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Resonant Behavior in Soft X-Ray Fluorescence Excited by Monochromatized Synchrotron Radiation
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Soft x-ray emission spectra of TiN, excited by monochromatized synchrotron radiation, have been
recorded in a grazing-incidence spectrometer. The tunability of the excitation energy has allowed the
pure N K and Ti L«& emission spectra to be isolated for the first time. A new type of resonance is ob-
served in the Ti L emission spectrum, and interpreted as due to the decay of a quasiatomic intermediate
state. The results call for a reinterpretation of Ti L spectra and a revision of the interpretation of 3d-
metal L-emission spectra in general.

PACS numbers: 78.70.En

Up to the present date, soft x-ray emission spectrosco-
py has been pursued with less selective means of excita-
tion. For intensity reasons and simplicity, most experi-
ments have been performed with electron excitation, ' '
sometimes allowing selectivity in terms of an upper ener-

gy limit. 4 6 For photon excitation, either broad-band
synchrotron radiation, 7 bremsstrahlung, 9 or discrete x-
ray sources'0" have been used. However, nonselectivity
in the excitation often leads to problems in the interpre-
tation of x-ray spectra, due to satellites and overlapping
transition involving irrelevant core holes.

In the x-ray region, one has already demonstrated the
usefulness of monochromatized synchrotron radiation for
excitation of fluorescence in gas-phase samples. ' As is
shown in the present work, recent progress in grazing-
incidence instrumentation" and synchrotron radiation
technique'4 has allowed narrow-band-pass photon-
excited fluorescence spectroscopy also in the subkiloelec-
tronvolt region. In the first series of experiments this
achievement has been used to investigate the electronic
structure of TiN. ' The tunability of the excitation en-

ergy has been used to isolate the N K emission spectrum
from overlapping Ti intensity, as well as to separate the
Ti L11 and L111 emission spectra. The results clearly
show that the former interpretation, based on nonselec-
tively excited spectra, must be revised. A spectral
feature which has previously been assigned to L11 emis-
sion is shown to be an L111 satellite. The satellite intensi-

ty shows a resonant excitation-energy dependence, which
is discussed in terms of quasiatomic excitations.

The emission was excited by photons from the Flipper
I monochromator (band pass: 3 eV) at the multipole
wiggler beam line at HASYLAB in Hamburg, ' and an-
alyzed with a recently constructed portable grazing-
incidence spectrometer. ' In the present experiment the
instrument uses a spherical grating with 5-m radius and
1200 grooves/mm, mounted at 88.1' angle of incidence.
The entrance-slit width was chosen to yield 2-eV resolu-
tion for the Ti L recordings and 0.4-eV resolution for the
N K recordings. The detector is based on CsI-coated
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FIG. 1. The (a) N it. and (b) Ti L emission spectra of TiN,
excited with 410- and 458-eV photons, respectively. They are
aligned to the Fermi energy by means of XPS core-electron
binding energies. (c) The difference between the 480- and
458-eV-excited Ti L emission spectra normalized with respect
to the low-energy region. The spectrum is aligned with the
2pl/2 binding energy, determined from the 2p3/2 XPS value and
6.1-eV spin-orbit splitting (Refs. 17 and 18) and it clearly de-
viates from the expected Lll emission profile.

multichannel plates and resistive anode readout tech-
nique. The self-absorption losses in the Ti spectra are
estimated to be less than 20%. '

In Fig. 1(a) we show the 410-eV-excited N K emis-
sion spectrum, ' aligned to the Fermi level by means of
the x-ray photoemission spectroscopy (XPS) binding en-

ergy, 397.2 eV. No spectral changes are discernible as
the excitation energy is lowered to 400 eV, indicating
that the spectrum is free from satellites originating from
multiple excitations. The spectrum consists of a main
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band with a FWHM of 2.8 eV situated 5. 1 eV below eF.
There is a low-energy shoulder, and a high-energy band
close to the Fermi level.

The Ti L emission spectrum, excited with photons of
energy below the Lt~ threshold, is shown in Fig. 1(b). It
is free from Ltt emission and aligned to the Fermi level

by employment of the 2py2 ionization potential, 455.2
eV. ' The same two features are seen in the Ti L spec-
trum as in the N K spectrum. ' However, in this case the
peak at the Fermi level is much more pronounced.

The Ti L and N K emission spectra mainly extract the
Ti 3d and N 2p valence electron states, respectively. It
is seen that the feature at 5 eV is largely of N 2p charac-
ter, although it has also a considerable Ti 3d contribu-
tion. The structure close to the Fermi level, however, is
almost entirely of Ti 3d character. This view is well sup-
ported by band-structure calculations, which give a set
of three totally filled strongly p-d hybridized bands
below a narrow Ti 3d band populated by one electron.

In the Ti L emission spectra, excited well above the Lt~
threshold, a third peak is discerned at higher x-ray ener-
gies (see Fig. 2). The spectra excited at 473 and 480 eV
are similar and do not differ significantly from high-
energy-excited spectra which have been interpreted as
due to overlapping intensity from the 2pyp and 2p|~2 ini-
tial states. Our results are not compatible with this
interpretation. Subtraction of the pure Lt~t emission
from spectra excited well above threshold does not yield
the expected L~~ emission profile [Fig. 1(c)], which
should be similar to the pure Lttt spectrum. The ab-
sence of the L t~ spectrum can be explained by a fast
Coster-Kronig decay channel depopulating the Ltt state.
From a comparison with Ti metal it is seen that this
mechanism indeed should be important. To facilitate
an alternative interpretation of the observed structure we
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FIG. 2. Ti I emission spectra of TiN, excited at various
photon energies, showing the resonant behavior of the 460.5-eV
feature. No corrections for self-absorption have been made.

first turn our attention to the resonant behavior of the Ti
L emission.

Ti L emission spectra excited with photons in the
458-480-eV energy range are shown in Fig. 2. The two
main bands are situated at 449.9 and 454.4 eV, and as
the energy is raised above 458 eV a third peak appears at
460.5 eV and assumes maximum intensity near 465-eV
excitation energy. As the energy is further increased the
intensity of this peak decreases, but some intensity
remains and the spectra excited at 473 and 480 eV do
not differ significantly from each other.

It has previously been shown that one-particle theories
fail to describe the L absorption spectra of the light 3d
metals. 27 3 The L~t/Lt~~ ratio is much larger than sta-
tistically expected, the absorption profile does not map
the density of states above the Fermi level but is
enhanced away from threshold, and the apparent spin-
orbit splitting does not agree with the XPS value. These
effects have been accounted for by the inclusion also of
atomic effects, the 2p-3d exchange interaction being the
most important. Similar observations have been made
in the electron energy-loss spectrum of TiN. '

This leads us to a tentative interpretation of the emis-
sion resonance in terms of quasiatomic excitations. The
resonant feature reaches maximum intensity when the
excitation energy is tuned to the correlation-enhanced
absorption maximum associated with the L~~ level. The
resonant emission energy is, however, about 5 eV less
than the excitation energy. To account for these obser-
vations we propose that a 2pg2 3d-like intermediate state
(the notation indicates an atomiclike coupling between
the 2p hole and the 3d electron) is excited and quickly
depopulated via Coster-Kronig processes. The resulting
quasiatomic 2pg2 3d state subsequently decays, giving
rise to the resonant x-ray emission satellite. The appear-
ance of this satellite on the high-energy side is related to
the localization of the 3d electron (energy-gain satellite).

With above-resonance excitation energies, the 2p 3d
states can be populated by shakeup processes which
cause the observed retention of the atomiclike charac-
teristics of the spectrum.

The suggested qualitative interpretation reproduces
the experimental results. Identification of the precise na-
ture of the quasiatomic levels involved, regarding multi-
plets, transition probabilities, and energies, is beyond the
scope of this investigation. Our results call for the rein-
terpretation of Ti L spectra of titanium compounds in

general, where similar structures are observed in non-
selectively excited spectra. Very likely these structures
originate from similar physical processes, which we ex-
pect to be of importance also for other 3d transition met-
als.

In the present context it is also interesting to note that
anomalous LVV Auger energies have been reported for
the light 3d transition metals. The Auger spectra
have been found to yield two-hole spectra which are
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shifted to higher kinetic energies compared to the self-

convolution of the valence electron density of states.
This has been interpreted as due to an attractive interac-
tion between the two final d holes (so-called negative
U), 32 or by a core-hole enhancement of the emission
spectrum near the Fermi leve. In the light of the ob-
served x-ray satellites, indicating core holes with addi-
tional excitations, we propose as an alternative explana-
tion for the anomalous Auger spectra that the shifts to
higher energies are due to the overlapping decay of more
atomiclike excited core-hole states.

In conclusion, we have presented the soft x-ray emis-
sion spectra of TiN excited with monochromatized syn-

chrotron radiation, and demonstrated some of the advan-

tages of this technique. The Ti L emission spectra show
resonant behavior as the excitation energy is varied
above the L11 threshold. We explain this behavior in

terms of atomiclike excitations, though a detailed
description calls for a more thorough theoretical investi-

gation. The N K and Ti L111 emission spectra, free from
satellites and overlapping intensity, agree well with cal-
culated partial density-of-states predictions.
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