lines of Ta (Ref. 20)
remains an unresolved problem. Note, however, that in-
terference effects may also arise for two-hole final states as
showcased by the satellite resonances at the 3p edges of Ni,
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Cu, and Zn. It may thus be speculated that the Auger de-

cay of the Ta L&~»& white lines could interfere with double
vacancy productions of the outer-shell absorption. This
problem clearly deserves further investigation.

In conclusion, we have demonstrated that the L~~ ~~~ white
lines of Ca, Sc, and Ti must be interpreted as quasiatomic
excitations of 2p'3d" +' multiplet states. For Ca, the ab-
sorption agrees well with a term-dependent Hartree-Pock
calculation in intermediate coupling by Mansfield, ' and fur-
ther detailed theoretical investigation is under progress. '

The presence of intershell interactions is observed in all in-

vestigated cases. The general need for calculated Auger
lifetimes of excited configurations in transition metals has
been pointed out in order to achieve a prediction of whether
x-ray absorption edges of p-symmetric core levels should be
interpreted in an atomic or band-structure approach.
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FIG. 3. Yield spectrum and CIS spectrum of the valence band of
Ti in the region of the L&& tt& edges. AE denotes the energy resolu-

tion of the monochromator.
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