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Elimination of the Inner-Shell Lifetime Broadening in X-Ray-Absorption Spectroscopy
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A novel method to measure x-ray-absorption spectra without the inner-shell lifetime broadening is
presented. It is based on a high-resolution spectrometer which can be used to analyze the fluorescence
photon energy with better resolution than the natural linewidth. The dramatic improvement in resolu-
tion and detailed structure for the x-ray-absorption near-edge structure (XANES) at the Dy L edge is
presented. This new technique reveals structure which is totally invisible using conventional XANES.

PACS numbers: 78.70.En, 32.30.Rj, 61.10.Lx

In x-ray-absorption spectroscopy the variations in ab-
sorption are measured by scanning the energy of the in-
cident photon beam while monitoring the transmitted
beam, the fluorescence radiation, or the nonradiative de-
cay. If the kinetic energy of the ejected photoelectron is
less than about 100 eV, the measured spectrum can give
information about the density of unoccupied states above
the Fermi level, which is sensitive to the bonding, oxida-
tion, and coordination of the system. With higher photo-
electron energies the backscattering from neighboring
atoms creates oscillatory structure and gives local struc-
tural information even in disordered systems [extended
x-ray-absorption fine structure (EXAFS) [1]].

As the number of synchrotron facilities and beam lines
has rapidly increased, EXAFS has remained one of the
most utilized tools at these facilities. However, the in-
creased flux from the dedicated storage rings has not pro-
vided improved energy resolution because the limit has
been the natural lifetime broadening of the core hole, not
the incident beam resolution. In the K-shell photoabsorp-
tion process, for example, the incident photon ejects the
K-shell electron to the unoccupied states, and since this
hole has a finite lifetime the hole is filled by an outer-shell
electron leading, in the case of the radiative decay, to
fluorescence radiation. The Heisenberg uncertainty prin-
ciple gives rise to an energy uncertainty inversely propor-
tional to the lifetime. For the K shell [2] the energy
width increases almost exponentially as a function of Z
varying from 1 eV (V, Z=23) up to 40 eV (W, Z=74)
and for the Ly shell from 3.7 eV (Nd, Z =60) up to 7.4
eV (U, Z=92). For these edges, therefore, an incident
beam resolution better than the nominal 1-eV limit has
not been crucial.

Attempts to overcome this limitation have been made
previously using coincidence techniques [3] in photoemis-
sion spectroscopy which probes the occupied levels, in x-
ray emission spectroscopy [4], and in x-ray-absorption
near-edge spectroscopy (XANES) by measuring the reso-
nant Raman scattering (RRS) differential cross section
[5]. In the present work we have performed a normal
fluorescence XANES measurement by scanning the in-
cident energy across an absorption edge but monitored
the fluorescence intensity using an analyzer with better
resolution than the natural lifetime width. We observe
dramatically enhanced resolution in the case of the
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dysprosium L edge when compared with a conventional
transmission XANES measurement from the same sam-
ple.

The experiment was carried out on the X25 hybrid
wiggler beam line at the National Synchrotron Light
Source, at the Brookhaven National Laboratory. The
beam-line optics consist of a Pt-coated double-focusing
mirror collecting about 1.5 mrad of the horizontal open-
ing angle and a two-crystal Si(220) monochromator. The
incident beam at the sample had a spot size of less than 1
mm?, a measured energy resolution of 0.7 eV at 6.5 keV,
and a monochromatic flux of about 10'' photons/s.

The spectrometer used to measure the fluorescence is
based on a spherically bent perfect Si(440) crystal and a
position-sensitive detector (PSD) sitting on the same
Rowland circle as the sample. The fluorescence radiation
was measured at 90° scattering angle in the vertical
plane. This experimental setup made it possible to de-
crease the size of the incident beam (source size for the
analyzer) and to improve the incident beam resolution
simultaneously by simply reducing the upstream beam
vertical apertures. The diameter of the Rowland cir-
cle was 900 mm and the full length of the PSD (100
mm) enabled measurements over the angle range of
6=83.3°-86.5° corresponding to energies from 6501 to
6469 eV without moving the detector. The spatial resolu-
tion of the gas-proportional-counter-based PSD was 200
um corresponding to 60 meV, and its energy resolution
was adequate to discriminate the harmonic contamination
in the incident beam [6]. The use of the PSD was not
crucial to the experiment, but it proved to be very useful
for calibration and adjustment of the instrument. The
measured resolution of the analyzer was 0.3 eV at 6.5
keV.

Using this arrangement, the Ly edge of dysprosium
(Z =66) was studied. Three different samples were used:
dysprosium metal (100-um foil), nitrate, and oxide (thin
powder samples between two Kapton windows). The en-
ergy of the fluorescence radiation was analyzed by rotat-
ing the analyzer crystal which focuses a 0.3-eV band-
width of the radiation to the PSD. Figure 1 shows the
measured Dy La, fluorescence line (EMV—EL",=6495
eV) from Dy(NO;)3 when the incident energy was 50 eV
above the L absorption edge (E,=7790 eV). The
cutoff on the high-energy side is due to the spectrometer
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FIG. 1. Measured dysprosium La; (LjuMvy) fluorescence

line shape (solid line). The dashed line corresponds to the in-
strumental resolution (0.3 €V) of the analyzer. Time per data
point is 1 min.

vacuum chamber wall which limited the highest detect-
able photon energy (lowest Bragg angle). Theoretical
values for the atomic energy shell widths are 4.2 eV
(') and 1.4 eV (I'm,) [2]. These values, taken togeth-
er with the analyzer resolution, would predict a slightly
narrower linewidth than the one measured. However, the
energy levels in solids are expected to be broader than in
the atomic case due to numerous nonlifetime effects [2].

In order to demonstrate the enhanced resolution, iden-
tical incident energy scans from the same Dy(NO3);
sample using conventional EXAFS techniques and high-
resolution fluorescence analysis were performed. In the
former case the total absorption was monitored with an
ionization chamber after the sample, and in the latter
case only the narrow bandwidth of the total fluorescence
radiation indicated by the dashed line in Fig. 1 was moni-
tored. Figure 2 shows the measured partial fluorescence
intensity (solid line) and the absorption coefficient based
on the transmission measurement (dashed line) normal-
ized to the same values well below and above the absorp-
tion edge. The high-resolution XANES reveals a well
separated true absorption edge followed by the white line
corresponding to strong dipole-allowed transitions to
empty 5d states. In the conventional XANES the edge is
smeared out. Even though the white line structure is re-
duced in width, it is not correspondingly higher than in
the transmission case. This is because the fluorescence
measurement is not corrected for sample absorption (sat-
uration effect). The first edge, clearly separated from the
white line, corresponds to the real absorption edge origi-
nating from the quadrupole-allowed transition from 2p to
the partially filled 4f states. This feature is almost com-
pletely obscured by the lifetime broadening in the trans-
mission spectrum.

This enhanced resolution is easily understood. When
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FIG. 2. XANES spectrum of Dy Ly edge in dysprosium ni-
trate measured using the high-resolution technique and the con-
ventional transmission XANES technique. Both measurements
were accomplished using the same sample and with the same in-
cident photon energy resolution.
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FIG. 3. Measured XANES spectrum of Dy(NO;3); just

above the Dy Ly edge which corresponds to quadrupole transi-
tions of 2p electrons to the unoccupied 4f states.

2851



VOLUME 67, NUMBER 20

PHYSICAL REVIEW LETTERS

11 NOVEMBER 1991

the energy of the incident photon is tuned across an absorption edge, a resonant increase in the intensity of the scattered
radiation is observed [7]. This behavior can be explained by a second-order scattering process arising from the p- A
term of the interaction Hamiltonian. Both this resonant Raman scattering and fluorescence radiation can be described
by a single formula [8]. The intermediate state in this process involves an inner-shell hole with a finite lifetime giving
rise to a Lorentzian broadening of the emission line. This uncertainty in the inner-shell energy makes it possible to
detect “fluorescence radiation” with incident photon energies below the absorption edge. According to a semiclassical
interpretation [9] this RRS can simply be described as a fluorescence process following creation of a hole in the tail of

the lifetime-broadened energy shell.

The differential cross section for the LM fluorescence due to dipole transition, for example, can be written as
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where Aw; and hw, are the incident and scattered pho-
ton energies (polarization vectors €, and e,, respectively),
E; and Ey the L- and M-shell binding energies, p the
electron momentum operator, dN/de the final density of
states of the photoelectron ejected to the solid angle of
d Q. with kinetic energy of ¢, and I';, and I'y, the total
lifetime widths for the L- and M-shell holes.

According to Eq. (1) the RRS spectrum has a
Lorentzian shape with a high-energy cutoff at hw,
=hw,+ Ey resulting from the energy conservation re-
quirement and is smeared by the final M-shell lifetime
width I'y. When the incident photon energy is well
above the absorption edge, the resulting fluorescence has '

Ey —E +how —ho;

a Lorentzian line shape with FWHM of I'; +T'y,. How-
ever, close to the edge the cutoff leads to an emission line
that has a narrower linewidth than the lifetime limited
fluorescence radiation [10] and far below the edge the
emission line is a broad truncated Lorentzian. Further-
more, oscillations of the photoelectron transition matrix
element and the unoccupied density of states have recent-
ly been observed in a high-resolution RRS spectrum [5].

When the incident energy is tuned across the L-
absorption edge and the fluorescence signal is monitored
with an energy bandwidth of B(w>), the measured inten-
sity is proportional to the cross section
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where we have adopted the standard definitions for the |

L-shell radiative width I'; g and for the total L-shell pho-
toabsorption cross section o, [proportional to the first
and the second matrix elements in Eq. (1), respectively].

When the fluorescence radiation is measured with a
solid-state detector, the accepted bandwidth B(w,) due to
the instrumental resolution is clearly much wider than the
natural energy width of the L-shell hole. However, if the
fluorescence photon energy can be measured with resolu-
tion better than I';, the Lorentzian lifetime broadening is
suppressed by B(w;) and sharper features in XANES
spectra can be seen when the incident energy is scanned
in the vicinity of an absorption edge. The spectral struc-
ture of oy is still smeared by the M-shell lifetime width
which, in general, is much sharper (longer lifetime) than
the L-shell hole.

Not only does this technique sharpen the conventional
XANES, but Fig. 2 shows structure between the absorp-
tion edge and the white line which is not visible in the
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transmission spectrum. Therefore a more careful study in
this energy region was carried out and is shown in Fig. 3.
This figure reveals clear structure which is not observable
using conventional x-ray-absorption spectroscopy. Note
that the incident flux and the efficiency of the spectrome-
ter are high enough to probe even the weak quadrupole
transition and data of good statistical accuracy can be
achieved in reasonable times (in Fig. 3 each point corre-
sponds to 6.5-min total measurement time).

To further demonstrate the broad applicability of this
method some high-resolution studies of different dysprosi-
um compounds were performed. Figure 4 shows the mea-
sured XANES spectra from Dy metal, oxide, and nitrate.
In all cases the position of the real absorption edge corre-
sponding to the 4f density of states seems to be indepen-
dent of the chemical environment, while the white line
structure due to the unoccupied 5d levels is much more
sensitive to the chemical changes. Both the position and
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FIG. 4. Comparison of high-resolution spectra for dysprosi-
um metal (solid), Dy,O3 (dashed), and Dy(NO3); (dotted).

the half-width of the white line are clearly changed in
these cases. More careful studies on the fine structure of
the 4f density of states were also carried out which
showed that at least the first, and partly the second, peak
observed in the nitrate spectrum (see Fig. 3) exists in the
case of the metal and of the oxide. Unfortunately, in the
case of the oxide, and especially in the metal, the white
line starts to overlap the 4f density-of-states structure.
These measurements demonstrate that with high-
resolution energy analysis of the fluorescence radiation
the lifetime broadening in x-ray-absorption spectroscopy
can be overcome. The present resolution opens new possi-
bilities for XANES studies and can be applied to EXAFS
measurements as well. EXAFS studies can give informa-
tion on the local atomic environment, but its range is lim-
ited to a few interatomic distances due to the natural
backscattering amplitude damping and Debye-Waller

damping. However, in some cases the exponential damp-
ing originating from the Lorentzian line shape of the core
hole is the major limitation for the EXAFS range and in
these cases the high-resolution fluorescence spectroscopy
could be particularly useful. Furthermore, if the emission
line has some satellite structure related to the numerous
solid-state effects concerning the final-state hole, the
high-resolution probe can be used to perform interesting
absorption studies which are sensitive to this final-state
structure.

There is no doubt about the superiority of the new

‘high-resolution technique, but there are still some limita-

tions to overcome before it becomes a routinely utilized
spectroscopic tool. It is important to appreciate that high
resolution demands extremely high incident flux to get
reasonable count rates. Our signal rate, 500 counts/s
from the Dy sample at the fluorescence peak, was
achieved with a state-of-the-art focusing wiggler beam
line. The next generation synchrotron sources with even
higher fluxes and brightnesses should make this technique
routine.
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