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Lifetime-broadening-suppressedÕfree XANES spectroscopy by high-resolution
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The resonant inelastic x-ray scattering~RIXS! spectrum is uniquely related to the x-ray absorption oscillator
strength distribution by the Kramers-Heisenberg equation via lifetime widths of the states involved. In this
work it is shown that x-ray absorption near-edge structure~XANES!, where the lifetime broadening of 1s core
holes is suppressed and that of the 2p hole determines the resolution, can be analytically deduced from RIXS
spectra. Furthermore, it is demonstrated that numerical procedures can provide lifetime-broadening-free ~LBF!
XANES, where the remaining 2p broadening is also eliminated. As examples, lifetime-broadening-suppressed
~LBS! XANES and LBF-XANES of CuO and CuCl2•2H2O are derived from RIXS spectra measured by the
use of a third-generation synchrotron source SPring-8 and are compared with XANES obtained by other
methods to discuss the significance of LBS and LBF XANES spectroscopy.

DOI: 10.1103/PhysRevB.68.045122 PACS number~s!: 78.70.En, 61.10.Ht, 32.30.Rj
n
ur
o
th
rg
r

o-
ed

gy
t
a

te
d

st

e

th
y
o
ec
n

ion
een

ral
per
ch
e-
trum
t
ed
-
ni-

it is
m
s.
d
1

ree
tra
ab-
the

n

I. INTRODUCTION

X-ray absorption near-edge structure~XANES! provides
one of the most useful tools for studying the density of u
occupied electron states and the symmetry of local struct
around selected atomic species. XANES features are, h
ever, often smeared out because of the natural width
originates from the finite lifetimes of core holes. The ene
width increases as the atomic number~Z! increases, and fo
the K shell it ranges from 1 eV (V, Z522) up to 40 eV
(W, Z574).1

In order to overcome this limitation, high-resolution flu
rescent excitation~HRFE! spectroscopy has been propos
to obtain lifetime-broadening-suppressed~LBS! XANES
spectra,2 where highly monochromatic incident x-ray ener
is scanned across an absorption edge while monitoring
characteristic fluorescent x rays with better resolution th
the natural lifetime width. However, later it was sugges
that, rigorously speaking, HRFE spectra cannot be viewe
genuine LBS-XANES.3–5 In addition, this technique is lim-
ited to atomic species where suitable high-resolution cry
analyzers are available for the characteristic lines.2,4

An alternative method of obtaining LBS-XANES by th
use of resonant inelastic x-ray scattering~RIXS! has been
theoretically suggested by Tulkki and Åberg6 even before the
proposition of the HRFE spectroscopy. They have stated
‘‘the shape of the spectrum of the scattered photons ma
used to disentangle bound-state excitations from continu
absorption more effectively than in ordinary absorption sp
troscopy.’’ However, although two attempts using conve
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tional CuKa x-ray sources can be found in literatures,7,8 to
the best of our knowledge, substantiation of their predict
by the use of modern synchrotron radiation has never b
provided.

In previous reports we have studied RIXS spect
changes with excitation energies on several cop
compounds.9–12 It was observed that RIXS spectra approa
the mirror image of XANES as the excitation energy d
creases from the absorption edge and that the RIXS spec
at the excitation energy>10 eV below the edge is almos
equivalent to 1s core-hole lifetime-broadening-suppress
XANES.12 However, the>10 eV off-resonant condition re
duces the scattering intensity by almost 3 orders of mag
tude than that attainable at resonant conditions. Hence
much more preferable if LBS-XANES can be deduced fro
RIXS spectra obtained under close-to-resonant condition

In this work detailed RIXS spectra of CuO an
CuCl2•2H2O are presented, procedures to extracts
lifetime-broadening-suppressed and 1s as well as 2p
lifetime-broadening-suppressed or lifetime-broadening-f
~LBF! XANES from RIXS spectra are described, spec
thus obtained are compared with those by conventional
sorption and HRFE spectroscopy, and advantages of
present methods are discussed.

II. THEORETICAL

The differential cross section of the 1s2p RIXS process
illustrated in Fig. 1~a! can be deduced from the well-know
Kramers-Heisenberg equation as follows:6
ds~v1!

dv2
52pr 0

2E ~v2 /v1!~V1s2V2p!~V1s1v!g2p,1s~dg1s /dv!~G2p/2p\!

@~V1s1v2v1!21G1s
2 /4\2#@~V2p1v21v2v1!21G2p

2 /4\2#
dv. ~1!
©2003 The American Physical Society22-1
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Here\v1 and\v2 are incident and scattered photon e
ergies,\v refers to the kinetic energies of the excited ele
tron or binding energy of the bound electron in the interm
diate state, andG1s andG2p are the widths of the 1s and 2p
levels, the energies of which are represented by\V1s and
\V2p . The oscillator strength of the 1s2p radiative transi-
tion is given by g2p,1s , and dg1s /dv is the oscillator
strength distribution forK absorption, which is in general
superposition of discrete and continuous features.

The integrand of Eq.~1! is essentially the product of thre
functions havingv as a common variable: two Lorentzian
f 1 centered atv5v12V1s with full width at half maximum
~FWHM! G1s /\ and f 2 centered atv5v12v22V2p with
FWHM G2p /\ and dg1s /dv. Let us assume thatG1s is
much larger thanG2p and thatdg1s /dv is characterized by a
narrow discrete band corresponding to vacant 3d and a sharp
white line near the absorption threshold followed by a co
tinuum, which are reasonable approximations for the cop
compounds studied here. The three functions along thv
axis can then be depicted schematically in Fig. 1~b! for arbi-
trarily chosenv1 and v2. The scattering intensity is dete
mined by the overlap of these three functions.

In RIXS measurements,v1 is fixed and the scattering
intensity is monitored as a function ofv2, which is equiva-
lent to sliding very sharpf 2 along thev axis while keeping
f 1 and dg1s /dv fixed in Fig. 1~b!. Since the scattering in
tensity is governed by the overlap of these three function
will be obvious that the bandwidth of the RIXS spectra
dominated only byG2p and not byG1s , because in the over
lapping regionf 1 forms just a gradually decreasing bac
ground. Hence the RIXS spectrum is essentiallydg1s /dv
convoluted withf 2 and accordingly the latter can be calc
lated from the former, as long as the small distortion byf 1
can be adequately taken into account. Further, if the in

FIG. 1. ~a! A diagram of the 1s2p resonant inelastic x-ray sca
tering ~RIXS! process and~b! schematic presentation of lifetime
broadening-suppressed measurements by 1s2p RIXS. See text.
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ence off 2 can appropriately be estimated, it even is possi
to deduce adg1s /dv that is free from lifetime broadening
due to bothG2p andG1s .

Incidentally, experimental conditions employed in the p
vious LBS studies can be understood by Fig. 1~b! in the
following manner. In the case of the>10 eV off-resonant
condition,12 v12V1s is much larger thanG1s/2\, and ac-
cordingly f 1 levels off atv.0 and can be considered to b
a small constant. Under such a condition the RIXS spectr
itself is a convolution ofdg1s /dv with f 2,12 and hence LBS
is achieved although the scattering intensity is low beca
of the small f 1 value. On the other hand, the HRF
spectroscopy2,4 can be viewed as RIXS wherev2 is chosen
to beV1s2V2p , making the center off 1 and f 2 coincide to
move both simultaneously. Thus the band width of HR
spectra depends on bothG1s andG2p , although LBS is also
achieved since the product off 1 and f 2 is close tof 2.

III. EXPERIMENT

The experiments were carried out at the BL47XU bea
line at SPring-8. In this hard x-ray undulator beamline e
ployed is a two-crystal dispersive Si~111! monochromator
cooled with liquid nitrogen. The flux is believed to be abo
1014 photons/sec, and the spectral width measured was a
0.9 eV at 8 keV.

The experimental setup is schematically shown in Fig
The incident x rays were horizontally focused by a cylind
cally bent mirror and irradiated onto the sample through
slit of 0.6 mm~width! 30.2 mm~height! and an ion cham-
ber for monitoring the beam intensity. The scattered radiat
was analyzed with a spherically bent 75-mm-diam Si~444!
crystal having an 820 mm radius of curvature and detec
by a scintillation counter. The beam path has 50-mm-thick
Kapton windows and was evacuated by a scroll pump.

To acquire 1s2p RIXS spectra, the incident energy re
mained fixed and the scattered photon energy was anal

FIG. 2. A schematic diagram of the experimental setup.
2-2
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LIFETIME-BROADENING-SUPPRESSED/FREE XANES . . . PHYSICAL REVIEW B 68, 045122 ~2003!
by moving the analyzer and detector synchronously. In th
measurements, the active area of the analyzer was limite
40 mm in diameter, which resulted in the overall ener
resolution (DEexpt) of 1.1 eV as determined by the FWHM
of the elastic line. The total resolution is almost the same
that employed in our previous studies which was carried
at NSLS-X21,11,12 although the bandwidth in incident x ray
is different ~0.2 eV, NSLS-X21; 0.9 eV, BL47XU!. All data
were taken on powder samples at room temperature at a
stant scattering angle (2u) of 80°. The 2u direction was
adopted because in this configurationDEexpt is little affected
by the penetration depth of incident x rays.

Owing to the intense beam available at this beamline,
count rate in the present RIXS spectra is 3–4000 tim
higher than that in previous ones,11,12 which makes detailed
analysis of RIXS spectra possible.

The HRFE spectra were derived from the intensity at
Ka1 energy, 8047.8 eV, of each RIXS spectrum. Conv
tional XANES spectra were obtained by monitoring the
tensity of the total fluorescence by ap-i -n photodiode while
excitation energy is scanned.

IV. RESULTS

Figures 3 and 4 show excitation energy dependence o
RIXS spectra of CuO and CuCl2•2H2O where the intensity
is normalized by the peak height of the most intense ban
each spectrum. The spectral shape changes with excita
energy significantly. The intensity also changes drastic
with excitation energy. Hence the excitation energy dep
dences of the RIXS spectra are presented in Figs. 5 and
two-dimensional contour maps where the two axes are
excitation energy and emitted photon energy, respectively
Figs. 5 and 6 the normalization is made by the integra
intensity of the exciting x rays. Vertical cross sections
these two-dimensional plots correspond to the RIXS spe
in Figs. 3 and 4.

Excitation with x-ray energies well above th
K-absorption-edge energy (;8986 eV for CuO and
;8988 eV for CuCl2•2H2O) yield a single band at 8047.
eV, which is the well-known CuKa1 fluorescence line. The
band corresponding toKa2 fluorescence is out of the energ
range of Figs. 3–6. As the excitation energy lowered, the
Cu compounds show substantially different spectral featu

In CuO, as the excitation energy lowered below t
K-absorption edge, the main feature corresponding to
Ka1 ~denotedA) is shifted down with its width broadened
By lowering the excitation energy to;8983 eV, a new
branch, labeledB, becomes distinct. Another feature label
C is prominent at the excitation energy below 8983 eV.
the excitation energy further lowered, the peak energy oA
continues to shift to lower energy, preserving the energy l
(Eloss5\v12\v2) of 939 eV. At the same time, the scatte
ing intensities decrease monotonously.

In contrast to the consecutive changes with excitation
ergy observed forA, branchB is only observable within a
small range of excitation energy, from;8981 to;8984 eV.
Furthermore, theEloss of branchB varies with the excitation
energy as is evidenced from the difference in the slope of
04512
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two ridges in Fig. 5. On the other hand,Eloss for C remains
constant~932 eV! and is independent of the excitation e
ergy, as is branchA. As the excitation energy is tuned t
;8980 eV, which is the transition energy from 1s to the
vacant 3d,13 band C is the strongest with the bandwidt
much narrower than the normalKa1 fluorescence.

In CuCl2•2H2O, below theK-edge energy the main fea
tureA is shifted down with the decrease in excitation ener
as is the case in CuO, but the branch corresponding toB in
CuO is barely observable. On the other hand, there is banC
at the high-energy side ofA, and its behavior is similar to
band C of CuO. A part of these excitation energy depe
dences of RIXS spectral features have been already repo
for CuO11 and CuCl2•2H2O.12

V. DISCUSSION

What is observed by conventional XANES spectrosco
is the oscillator strength distribution convoluted with lifetim
broadening due toG1s , no matter how high the experimenta
resolution is. As was discussed in the previous section,
oscillator strength distributiondg1s /dv, where the lifetime
broadening due toG1s is suppressed and that due toG2p

FIG. 3. Excitation energy dependence of resonant inelastic x
scattering~RIXS! spectra of CuO. The excitation energies are in
cated in the figure.
2-3
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HISASHI HAYASHI et al. PHYSICAL REVIEW B 68, 045122 ~2003!
determines the resolution, can in principle be deduced fr
RIXS. Moreover, it is also possible to remove the broaden
due toG2p by numerical simulation. In the following the tw
procedures to derive LBS- and LBF-XANES are describe

A. Analytical deduction of LBS-XANES from RIXS spectra

Under the approximation thatG2p/2\!1, Eq. ~1! can be
written using thed function,

FIG. 4. Excitation energy dependence of resonant inelastic x
scattering~RIXS! spectra of CuCl2•2H2O. The excitation energies
are indicated in the figure.

FIG. 5. Contour maps of the RIXS intensities of CuO as a fu
tion of the excitation energy and emission energy.
04512
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ds~v1!

dv2
}E ~v2 /v1!~V1s2V2p!~V1s1v!~dg1s /dv!

~V1s1v2v1!21G1s
2 /4\2

3d~V2p1v21v2v1!dv, ~2!

which can be transformed to a more transparent form7,8 by
using the Ka-emission energy \vKa15\(V1s2V2p)
58047.8 eV and the absorption energyvabs5V1s1v
5vKa11v12v2:

ds~v1!

dv2
}

~v2 /v1!~V1s2V2p!vabs~dg1s /dvabs!

~vKa12v2!21G1s
2 /4\2

. ~3!

This equation means that the cross section of 1s2p RIXS is,
apart from the factor (v2 /v1)vabs, proportional to
dg1s /dvabs multiplied by a Lorentzian centered atvKa1.
Hence it is possible to calculatedg1s /dv analytically from
the experimental RIXS spectra directly or vice versa. Un
the approximation employed here,dg1s /dv derived from
RIXS by Eq.~3! is free from the lifetime broadening byG1s
and the width is determined only byDEexpt andG2p .

In the upper panel of Fig. 7, RIXS spectra of CuO excit
at several excitation energies are shown. In the lower pa
shown are LBS-XANES profiles of CuO analytically derive
from the RIXS spectra by the use of Eq.~3!. The inset
shows the 1s→3d transition region below the absorptio
edge in an expanded scale. It is evident that, in spite
significant differences in the RIXS spectra employed, LB
XANES derived by Eq. ~3! almost overlaps with each
other. Although not shown for clarity of the figure, use
RIXS spectra at other excitation energies produces alm
the same results, as long as the excitation energy is be
about 8984 eV.

LBS-XANES profiles calculated from some select
RIXS spectra of CuCl2•2H2O are shown in Fig. 8. Striking
agreements among LBS-XANES deduced from very diff
ent RIXS spectra are again evident. In the case of Cu2
•2H2O, RIXS spectra obtained at excitation energy low
than about 8985 eV produce almost the same LBS-XANE
reflecting the fact that the onset of theK absorption is higher

y

-

FIG. 6. Contour maps of the RIXS intensities of CuCl2•2H2O
as a function of the excitation energy and emission energy.
2-4
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in energy than that of CuO.
In the lower panels of Figs. 7 and 8 conventional XANE

are also shown. It is clear from the comparison that ev
feature in LBS-XANES is much more distinct than th
in conventional XANES. For example, 1s→3d features,
labeled by c, are clearly distinguished in LBS-XANES
for both CuO and CuCl2•2H2O, while they are not so
distinct in the conventional XANES. The features labeled

FIG. 7. Selected RIXS spectra~upper panel! and LBS-XANES
profiles analytically calculated from them~lower panel! for CuO.
04512
y

y

a, at 8987 eV in CuO and at 8989 eV in CuCl2•2H2O,
are recognized as a peak in the LBS-XANES, but th
are just shoulders in the conventional XANES. These ob
vations endorse that line broadening byG1s , which often
hampers detailed analysis of conventional XANES, is s
pressed in LBS-XANES derived from RIXS. It is eitherG2p
or DEexpt that determines the bandwidth of LBS-XANE
derived from RIXS.

FIG. 8. Selected RIXS spectra~upper panel! and LBS-XANES
profiles analytically calculated from them~lower panel! for CuCl2
•2H2O.
2-5



s
t i

tal
ul-

-

HISASHI HAYASHI et al. PHYSICAL REVIEW B 68, 045122 ~2003!
B. Lifetime-broadening-free XANES by simulation

In the derivation of Eq.~3! it has been assumed thatG2p is
zero. Since the quality of the present RIXS data allows u
examine the profiles in detail numerically, attempted nex
to derivedg1s /dv by numerical simulation based on Eq.~1!
without such an assumption. Thedg1s /dv profiles obtained
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from this procedure correspond to lifetime-broadening-free
XANES.

To make analysis conditions closer to the experimen
ones, self-absorption effects were taken into account by m
tiplying Eq. ~1! by the well-known correction factor for in
finitely thick samples, 1/(m inc1mscat),
ds~v1!

dv2
5AE ~v2 /v1!~V1s2V2p!~V1s1v!~dg1s /dv!

@~V1s1v2v1!21G1s
2 /4\2#@~V2p1v21v2v1!21G2p

2 /4\2!]
dv

1

m inc1mscat
. ~4!
tra
e

m

.1
In the calculation the absorption coefficient of inciden
rays,m inc , was estimated from the experimental data of K
sugi et al.,13,14 and that of scattered x rays,mscat, which is
almost constant, was calculated from the atomic value15

The transition probabilityg2p,1s was assumed to be indepe
dent of both\v1 and\v2, and was included in the propo
tionality constantA. The values ofG1s andG2p were set as
1.55 eV and 0.56 eV,1 respectively. Variousdg1s /dv models
were assumed by modifying those obtained in the previ
section; RIXS spectra were calculated by the use of Eq.~4!
and compared with the observed ones, as will be discus
in detail in the next section. It may be fair to mention th
the procedure described here does not result in a un
dg1s /dv profile. What endorses the results is only th
every calculated RIXS spectrum by using a singledg1s /dv
profile for various excitation energies reproduces
observed one well.

In Figs. 9~a! and 9~b!, dg1s /dv models that repro-
duce observed RIXS spectra best are shown for CuO
CuCl2•2H2O. Also shown are LBS-XANES profiles ob
tained in the previous section together with the HRFE sp
tra. It is evident thatdg1s /dv obtained here shows muc
more distinct features than those obtained in the previ
section and the HRFE spectra for both CuO and Cu2
•2H2O, demonstrating that the core-hole lifetimes of 2p as
well as 1s are removed. Well above the absorption edge
HRFE spectra show significant deviation from LBS-XANE
the reason for which we believe is in the reabsorption effe
as will be discussed later.

C. RIXS spectra calculated from assumed oscillator strength
distributions

In Fig. 10 calculated RIXS profiles from thedg1s /dv by
analytical method~‘‘LBS-XANES’’ ! are compared with ex
perimental RIXS spectra at several excitation energies
CuO. Also shown are the calculated RIXS spectra by ass
ing conventional XANES spectra to representdg1s /dv
~‘‘conventional XANES’’!. A similar comparison is made in
Fig. 11 for CuCl2•2H2O.

Above the threshold excitation the twodg1s /dv models
generate similar bands at the energy of the regularKa1. As
the excitation energy decreases from the threshold, con
tional XANES spectra fail to reproduce the observed chan
-

s

ed
t
ue
t

e

nd

c-

s
l

e
,
s,

r
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n-
es

in RIXS features, givingKa-like bands even with 8980.1 eV
excitation. This is because conventional XANES spec
have a long tail to the low energy of the edge due to lifetim
broadening byG1s . On the other hand, RIXS spectra fro

FIG. 9. The LBF-XANES (dg1s /dv) obtained by the simula-
tion method for~a! CuO and~b! CuCl2•2H2O. Also shown are
LBS-XANES spectra analytically obtained from RIXS by 8977
eV and 8981.1 eV excitation together with the HRFE spectra.
2-6
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LIFETIME-BROADENING-SUPPRESSED/FREE XANES . . . PHYSICAL REVIEW B 68, 045122 ~2003!
analytically deriveddg1s /dv, which is free from lifetime
broadening byG1s , almost overlap with observed ones as
evidenced from Figs. 10 and 11, demonstrating that RI
spectra are heavily influenced by the lifetime-broaden
width. A careful look at Figs. 10 and 11 reveals, howev
that RIXS spectra by LBS-XANES show small but defin
discrepancies from the observed ones. It is because life
broadening due toG2p is still involved in the analytically
deriveddg1s /dv.

In Figs. 12 and 13 calculated RIXS profiles from the be
fit dg1s /dv models obtained from the simulations@‘‘best-fit
LBF-XANES’’ in Figs. 9~a! and 9~b!# are compared with
experimental RIXS spectra. It is evident that the abo
mentioned small discrepancies are nearly completely obl
ated and the observed RIXS spectra, which vary enormo
with excitation energy, almost exactly coincide with the c
responding ones generated by thesingle dg1s /dv model for
each compound. In fact, eachdg1s /dv has been constructe
in such a way that calculated RIXS spectra at various e
tation energies reproduce all the observed ones. In the co

FIG. 10. Comparisons of the observed RIXS spectra and ca
lated ones by LBS-XANES analytically deduced from RIXS o
tained with 8983.1 eV excitation~‘LBS-XANES’ ! for CuO. Also
shown are RIXS calculated by the use of conventional XAN
~‘‘conventional XANES’’! asdg1s /dv.
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of the calculations it was noticed that the RIXS spect
shape is so sensitive to minute details ofdg1s /dv that even
a subtle change in the assumeddg1s /dv results in consider-
ably different RIXS spectra at certain excitation energies

Roughly speaking, there are the following relations b
tween dg1s /dv features and RIXS peaks. First, the ma
RIXS features in CuO or CuCl2•2H2O, which are indicated
by A in Figs. 3–8, are essentially determined by the pro
of the prominent features in XANES indicated bya in Figs.
7–9. The shape of the low-energy tail of the featuresa, in-
dicated byb, determines the RIXS featureB; if the tail is
rather steep as in the case of CuCl2•2H2O, the RIXS feature
B is only barely observable. On the other hand, if the tai
long as conventional XANES, it makes an erroneo
Ka1-like band as are observed in the dashed lines in Figs
and 11. The discrete 1s→3d bandc at 8980 eV for CuO and
8979 eV for CuCl2•2H2O is responsible to the prominen
featureC in the RIXS spectra. Under the exact resonan
condition the bandsC have maximum intensity with pea
energy of\vKa1. In addition, a feature in CuCl2•2H2O de-

u- FIG. 11. Comparisons of the observed RIXS spectra and ca
lated ones by LBS-XANES analytically deduced from RIXS o
tained with 8983.1 eV excitation~‘‘LBS-XANES’’ ! for CuCl2
•2H2O. Also shown are RIXS calculated by the use of conventio
XANES ~‘‘conventional XANES’’! asdg1s /dv.
2-7
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HISASHI HAYASHI et al. PHYSICAL REVIEW B 68, 045122 ~2003!
noted bys in Figs. 8 and 9~b!, which is missing in CuO,
makes the featureS in the RIXS of CuCl2•2H2O. BandS is
not so prominent and only slightly noticeable on the co
tinuum, since bands is well above the threshold and hen
the energy denominator in Eqs.~3! or ~4! is rather large. This
demonstrates that the RIXS method is particularly effect
for studying XANES around theK edge including the pre
edge region.

From the results presented here, the fundamental assu
tions that the RIXS profiles are determined just by the th
functionsf 1 , f 2, anddg1s /dv and the energy dependence
the g2p,1s is negligible are confirmed.6 The complicated be-
havior of the RIXS spectra, found in Figs. 3–6, can be
plained completely as the reflection of their LBF-XANE
profiles. The ‘‘best-fit LBF-XANES’’ models shown in Fig
9, which can reproduce RIXS almost completely as shown
Figs. 12 and 13, are indeed free from lifetime broadenin

D. LBSÕLBF-XANES by RIXS and LBS-XANES by HRFE

In the previous study12 we have shown that, if measure
under>10 eV off-resonant conditions, the RIXS spectru
itself is almost equivalent to LBS-XANES. However, th

FIG. 12. Comparisons of the observed RIXS spectra and ca
lated ones by best-fitdg1s /dv models~‘‘best-fit LBF-XANES’’ !
for CuO.
04512
-

e

p-
e

-

in
.

weak scattering intensity at off-resonant conditions requ
a long data accumulation period, which imposes some
strictions for a wide application of the technique. Now it h
been proved that LBS/LBF-XANES can be deduced from
RIXS spectrum obtained under close-to-resonant conditi
~a few eV below the edge!. The advantage of employing
close-to-resonant conditions is obvious: a 2–3 orders
magnitude intensity gain is achieved. An apparent disadv
tage is that some calculations are required to deduce
LBS/LBF-XANES spectrum from RIXS. Since the calcula
tion is straightforward and can be carried out almost with
resorting to any unambiguous or uncertain parameters,
advantage far exceeds the disadvantage and warrants a
application of this method.

Compared with the HRFE spectroscopy, the pres
method has several advantages also, in addition to the
that the resolution is limited only byDEexpt and G2p ~ana-
lytical method: LBS! or by DEexpt ~simulation method:
LBF!, as has already been discussed. The first is that not
focusing-type spectrometers but also dispersive-type s
trometers can be used, which makes it possible to extend
number of atomic species that can be studied, the rea
being discussed in some detail in the previous publicatio12

u- FIG. 13. Comparisons of the observed RIXS spectra and ca
lated ones by best-fitdg1s /dv models~‘‘best-fit LBF-XANES’’ !
for CuCl2•2H2O.
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LIFETIME-BROADENING-SUPPRESSED/FREE XANES . . . PHYSICAL REVIEW B 68, 045122 ~2003!
Second, since both the incident energy and scattering
ergy are below the absorption edge, absorption is relativ
weak and changes only slightly with excitation energy, wh
during a scan in the HRFE spectroscopy absorbance va
drastically. This makes the difference of LBS/LBF-XANE
spectra of the two at higher energies as shown in Figs.~a!
and 9~b!.

Finally, the excitation energy is fixed in the LBS/LBF
XANES by RIXS. Hence, if a dispersive-type spectrome
equipped with position-sensitive detector is employed,
accumulated data are free from any temporal fluctuatio
More importantly, it makes it much easier to incorpora
this method with other techniques—for example, x-r
diffraction.

Since the closer to resonance, the more intense the
tering is, a use of higher excitation energy is preferab
From the simplified model shown in Fig. 1, LBS/LBF
XANES can be derived from RIXS obtained by exciting wi
v1,V1s2G1s/2\. In practice, however, the absorption ed
is not a step function, and hence lower excitation ene
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