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X-ray-absorption edge separation using diffraction anomalous fine structure
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When two or more absorption edges in a material are sufficiently close in energy, extended-x-ray-
absorption-fine-structure spectroscopy is of limited utility as the usable data range above the lower-energy edge
is truncated by the higher-energy edge. Energy or wavelength discriminating detection methods may fail to
resolve fluorescence lines which are very close in energy. In this paper we present a solution to this problem
using the resolution in momentum transfer of diffraction anomalous fine structure~DAFS! to separate the fine-
structure signals from elements with closely spaced fluorescence lines. We demonstrate our technique by
isolating the titanium edge signal from DAFS measurements of BaTiO3. @S0163-1829~99!10325-4#
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I. INTRODUCTION

Materials containing atoms with absorption edges clos
spaced in energy are a common challenge in the field
extended-x-ray-absorption-fine-structure~EXAFS!. When
EXAFS is measured without energy discriminating det
tion, for example with an ionization chamber,1 in any of the
standard EXAFS measurement geometries,2 the presence o
the higher-energy edge places a hard limit on the ene
range over which data from the lower-energy edge can
measured. The edge step of the higher-energy absorb
generally larger than the EXAFS oscillations from the low
energy absorber and there is no reliablea posterioriway of
removing the higher-energy edge step from the meas
ment. For some materials, the edges are sufficiently c
that the data range from the lower edge is too limited
allow quantitative analysis. In these cases, the only reco
has been energy or wavelength discriminating detector
reject the photons at the fluorescent energy of the hig
edge-energy atom. When the energy separation of the fl
rescent lines is sufficiently small these methods will fail.

Diffraction anomalous fine structure~DAFS! ~Ref. 3!
combines the crystallographic sensitivity of diffraction wi
the short-range order sensitivity of EXAFS. This has be
used to isolate the signal from spatially distinct regions o
sample in a mixed powder4 and in a multilayer film.5,6 DAFS
can also separate the fine-structure signals of atoms in
ferent sites of a crystal. For example, DAFS has been use
separate the fine structures of Cu sites in YBa2Cu3O7 ~Ref.
7! or Fe sites in BaZnFe6O11.8 In those works, DAFS was
used to site separate a single atomic species residing in
tiple crystallographic sites. We extend this approach to c
sider the site separation ofdifferentatomic species residing
in different crystallographic sites. The DAFS method sep
rates absorption edge signals using resolution of the ph
momentum transfer vectorQ rather than resolution of the
photon energy. Thus it can be used to separate the
structure signal from atoms with arbitrarily closely spac
fluorescent lines, provided they reside in different crysta
graphic sites.
PRB 600163-1829/99/60~2!/778~8!/$15.00
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In this paper, we demonstrate this technique by isolat
the Ti edge signal from measurements of BaTiO3 using
DAFS. BaTiO3 is an excellent candidate for this approa
for several reasons. First, the TiK edge is at 4966 eV while
the BaL III is at 5247 eV, as shown in Fig. 1. The separati
of 281 eV, or about 8.2 Å21 in photoelectron wave number
places a severe restriction on the information content of
Ti K edge signal. In addition, the dominant fluorescent lin
the Ti Ka1

and BaLa1
, are separated by just 45 eV, less th

the ;100 eV resolution of most energy discriminating d
tectors. In fact, our attempt to separate the TiKa1

and BaLa1

lines using a Si~Li ! detector failed. Finally, BaTiO3 is a sys-
tem that has been well studied by EXAFS~Ref. 9! at the Ba
K edge and therefore previous results can be compared to
analysis of our site separated Tix(k) data.

II. THE DAFS MEASUREMENT

The intensity of a diffraction peak at momentum trans
Q is given by

FIG. 1. The TiK and BaL III edges of BaTiO3 at 80 K obtained
by transmission EXAFS. These data are normalized to a Ti e
step of11.
778 ©1999 The American Physical Society
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I ~Q!5U(
j

F je
iQ•RjM jU2

, ~1!

where the sum is over all sitesj in the unit cell of the crystal,
Rj are the positions of the sites in the cell, andM j are the
thermal factors.F j are the atomic scattering factors. F
away from any absorption edge,F j is the Thomson scatter
ing f 0(Q), which depends on the momentum transfer but
on the energy of the incident photon. Near the absorp
energy of an atom, there is a complex, energy-depen
correction to the scattering factor such that theF j in Eq. ~1!
is expressed3 as

F j5 f j
0~Q!1 f j8~E!1 i f j9~E!1@D f j9~E!•x j~E!#. ~2!

The termsf 8 and f 9 are the atomic portion of the energy
dependent anomalous correction and are analogous to
anomalous dispersion observed in optical spectra. Bec
the virtual photoelectron excited in the diffraction proce
can scatter off of surrounding atoms, there is a complex
structure termx j . x j is the coefficient ofD f j9 , the portion of
f j9 due to the resonant electron. The imaginary part ofx j is
the fine structure function measured in EXAFS.

In the DAFS experiment, the intensity of a particular d
fraction peak is measured as a function of energy. This m
surement requires a tunable energy source, such as the m
chromator found on an EXAFS beamline at a synchrot
facility, and a way of tracking the peak position in reciproc
space as the energy is tuned through an energy range
taining the resonant energies. The DAFS data reported in
paper were obtained at beamline BM2~Ref. 10! at the Euro-
pean Synchrotron Radiation Facility in Grenoble, Fran
BM2 is a bending magnet beamline with a double crys
silicon (111) monochromator with sagittal focusing. Mirro
are used to reject harmonic content and to focus the b
vertically. The sample sat at the center of a seven-circle
niometer and was mounted on the cold finger of a two-st
helium compressor cryostat. The incident intensity was m
sured with a scintillator using the scatter from a thin piece
kapton film. The diffracted intensity was measured with
PIN silicon diode in current mode.

The BaTiO3 sample was a 1000 Å film deposited b
pulsed laser deposition onto a sapphire substrate. The
was found by diffraction to be a highly oriented single cry
tal with a lattice constant in the vertical scattering plane
4.0043~2! Å. For this experiment, we performed DAFS me
surements onh00 peaks, i.e., with momentum transfer in t
vertical scattering plane. Once the sample was aligned in
goniometer and placed in the focal spot of the beamline
tics, the positions of theh00 peaks were tracked by theu-2u
motion of the goniometer as the energy was varied. Beca
of the long wavelength of the photons near the TiK edge
energy (l'2.5 Å near the TiK edge!, the short lattice con-
stant of BaTiO3, only the first threeh00 peaks could be
measured. Near the energy of the TiK edge, the scattering
angle of the 300 peak is around 138° in 2u. The 400 peak
was beyond the available range of motion of the goniome
Three scans of each reflection were collected at 130
Sample DAFS spectra for the 100 and 200 peaks are sh
in Fig. 2. The intensity of the 300 is significantly small
than the other two and the time required to collect adequ
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data at that peak was prohibitively long. Thus we report d
only for the 100 and 200 peaks. As shown in Sec. III, a
pair of h00 reflections withh even and odd are sufficient t
solve the problem of edge separation in BaTiO3.

The influence of the anomalous corrections toF j on the
intensity spectrum can be seen clearly in Fig. 2 as the se
of cusps at the TiK and BaL III and L II edges. The fine-
structure contribution is clearly visible in the oscillato
structure above each resonant energy. Due to theeiQ•Rj term
in Eq. 1, the Ba and Ti planes scatter in phase in the
reflection ~or, indeed, for any even orderh00 reflection!
while they scatter out of phase for the 100 reflection. T
phase relationship is why the cusp at the TiK edge points
upwards in the 100 spectrum and downwards in the 200.
we discuss in Sec. III, we exploit this phase relationship
extract the Ti fine structurex(k).

III. ANALYSIS OF THE DAFS DATA

As in earlier work,3,4 we use an iterated Kramers-Kroni
technique to isolate the Ti contribution to the spectra sho
in Fig. 2. Unlike the earlier work, in the present case t
resonant atoms are in different crystallographic sitesandare
of different resonant energies. The formalism used to se
rate the copper site contributions in YBa2Cu3O7 ~Ref. 11!
was modified to accommodate the different resonant e
gies. Our analysis procedure is broken into three parts. F
the structure factor of Eq.~1! is fit to the data to obtain initial
values for the anomalous scattering function for BaTiO3.
Second, the solution is iterated to obtain a stable anoma
scattering function. Finally,f 9(E) for the Ti atom is ex-
tracted and analyzed using techniques developed for
AFS.

A. Initial fit using the structure factor

In the first step of our data analysis procedure, the d
and Eqs.~1! and ~2! are used to isolate the real part of th
anomalous correction to the scattering factor for the en
crystal. First we optimize the following equation:

FIG. 2. Measured DAFS spectra of the 100 and 200 reflecti
from BaTiO3 at 130 K. The 200 spectrum is displaced upwards
clarity. Note that the anomalous correction to the scattering fa
causes the intensity of the 100 peak to diminish at 5244 eV
almost two orders of magnitude relative to its value at the beginn
of the data range.
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D~E,Q!5I m~E,Q!2P~Q!2A~E,Q!

3U(
j

F j~E,Q!eiQ•RjM jU2

, ~3!

whereI m(E,Q) is the measured intensity for a given refle
tion Q, F j is the full complex scattering factor of Eq.~2!, M j
is the crystallographic Debye-Waller factor, andP(Q) is an
empirical background offset. The difference functio
D(E,Q) is evaluated in an energy range from 4920–54
eV. We found that it was difficult to obtain a stable solutio
in Sec. III B using an energy range that covered the BaL II
edge energy, thus we truncated the fit to the range giv
This limited energy range is acceptable as we do not ex
the Ti fine-structure spectrum to be measurable at such
energies.D(E,Q) is minimized by varying several param
eters for each reflection. These parameters are the b
ground offset and the parameters of the energy-depen
scaling factor for each reflection. The amplitude functi
A(E,Q) includes the scaling factor and such energ
dependent corrections to the diffracted intensity as
Lorentz12 correction, the absorption13 corrections, and the
energy response of the detectors which is assumed to
linear over the energy range of the experiment. As this
periment measuress-s scattering, the polarization correc
tion is unity. In addition, we used two parameters for ea
reflection allowing energy shifts to align thef 8(E) and
f 9(E) functions with the data.

To evaluate Eq.~3!, initial guesses for the normal an
anomalous parts of the scattering amplitudes of the com
nent atoms in BaTiO3 are required. For the Thomson sca
tering f j

0(Q), tabulated values14 are used. For the sma
anomalous correction to the oxygen scattering, values f
the tables14 of Cromer and Liberman are used. To obtain
good initial fit to the data and, subsequently, a stable itera
solution to the imaginary part of the anomalous scatter
function for the crystal, we found the values from th
Cromer-Liberman tables to be inadequate for Ti and Ba. T
Cromer-Liberman tables neglect solid state effects, such
the white lines observed in Fig. 1. Consequently the cusp
the structure factors obtained by using these atomic ano
lous corrections were not as sharp as those observed in
data. This results in unstable solutions in the iterative ph
of the analysis presented in Sec. III B.

We obtained improved results by constructing approxim
tions to the anomalous scattering corrections for Ti and B
BaTiO3 from the absorption data in Fig. 1. Using the r
cently developedDIFFKK program,15 we construct initial
f 9(E) functions for the Ti and Ba atoms by truncating t
absorption data, converting it from the absorption funct
m(E) to f 9(E) by the optical theorem,16 and matching it to
the Cromer-Liberman values off 9(E) at energies far from
the edges. These approximations to the true solid statef 9(E)
functions were then Kramers-Kronig transformed using M
claurin’s formula17 to produce approximations to the tru
f 8(E) functions. The results of this procedure are shown
Fig. 3 and are inserted into Eq.~3!. Energy shifts for each
element are used to align thef 8(E) and f 9(E) functions with
the data. The edge shifts are optimized along with the o
variable parameters whenD(E,Q) from Eq. ~3! is mini-
5

n.
ct

gh

ck-
nt

-
e

be
-

h

o-

m

e
g

e
as
in
a-

the
se

-
in

n

-

n

er

mized. Figure 4 shows the structure factor and backgro
linealong with the data from the initial fit to the 100 refle
tion.

At this stage of the data analysis it would be appropri
also to refine the position of the Ti atom in the unit ce
Although the oscillatory structure in the DAFS data depen
only on the local structure, the position in reciprocal space
the measured diffraction peak and the shape of the DA
spectrum depend on the crystallographic structure of the
terial measured. At 130 K, bulk BaTiO3 is rhombohedral and
the Ti atom is displaced slightly along all three crystal ax
from the nominal perovskite position of (1

2 , 1
2 , 1

2 ). However,
when theD(E,Q) for the 100 and 200 reflections were min
mized with the fractional coordinate of the titanium ato
along the axis parallel to the momentum transfer of

FIG. 3. Approximations to thef 8(E) and f 9(E) functions for Ti
~solid lines! and Ba~dashed lines!. The f 9(E) were obtained by
truncating the data in Fig. 1, converting fromm(E) to f 9(E), and
matching it to atomic values forf 9(E). The f 8(E) were then ob-
tained by Kramers-Kronig transform using theDIFFKK program
~Ref. 15!. In this way, we obtain functions that better approxima
solid state effects near the resonant energies.

FIG. 4. The results of the initial fit~solid line! to the 100 data
~points! using thef 8(E) and f 9(E) from Fig. 3 in the data range
used in the analysis. The square of the structure factor is multip
by a linear function to model the detector response and added
small background offset to fit the data, as shown in Eq.~3!. The
initial fit is much smaller than the data around theL III edge. This
misfit is fixed by the iterative procedure outlined in Sec. III B.
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diffracted beam as a fitting parameter, we found the value
this parameter to be ill defined and highly correlated to
the energy shift and background parameters. Consequen
was fixed to the bulk value of 0.4853 from Ref. 18. W
suspect that, with a larger sampling of diffraction peaks
would be possible to refine crystallographic information
that sort along with the local structure information we obta
in our analysis.

B. Iterative fit to isolate the anomalous scattering
for the entire crystal

To isolate the anomalous scattering corrections for
entire BaTiO3 crystal, we use an iterative Kramers-Kron
analysis method that is rigorously correct when a cert
symmetry condition is met in the direction of the phot
momentum transfer. When the symmetry of the crysta
such that either the cos(Q•Rj ) or the sin(Q•Rj ) term in Eq.
~1! vanishes and the squaring of the scattering amplit
yields no terms containing the product off 8(E) and f 9(E),
then the iterative Kramers-Kronig technique of Refs. 4 a
11 can be applied. One way of satisfying this condition is
the resonant atoms are mirror symmetric about the plane
pendicular to the momentum transfer.

In BaTiO3, the Ba atom is taken to be at the origin, th
the eiQ•Rj term for Ba is 1 for allQ. The Ti atom, however,

is slightly displaced from its nominal position at (1
2 , 1

2 , 1
2 ) as

shown in the previous section. This slightly breaks the mir
symmetry about theh00 planes, thus theeiQ•Rj term has a
small imaginary component for both the 100 and 200 refl
tions. The full solution of Eq.~1! has terms that are mixed i
f 8(E) and f 9(E) and the iterative approach is formally in
correct. Neglecting the small mixed components greatly s
plifies the following equations and allows us to apply t
iterative solution. The extent to which the introduction
this small error effects the data will be assessed in Sec. II

From Eq.~2! let

f̄ x8~E!5 f x8~E!1D f x9~E!xx8~E!,

f̄ x9~E!5 f x9~E!1D f x9~E!xx9~E!, ~4!

wherex represents either Ba or Ti. We introduce thef̄ nota-
tion to distinguish the atomic portion of the anomalous c
rection from the anomalous correction which is measured
the solid state and which containsx(E). We express all of
the Thomson scattering terms and the small anomalous
rection of the oxygen as

uF~E,Q!ueiF5(
all

f j
0~Q!eiQ•Rj

1(
oxy

@ f 8~E!1 i f 9~E!#eiQ•Rj . ~5!

Because the thermal factorsU j in Ref. 18 are small, the
(M ) j5e2U jQ

2
is close to unity. For simplicity, it will be

taken as 1 for the remainder of this discussion. Considera
of nonunityM j is a simple extension.

With the approximation of mirror symmetry and the de
nitions of Eqs.~4! and ~5! we can rewrite Eq.~3! as
of
e
, it
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D~E,Q!5I m~E,Q!2P~E,Q!2uFu2$@cosF1a~E!#2

1@sinF1b~E!#2%, ~6!

where

a~E!5~ f̄ Ba8 7n f̄ Ti8 !/uFu, ~7!

b~E!5~ f̄ Ba9 7n f̄ Ti9 !/uFu. ~8!

The2 or 1 signs ina andb refer to the 100 or 200 reflec
tions, respectively. The crystallographic weighting coe
cient n5(eiQ•Rj is close to 1 as the Ti atom is close to th

high symmetry (12 , 1
2 , 1

2 ) position.
Using the value ofb(E) from the initial fit, we solve for

a(E) using Eq.~6! and the value ofF, which is the phase of
Eq. ~5!. At this point the f̄ functions from Ba and Ti are
mixed together for each reflection. Because the Krame
Kronig transform is a linear transform,a(E) andb(E) are
themselves a Kramers-Kronig conjugate pair. Having solv
for a(E), we can transform using Maclaurin’s formula17 to
obtain a new value for theb(E) function.

Using these newly deriveda(E) andb(E) functions, we
again minimize theD(E,Q) from Eq. ~6!. This time the pa-
rameters that we optimize are the linear coefficients,
overall amplitudeuFu2, and a correction toF. These mini-
mizations are performed independently for each reflection
all cases, the linear coefficients and amplitudes changed
little from their values from the initial fit and the final valu
of F was 5° or less. After minimizingD(E,Q), a new value
for a(E) is extracted and Kramers-Kronig transformed
obtain a new value forb(E). This process is iterated until
stable solution forb(E) is found. Typically this requires
about 15 iterations. The finalb(E) functions for the 100 and
200 reflections are shown in Fig. 5. The different phase
lationship of the diffraction from Ti and Ba planes in the 10
and 200 reflections is apparent by the opposite direction
the Ti steps when the Ba step is normalized to11.

C. Analysis of Ti edge signal

The goal of this analysis procedure is to extract the t
nium signal from the 100 and 200 reflections. As sugges

FIG. 5. b(E) from Eq. ~8! extracted from the 100 and 20
reflections using the iterated Kramers-Kronig technique. Th
spectra have been aligned and normalized such that the Ba
step is11.
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782 PRB 60RAVEL, BOULDIN, RENEVIER, HODEAU, AND BERAR
by Eq.~8!, we subtract theb(E) of the 100 reflection shown
in Fig. 5 from theb(E) of the 200 reflection, thus isolatin
the f̄ Ti9 (E). Because we have normalized theb(E) spectra to
the size of the Ba edge step, we simply subtract the spe
with no additional scaling factor. This cancels the Ba con
bution to b(E) without needing to know the value ofn in
Eqs. ~7! and ~8!. The result of this subtraction is shown
Fig. 6 and is the main result of this paper. Although t
spectrum in Fig. 6 resembles EXAFS data with a lar
monochromator glitch, it is certainly analyzable well beyo
the Ba edge.

Becausef̄ 9(E) is simply related by the optical theorem16

to them(E) measured in EXAFS, we can apply the forma
ism developed to separatex(k) from m(E). In analogy to the
standard separation2 of x(k) from m(E), we can write

f̄ 9~E!5 f 9~E!@11x9~E!#, ~9!

where f 9(E) is the atomic portion off̄ 9(E) and is related to
the EXAFSm0(E) by a factor ofE21. We use the program
AUTOBK ~Ref. 19! to extractx(E) from the f̄ 9(E) spectrum
and to convert the abscissa from energy to photoelec
wave number by the relationk5\21A2m(E2E0). As stated
in Sec. II, we obtained three scans at each reflection at
K. The analysis outlined in the previous section requires
scan at each reflection. The averagex(k) from the nine pos-
sible combinations of data is shown in Fig. 7 along with t
x(k) spectrum extracted from the EXAFS data in Fig. 1.

In the energy range below the BaL III edge, the DAFS
experiment must reproduce the EXAFS result. Althou
f̄ 9(E) and m(E) differ by a factor ofE21, the two spectra
should show the same characteristic near-edge features
inset to Fig. 6 shows the near edges off̄ 9(E) and m(E).
Although the experimental energy resolution is broader
our DAFS measurement than in the EXAFS measurem
these are comparable spectra. In Fig. 7, thex(k) measured
by DAFS and EXAFS are compared in the range below
Ba edge, showing excellent agreement. The DAFS and

FIG. 6. Extractedf 9(E) for the Ti atom. Note that the Ba edg
white line does not cancel completely. The effect of this on
analysis of the Tix(k) is discussed in the text. The inset shows t
near edge region of this spectrum and of the spectrum from Fig
Commonly normalized, the EXAFSm(E) and DAFSf 9(E) differ
only by a factor of 1/E, thus show the same near-edge structu
The energy resolution in the DAFS experiment is broader than
of the EXAFS experiment.
tra
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30
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e
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AFS measurements agree below the BaL III edge and the
titanium displacement is consistent with the bulk value. T
suggests that the error introduced by neglecting the lack
mirror symmetry of the Ti atom is small. As the data me
these qualitative consistency checks, we now quantitativ
analyze the entirex(k) spectrum extracted from the DAF
spectra.

We removed the large, mostly high frequency feature
tween 8.25 and 8.7 Å21, as shown in Fig. 8. This feature i
due to the incomplete cancellation of the Ba white line.

e

1.

.
at

FIG. 7. Extractedx(k) for the Ti atom~solid line!. Although the
incomplete cancellation of the Ba white line results in the lar
feature around 8.2 Å21, the titanium signal clearly extends we
beyond that point. The DAFSx(k) is compared to the EXAFS
x(k) ~dashed line! in the region below the Ba edge. The vertic
lines indicate the range of analysis usingFEFFIT ~Ref. 20!.

FIG. 8. x(k) extracted from the DAFS data~dotted line! com-
pared to the best fit~solid line! usingFEFF~Ref. 21! andFEFFIT ~Ref.
20!. The box indicates the region from which points were remov
from thex(k) data and replaced by a smooth interpolation from
surrounding data. Removing these points does not affect the
tematic uncertainty in the low frequency portion of the spectru
but does reduce the high frequency ringing in the Fourier transfo
The vertical lines indicate the Fourier transform range of the d
used in the fit.
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PRB 60 783X-RAY-ABSORPTION EDGE SEPARATION USING . . .
was replaced by a smooth interpolation from the surround
points. In the EXAFS literature this process is often refer
to as ‘‘deglitching.’’ This ‘‘glitch’’ in the x(k) spectrum
contributes systematic error to our data at all frequencies
contributes most of the spectral content at high frequenc
which corresponds to the largeR region inR space. Remov-
ing it has little effect on our fits or on our interpretation
the fits because we apply a band-pass filter to the data
limiting the range of the fit inR space.20 Removing the fea-
ture thus does not remove the systematic uncertainty whic
introduces in the frequency range measured, but it does
sult in ux̃(R)u spectra which are mostly unaffected by hig
frequency ringing.

We analyzedx(k) using theFEFFIT program.20 FEFFIT

performs the fit to the data inR space using calculated pa
contributions fromFEFF6 ~Ref. 21! as fitting standards. As
the fitting model, we use the rhombohedral crystallograp
structure18 as the basis for the local structural model intr
duced intoFEFFIT. This introduces four structural paramete
for the measured local structure. These are the lattice c
stant, the rhombohedral distortion of the titanium atom, a
two parameters determining the position of the oxygen at
In the fit we included contributions from the first three sing
scattering shells as well as several multiple scattering p
involving the near neighbor oxygen and titanium atoms.
all, 13 single and multiple scattering paths were used. Alo
with the four structural parameters, we considered a me
square displacements2 for each scattering shell, an overa
phase correctionE0, and a passive electron reduction para
eterS0

2. The procedural parameters used to define the fit
given in Table I.

From the positions of the 100 and 200 peaks, we foun
lattice constant of 4.0043~2! Å. This value was then fixed in
the fits tox(k). From previous work9 on the BaK edge of
BaTiO3, the temperature dependence of the Ti-Ba bond w
found to be consistent with an Einstein temperature22 of
267~5! K. Using this value, we fixed thes2 for the Ti-Ba
bond at 0.0027 Å2. The fits to these data were found to b
insensitive to the parameter describing the displacemen
the oxygen atom perpendicular to the direction of mom
tum transfer. This parameter was fixed at 0.016~8! as found
from analysis of the BaK edge in Ref. 9. The remainin
parameters were varied to produce the fit shown in Fig
The values of these parameters are shown in Table II.

The fit in Fig. 9 is not of exceptionally high quality
which is unsurprising given the large systematic error int
duced by the incomplete cancellation of the Ba white l
and the large amount of data processing involved in

TABLE I. Procedural parameters in the fit usingFEFFIT. In-
cluded in the table are the Fourier transform range in photoelec
wavenumber, thek weight used in the transform, the widthdk of
the symmetric Hanning window sill centered on the ends of
transform range, and the fitting range inR space. An approximation
to the number of independent data points in the measurementNidp is
calculated using the Nyquist criterion~Ref. 26!. The number of
fitted variablesNvar is discussed in the text.

k range k weight dk R range Nidp Nvar

2211 Å21 1 1.5 1.1–4 Å 19 6
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technique. This error mostly affects the magnitude of
complex Fourier transform. As seen in the bottom pane
Fig. 9, the phase of the transformed data is fit well, parti
larly in the region ofR-space containing single and multip
scattering at the distance of the third shell Ti atom. T
ability to analyze this region of the spectrum is the gre
benefit of the extended data range afforded by DAFS m
surement.

Despite the misfit in Fig. 9, the analysis of this data yie
reasonable results with error bars typical of EXAFS analy
The values forS0

2 and thes2’s are consistent with that for T
in other Ti containing perovskites.23,24 Their rather large un-
certainties arise from the various sources of systematic
certainty. The value forDzTi is consistent with the value o
20.015(5) found in the BaK edge fits in Ref. 9. The value
found for DzO agrees with the bulk crystallography valu
0.0185~2! from Ref. 18. From these results we conclude th
even with the problem at the Ba edge energy, the DA
technique presented in this paper yields data that is relia
and quantitatively analyzable beyond the Ba edge energ

IV. DISCUSSION

The problem of measuring XAFS in a material with se
eral closely space absorption edges can be solved u

n

e

FIG. 9. x̃(R) ~dotted line! compared to the best fit~solid line!
usingFEFF ~Ref. 21! andFEFFIT ~Ref. 20!. The top panel shows the
magnitude of the complex Fourier transform of thex(k) function
shown in Fig. 8, the bottom panel shows the real part. The vert
lines indicate the fitting range. These data are the Fourier transf
of the ‘‘deglitched’’ data shown in Fig. 8.

TABLE II. Results of the fit tox(k) usingFEFFandFEFFIT. S0
2 is

the passive electron reduction factor.E0 is an overall energy to
align theFEFF theory with the data.sTi-o

2 and sTi -Ti
2 are the mean

square length variations of the Ti-O and Ti-Ti single scatter
paths.DzTi is the displacements of the Ti atom from a fraction
position in the unit cell of12 andDzO is the fractional displacemen
of the O atom in that direction.

S0
250.68(13) E054.50(71) (eV)

sTi-o
2 50.0083(78) (Å2) sTi-Ti

2 50.0149(47) (Å2)
DzTi520.017(5) DzO50.011(7)
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DAFS. In an EXAFS experiment on such a material, t
proximity of the two edges truncates the usable data rang
the lower-energy absorption edge. In this paper, we h
demonstrated that the crystallographic sensitivity of DA
can be used to isolate the lower-energy spectrum, yield
high quality data which can be analyzed using standard
AFS analysis tools. Using measurements of the 100 and
reflections of BaTiO3, we isolated and analyzed the Ti fin
structure. Several aspects of this work merit further disc
sion.

Prior knowledge of the crystal structure of BaTiO3 was
used in the data analysis technique presented in Sec. III.
a priori knowledge of the crystal structure may not alwa
be required, however. Much of the structure of the diffrac
intensity of Eq.~1! is due to the crystallographic structure
the material and can be refined from the initial fit describ
in Sec. III A. Therefore sufficient crystallographic inform
tion can, in principle, be refined from DAFS data to allo
the separation of edges even in a material for which
crystallographic structure is not well known.

To obtain stable results in the iterative phase of the d
analysis described in Sec. III B, we found the Crom
Liberman tables off 8(E) and f 9(E) to be unacceptable
These tables neglect solid state contributions to these f
tions. Far from the resonant energy of an atom, this is n
serious approximation. However, near the resonant ene
where these functions are changing most rapidly, the ta
lated values seriously misrepresent the measured functio15

To rectify this in BaTiO3, we constructed approximations t
the f 9(E) functions from transmission EXAFS data me
sured on powdered BaTiO3 . f 9(E) is converted tom(E)
using the optical theorem and matched far from the reson
energy to the tabulated atomic values.f 9(E) is then
Kramers-Kronig transformed to obtainf 8(E). We suggest
that this approach be considered for all materials to assu
good initial fit and a stable iterative fit.

The extractedf̄ 9(E) function is sensitive to the detaile
cancellation of the signal from the higher-energy edge.
this work, the BaL III white lines did not cancel completely
This is a large source of systematic error in the measurem
To make the signal from the higher-energy edge cancel c
pletely, it is essential that high quality data be collected at
reflections. In our experiment, we measured the diffrac
signal by measuring the intensity at the top of the peak
each energy. Although it would be a simple application
feedback to track the maximum of the peak, a feedb
mechanism of this sort was not available to us at the time
our measurements. An inconsistency in the peak track
could account in part for the incomplete cancellation of
Ba white line observed in Figs. 6 and 7. The integration
the diffracted intensity at each energy point rather than
measurement of the peak height is another possible impr
ment to the measurement technique.

As seen in Fig. 2, BaTiO3 has the interesting property tha
the diffracted intensity of its 100 reflection nearly vanishes
an energy just above the BaL III edge. Except around tha
point in the 100 spectrum, the diffracted signal is large co
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pared to the scattered and fluoresced signals. Around
energy, the signal is very sensitive to the measurement
tails as well as the background and absorption correction
Eq. ~3!. Small error either in the measurement or the a
proximation of the experimental corrections will lead to err
in determination ofb(E) from Eq.~8! in the region of the Ba
L III . Indeed, we see in Fig. 5 that the BaL III white line is
about 6% smaller in the normalizedb(E) extracted from the
100 reflection than from the 200 reflection.

Although BaTiO3 was a successful candidate for the fir
application of the technique presented here, the relativ
large separation of the edges provided one of the challen
aspects of the analysis. The fine-structure signal from the
edge is small compared to the size of the Ba edge step.
material with more closely spaced edges, the relative siz
the fine structure from the lower-energy edge may be lar
compared to the step of the higher-energy edge. The co
tions favoring this technique, closely spaced absorpt
edges and fluorescence lines, are met by many mate
combining transition metal and rare earth elements, incl
ing a variety of magnetic materials of technological intere
Materials with elements adjacent on the periodic table
containing transuranic and light metallic elements are a
candidates for this technique, assuming that those elem
lie in different crystallographic sites,

Finally we wish to revisit the possibility of direct mea
surement of the Ti signal by rejection of the Ba fluoresc
line. As stated in the Introduction, our attempt to use
energy discriminating Si~Li ! detector failed to resolve the
two fluorescent lines. The 45 V separation between the li
was within the resolution of the Si~Li ! detector. Our attemp
to measure the weaker TiKb1

line also failed due to the

proximity of the BaLb1
line. Finer energy resolution is avail

able with wavelength dispersive detection using an analy
crystal. A spectrometer with energy resolution of around
eV ~Ref. 25! and with reasonable throughput over a bro
energy range has been reported. With the advent of v
bright third generation synchrotron sources, it is now reas
able to expect that a measurement using an analyzer cr
could be accomplished on a similar time scale as the DA
measurement reported here. However, the DAFS meas
ment is site selective and so is applicable when the elem
of interest is in multiple crystallographic sitesandhas a fluo-
rescence line near another in the material. We plan in
future to present a comparison between data collected
BaTiO3 using a wavelength dispersive method and the d
presented here.
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