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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 stru@#deS) 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 BaT&D163-182(09)10325-4

I. INTRODUCTION In this paper, we demonstrate this technique by isolating
the Ti edge signal from measurements of Bafidsing
Materials containing atoms with absorption edges closel\DAFS. BaTiQ; is an excellent candidate for this approach
spaced in energy are a common challenge in the field ofor several reasons. First, the Kiedge is at 4966 eV while
extended-x-ray-absorption-fine-structur€EXAFS). When the Bal,, is at 5247 eV, as shown in Fig. 1. The separation
EXAFS is measured without energy discriminating detec-of 281 eV, or about 8.2 A' in photoelectron wave number,
tion, for example with an ionization chamblein any of the  places a severe restriction on the information content of the
standard EXAFS measurement geomeﬁime presence of Ti K edge signal. In addition, the dominant fluorescent lines,
the higher-energy edge places a hard limit on the energthe TiK, and Bal, , are separated by just 45 eV, less than

range over which data from the lower-energy edge can bgne ~100 eV resolution of most energy discriminating de-
measured. The edge step of the higher-energy absorber féctors. In fact, our attempt to separate th&Tj and Bal
generally larger than the EXAFS oscillations from the lower- lines using a SLi) detector failed. Finally, BaTlg‘)|s a sys—

energy absorber and there is no reliadlposterioriway of tem that has been well studied by EXAFSef. 9 at the Ba

removing the h|gher-energy edge step from t.h? measurgg edge and therefore previous results can be compared to the
ment. For some materials, the edges are sufficiently Closﬁnalyss of our site separated (k) data.

that the data range from the lower edge is too limited to
allow quantitative analysis. In these cases, the only recourse
has been energy or wavelength discriminating detectors to
reject the photons at the fluorescent energy of the higher- Il. THE DAFS MEASUREMENT
edge-energy atom. When the energy separation of the fluo- The intensity of a diffraction peak at momentum transfer
rescent lines is sufficiently small these methods will fail. @ is given by

Diffraction anomalous fine structur€DAFS) (Ref. 3
combines the crystallographic sensitivity of diffraction with
the short-range order sensitivity of EXAFS. This has been
used to isolate the signal from spatially distinct regions of a
sample in a mixed powd&and in a multilayer filn?.® DAFS
can also separate the fine-structure signals of atoms in dif-
ferent sites of a crystal. For example, DAFS has been used to
separate the fine structures of Cu sites in YBa&0, (Ref.
7) or Fe sites in BaZnk®,;.% In those works, DAFS was
used to site separate a single atomic species residing in mul-
tiple crystallographic sites. We extend this approach to con-
sider the site separation differentatomic species residing 05
in different crystallographic sites. The DAFS method sepa-
rates absorption edge signals using resolution of the photon
momentum transfer vectdd rather than resolution of the
photon energy. Thus it can be used to separate the fine-
structure signal from atoms with arbitrarily closely spaced FIG. 1. The TiK and BalL,, edges of BaTi@at 80 K obtained
fluorescent lines, provided they reside in different crystallo-by transmission EXAFS. These data are normalized to a Ti edge
graphic sites. step of +1.
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where the sum is over all sit¢én the unit cell of the crystal,

R; are the positions of the sites in the cell, avd are the
thermal factors.F; are the atomic scattering factors. Far
away from any absorption edgg; is the Thomson scatter-
ing f°(Q), which depends on the momentum transfer but not
on the energy of the incident photon. Near the absorption
energy of an atom, there is a complex, energy-dependent
correction to the scattering factor such that Fjen Eq. (1)

is expressetias %e00 5200 5600

Energy (eV)

Diffracted Intensity (arb. units)
g g

Fi=f(Q+f{(E)+if/(E)+[Af/(E) x;(B)]. (@
FIG. 2. Measured DAFS spectra of the 100 and 200 reflections

The termsf’ and f” are the atomic portion of the energy- from BaTiO; at 130 K. The 200 spectrum is displaced upwards for
dependent anomalous correction and are analogous to tharity. Note that the anomalous correction to the scattering factor
anomalous dispersion observed in optical spectra. Becausauses the intensity of the 100 peak to diminish at 5244 eV by
the virtual photoelectron excited in the diffraction processalmost two orders of magnitude relative to its value at the beginning
can scatter off of surrounding atoms, there is a complex fingf the data range.
structure terny; . x; is the coefficient oA f], the portion of
f due to the resonant electron. The imaginary pargols  data at that peak was prohibitively long. Thus we report data
the fine structure function measured in EXAFS. only for the 100 and 200 peaks. As shown in Sec. Ill, any

In the DAFS experiment, the intensity of a particular dif- pair of h00 reflections withh even and odd are sufficient to
fraction peak is measured as a function of energy. This meaolve the problem of edge separation in Bad.iO
surement requires a tunable energy source, such as the mono-The influence of the anomalous correctionsFoon the
chromator found on an EXAFS beamline at a synchrotrorintensity spectrum can be seen clearly in Fig. 2 as the series
facility, and a way of tracking the peak position in reciprocal of cusps at the TK and BalL,, andL, edges. The fine-
space as the energy is tuned through an energy range cosiructure contribution is clearly visible in the oscillatory
taining the resonant energies. The DAFS data reported in thistructure above each resonant energy. Due te'fA&i term
paper were obtained at beamline BNRef. 10 at the Euro- in Eqg. 1, the Ba and Ti planes scatter in phase in the 200
pean Synchrotron Radiation Facility in Grenoble, Francereflection (or, indeed, for any even order00 reflection
BM2 is a bending magnet beamline with a double crystawhile they scatter out of phase for the 100 reflection. This
silicon (111) monochromator with sagittal focusing. Mirrors phase relationship is why the cusp at theKredge points
are used to reject harmonic content and to focus the beampwards in the 100 spectrum and downwards in the 200. As
vertically. The sample sat at the center of a seven-circle goae discuss in Sec. lll, we exploit this phase relationship to
niometer and was mounted on the cold finger of a two-stagextract the Ti fine structurg (k).
helium compressor cryostat. The incident intensity was mea-
sured with a scintillator using the scatter from a thin piece of
kapton film. The diffracted intensity was measured with a
PIN silicon diode in current mode. As in earlier work®* we use an iterated Kramers-Kronig

The BaTiQ sample was a 1000 A film deposited by technique to isolate the Ti contribution to the spectra shown
pulsed laser deposition onto a sapphire substrate. The filii Fig. 2. Unlike the earlier work, in the present case the
was found by diffraction to be a highly oriented single crys-resonant atoms are in different crystallographic siedare
tal with a lattice constant in the vertical scattering plane ofof different resonant energies. The formalism used to sepa-
4.00432) A. For this experiment, we performed DAFS mea- rate the copper site contributions in YE21,0, (Ref. 11
surements oh00 peaks, i.e., with momentum transfer in the was modified to accommodate the different resonant ener-
vertical scattering plane. Once the sample was aligned in thgies. Our analysis procedure is broken into three parts. First,
goniometer and placed in the focal spot of the beamline opthe structure factor of Edq1) is fit to the data to obtain initial
tics, the positions of the00 peaks were tracked by ti#e26  values for the anomalous scattering function for BaliO
motion of the goniometer as the energy was varied. Becaus8econd, the solution is iterated to obtain a stable anomalous
of the long wavelength of the photons near theKTedge  scattering function. Finallyf”(E) for the Ti atom is ex-
energy f~2.5 A near the TK edge, the short lattice con- tracted and analyzed using techniques developed for EX-
stant of BaTiQ, only the first threehOO peaks could be AFS.
measured. Near the energy of the Kliedge, the scattering
angle of the 300 peak is around 138° if.2ZThe 400 peak
was beyond the available range of motion of the goniometer.
Three scans of each reflection were collected at 130 K. In the first step of our data analysis procedure, the data
Sample DAFS spectra for the 100 and 200 peaks are showand Egs.(1) and (2) are used to isolate the real part of the
in Fig. 2. The intensity of the 300 is significantly smaller anomalous correction to the scattering factor for the entire
than the other two and the time required to collect adequaterystal. First we optimize the following equation:

Ill. ANALYSIS OF THE DAFS DATA

A. Initial fit using the structure factor
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A(E,Q)=1(E.Q) ~P(Q)—A(E,Q) PSS
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wherel (E,Q) is the measured intensity for a given reflec- & T
tion Q, F; is the full complex scattering factor of E(®), M o T » /,/‘\/
is the crystallographic Debye-Walller factor, aR@Q) is an N \\'/
empirical background offset. The difference function \,"
A(E,Q) is evaluated in an energy range from 4920-5475 ol "'
eV. We found that it was difficult to obtain a stable solution . . . .
4500 4900 5300 5700 6100 6500

in Sec. Il B using an energy range that covered thelLBa
edge energy, thus we truncated the fit to the range given. Energy (eV)

This limited energy range is acceptable as we do not expect FIG. 3. Approximations to thé’ (E) andf”(E) functions for Ti

the Ti_fine—structu_re spe_ctr_um to be me_asurable at such hig@olid lineg and Ba(dashed lings The ”(E) were obtained by
energies.A(E,Q) is minimized by varying several param- ncating the data in Fig. 1, converting from(E) to f”(E), and
eters for each reflection. These parameters are the bacfﬁatching it to atomic values foi’(E). The f'(E) were then ob-
ground offset and the parameters of the energy-dependefined by Kramers-Kronig transform using therFkk program
scaling factor for each reflection. The amplitude function(ref. 15. In this way, we obtain functions that better approximate
A(E,Q) includes the scaling factor and such energy-solid state effects near the resonant energies.

dependent corrections to the diffracted intensity as the | i

LorentZ? correction, the absorptidh corrections, and the mized. Figure 4 shows the structure factor and background

energy response of the detectors which is assumed to d'@ealong with the data from the initial fit to the 100 reflec-

linear over the energy range of the experiment. As this extion

periment measures-o scattering, the polarization correc-
tion is unity. In addition, we used two parameters for eac

At this stage of the data analysis it would be appropriate
halso to refine the position of the Ti atom in the unit cell.

. : ; ) Although the oscillatory structure in the DAFS data depends
rsflectlon qllowmg energy shifts to align the/(E) and only on the local structure, the position in reciprocal space of
f"(E) functions with the data. the measured diffraction peak and the shape of the DAFS

To evaluate Eq(3), initial guesses for the normal and gpectrum depend on the crystallographic structure of the ma-
anomalous parts of the scattering amplitudes of the compGerial measured. At 130 K, bulk BaTids rhombohedral and
nent atoms in BaTi@are required. For the Thomson scat- the Ti atom is displaced slightly along all three crystal axes
tering f(Q), tabulated valué$ are used. For the small from the nominal perovskite position of (%,1). However,
anomalous correction to the oxygen scattering, values fronyhen theA (E,Q) for the 100 and 200 reflections were mini-
the table$' of Cromer and Liberman are used. To obtain amized with the fractional coordinate of the titanium atom
gOOd initial fit to the data and, Subsequently, a stable iterativgjong the axis para||e| to the momentum transfer of the
solution to the imaginary part of the anomalous scattering
function for the crystal, we found the values from the
Cromer-Liberman tables to be inadequate for Ti and Ba. The
Cromer-Liberman tables neglect solid state effects, such as
the white lines observed in Fig. 1. Consequently the cuspsin _ 6o | . .
the structure factors obtained by using these atomic anoma-&
lous corrections were not as sharp as those observed in th¢S
data. This results in unstable solutions in the iterative phaseg
of the analysis presented in Sec. Il B.

We obtained improved results by constructing approxima-
tions to the anomalous scattering corrections for Ti and Ba in
BaTiO; from the absorption data in Fig. 1. Using the re-
cently developedpiFFkk program!® we construct initial
f”(E) functions for the Ti and Ba atoms by truncating the
absorption data, converting it from the absorption function
w(E) to f"(E) by the optical theorenf and matching it to 9900 5190
the Cromer-Liberman values df (E) at energies far from
the edges. These approximations to the true solid $t4€)
funCt!ons were thfn Kramers-Kronig tr_ansformed using Ma- FIG. 4. The results of the initial fisolid line) to the 100 data
claurin’s formuld’ to produce approximations to the true (points using thef'(E) and f"(E) from Fig. 3 in the data range
f'(E) functions. The results of this procedure are shown inseq in the analysis. The square of the structure factor is multiplied
Fig. 3 and are inserted into E(S). Energy shifts for each py a jinear function to model the detector response and added to a
element are used to align thi&E) andf”(E) functions with  small background offset to fit the data, as shown in &j. The
the data. The edge shifts are optimized along with the otheitial fit is much smaller than the data around thg edge. This
variable parameters wheA(E,Q) from Eg. (3) is mini- misfit is fixed by the iterative procedure outlined in Sec. IlI B.
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diffracted beam as a fitting parameter, we found the value of
this parameter to be ill defined and highly correlated to the

the energy shift and background parameters. Consequently, it
was fixed to the bulk value of 0.4853 from Ref. 18. We

suspect that, with a larger sampling of diffraction peaks, it 05 b
would be possible to refine crystallographic information of i
that sort along with the local structure information we obtain (100)
in our analysis. 0.0

\%d

B. Iterative fit to isolate the anomalous scattering (200)
for the entire crystal -05 ‘ ,
4900 5100 5300 5500

Energy (eV)

To isolate the anomalous scattering corrections for the
entire BaTiQ crystal, we use an iterative Kramers-Kronig
analysis method that is rigorously correct when a certain g, 5. g(E) from Eq. (8) extracted from the 100 and 200
symmetry condition is met in the direction of the photon refiections using the iterated Kramers-Kronig technique. These
momentum transfer. When the symmetry of the crystal isspectra have been aligned and normalized such that the Ba edge
such that either the cd@(R;) or the sinQ-R;) termin Eq.  step is+1.

(1) vanishes and the squaring of the scattering amplitude

yields no terms containing the product Of(E) andf”(E), A(E,Q)=1.(E,Q)—P(E,Q)—| F2{[cos® + a(E)]?
then the iterative Kramers-Kronig technique of Refs. 4 and (EQ)=nl _ Q Q= IAI (B)]
11 can be applied. One way of satisfying this condition is if +[sind+B(E) ]}, (6)

the resonant atoms are mirror symmetric about the plane per-
; where

pendicular to the momentum transfer.

In BaTiO;, the Ba atom is taken to be at the origin, thus By
the e'Q'Ri term for Ba is 1 for allQ. The Ti atom, however, a(E)=(faar vin)/|7, @)
is slightly displaced from its nominal position a,§,3) as =
shown in the previous section. This slightly breaks the mirror B(B)=(foa™ vim)/| A1, ®
symmetry about thé00 planes, thus the'®Ri term has a The — or + signs ine and g refer to the 100 or 200 reflec-
small imaginary component for both the 100 and 200 reflections, respectively. The crystallographic weighting coeffi-
tions. The full solution of Eq(1) has terms that are mixed in cient v=>€'? Ri is close to 1 as the Ti atom is close to the
f’(E) and f"(E) and the iterative approach is formally in- high symmetry §,%,3) position.
correct. Neglecting the small mixed components greatly sim-

o : . Using the value of3(E) from the initial fit, we solve for
plifies the following equations and allows us to apply thea(E) using Eq.(6) and the value o, which is the phase of
iterative solution. The extent to which the introduction of ’

this small error effects the data will be assessed in Sec. llI CEq (5). At this point the f functi_ons from Ba and Ti are
From Eq.(2) let mixed together for each reflection. Because the Kramers-
Kronig transform is a linear transforna(E) and B(E) are
ey g " / themselves a Kramers-Kronig conjugate pair. Having solved
KB =T(BE)+ALE) (), for «(E), we can transform using Maclaurin’s formifao
- " Y " obtain a new value for thg(E) function.
Y (B) =T (E) + AT (E)xx(E), (4) Using these newly derived(E) and 8(E) functions, we
wherex represents either Ba or Ti. We introduce theota- again minimize thed (E,Q) from Eq. (6). This time the pa-

tion to distinquish the atomi " fth | rameters that we optimize are the linear coefficients, the
lon 1o cistinguish the atomic portion ot the ahomalous Cor~, o ) amplitude 72, and a correction tab. These mini-

rection_from the anomz_alous corr.ection which is measured "hizations are performed independently for each reflection. In
:Ee ?_?ll'd state antq[ Wh'c? contalnﬁla. We ?prress ?” of all cases, the linear coefficients and amplitudes changed very
€ rnomson scatlering terms and the small anomalous COfiye from their values from the initial fit and the final value
rection of the oxygen as of @ was 5° or less. After minimizing (E,Q), a new value
for a(E) is extracted and Kramers-Kronig transformed to
| FE,Q)|e®=2 f]Q(Q)eiQ'RJ obtain a new value fop(E). This process is iterated until a
all stable solution forB(E) is found. Typically this requires
about 15 iterations. The fin@l(E) functions for the 100 and
+ > [f/(E)+if"(E)]e R, (5) 200 reflections are shown in Fig. 5. The different phase re-
oxy lationship of the diffraction from Ti and Ba planes in the 100
and 200 reflections is apparent by the opposite directions of

Because the thermal factots; in Ref. 18 are small, the . . '
) the Ti steps when the Ba step is normalizedt.

_1.02 . . . .. . .
(M);=e V% is close to unity. For simplicity, it will be
taken as 1 for the remainder of this discussion. Consideration
of nonunityM; is a simple extension.

With the approximation of mirror symmetry and the defi- The goal of this analysis procedure is to extract the tita-
nitions of Egs.(4) and(5) we can rewrite Eq(3) as nium signal from the 100 and 200 reflections. As suggested

C. Analysis of Ti edge signal
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FIG. 6. Extracted”(E) for the Ti atom. Note that the Ba edge 06 i
white line does not cancel completely. The effect of this on the 2 "1 , é é 1'0
analysis of the Tiy(k) is discussed in the text. The inset shows the wave number (A-‘)
near edge region of this spectrum and of the spectrum from Fig. 1.

Commonly normalized, the EXAF&(E) and DAFSf"(E) differ FIG. 7. Extractedy(k) for the Ti atom(solid line). Although the

only by a factor of 1, thus show the same near-edge structure.incomplete cancellation of the Ba white line results in the large

The energy resolution in the DAFS experiment is broader than thafeature around 8.2 Al, the titanium signal clearly extends well

of the EXAFS experiment. beyond that point. The DAFg(k) is compared to the EXAFS
x(k) (dashed lingin the region below the Ba edge. The vertical

by Eqg.(8), we subtract thgg(E) of the 100 reflection shown lines indicate the range of analysis usiFgrrIT (Ref. 20.

in Fig. 5 from theB(E) of the 200 reflection, thus isolating

the f7,(E). Because we have normalized {B€E) spectrato AFS measurements agree below the Ba edge and the
the size of the Ba edge step, we simply subtract the spectitifanium displacement is consistent with the bulk value. This
with no additional scaling factor. This cancels the Ba contri-suggests that the error introduced by neglecting the lack of
bution to B(E) without needing to know the value of in  mirror symmetry of the Ti atom is small. As the data meet
Egs. (7) and (8). The result of this subtraction is shown in these qualitative consistency checks, we now quantitatively
Fig. 6 and is the main result of this paper. Although theanalyze the entirg/(k) spectrum extracted from the DAFS
spectrum in Fig. 6 resembles EXAFS data with a largespectra.

monochromator glitch, it is certainly analyzable well beyond We removed the large, mostly high frequency feature be-
the Ba edge. tween 8.25 and 8.7 Al, as shown in Fig. 8. This feature is

to the u(E) measured in EXAFS, we can apply the formal-
ism developed to separat€k) from w(E). In analogy to the
standard separatiéof y(k) from w(E), we can write

F(E)=1"(E)[1+x"(E)], (9) osl
wheref”(E) is the atomic portion o?’(E) and is related to

the EXAFS uo(E) by a factor ofE 1. We use the program

AUTOBK (Ref. 19 to extracty(E) from thef”(E) spectrum =
and to convert the abscissa from energy to photoelectron i
wave number by the relatido=%"1\2m(E—E,). As stated
in Sec. ll, we obtained three scans at each reflection at 130
K. The analysis outlined in the previous section requires one
scan at each reflection. The averagd) from the nine pos- i
sible combinations of data is shown in Fig. 7 along with the 08 T
x(K) spectrum extracted from the EXAFS data in Fig. 1. " ) 3 ' 10
In the energy range below the Bg, edge, the DAFS wave number (X")
experiment must reproduce the EXAFS result. Although,

"(E) and w(E) differ factor ofE~ %, the tw tr e .
Sh(ou)ldasf?ol\jv( tfiedsa?neb)éh?ir:gtgris?ic ne,ar-eed eof:zliati(lfeg Tg red to the best fisolid line) usingrerF (Ref. 21 andrerrIT (Ref.
9 ' . The box indicates the region from which points were removed

inset to Fig. 6 shows the near edgesf6{E) and u(E).  from the (k) data and replaced by a smooth interpolation from the

Although the experimental energy resolution is broader insyrrounding data. Removing these points does not affect the sys-
our DAFS measurement than in the EXAFS measurementematic uncertainty in the low frequency portion of the spectrum,

these are comparable spectra. In Fig. 7, jik) measured but does reduce the high frequency ringing in the Fourier transform.
by DAFS and EXAFS are compared in the range below therhe vertical lines indicate the Fourier transform range of the data
Ba edge, showing excellent agreement. The DAFS and EXused in the fit.

k) (A7)

0.0

-0.3

FIG. 8. x(k) extracted from the DAFS datalotted ling com-
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TABLE I. Procedural parameters in the fit usimgrrIT. In- 0.3 . . .
cluded in the table are the Fourier transform range in photoelectron
wavenumber, th& weight used in the transform, the wid#ik of & oal
the symmetric Hanning window sill centered on the ends of the €
transform range, and the fitting rangeRrspace. An approximation T
to the number of independent data points in the measurefgyis R O01TE
calculated using the Nyquist criteriofiRef. 26. The number of
fitted variablesN,,, is discussed in the text. 0.0
k range k weight ok Rrange Nidp Nyar «— 02 r
<
2-11 A 1 1.5 11-4 A 19 6 =
[id
= 0.0
1]
[}
was replaced by a smooth interpolation from the surrounding \/
points. In the EXAFS literature this process is often referred 02 s . ;

to as ‘“deglitching.” This “glitch” in the x(k) spectrum 0 1 2 3 4 5
contributes systematic error to our data at all frequencies and
contributes most of the spectral content at high frequencies, 5 o Y(R) (dotted ling compared to the best fisolid line)

Whi(_:h Corresponds to the Iarg_%region inR s_pace. Remov- usingFerr (Ref. 21) andrerrIT (Ref. 20. The top panel shows the
ing it has little effect on our fits or on our interpretation of magnitude of the complex Fourier transform of thek) function
the fits because we apply a band-pass filter to the data Byhown in Fig. 8, the bottom panel shows the real part. The vertical

limiting the range of the fit irR space?’ Removing the fea- |ines indicate the fitting range. These data are the Fourier transform
ture thus does not remove the systematic uncertainty which gf the “deglitched” data shown in Fig. 8.

introduces in the frequency range measured, but it does re-
sult in |y(R)| spectra which are mostly unaffected by high- technique. This error mostly affects the magnitude of the
frequency ringing. complex Fourier transform. As seen in the bottom panel of
We analyzedy(k) using thererriT program? rerrit  Fig. 9, the phase of the transformed data is fit well, particu-
performs the fit to the data iR space using calculated path larly in the region ofR-space containing single and multiple
contributions fromrerFs (Ref. 21) as fitting standards. As scattering at the distance of the third shell Ti atom. The
the fitting model, we use the rhombohedral crystallographi@bility to analyze this region of the spectrum is the great
structuré® as the basis for the local structural model intro- benefit of the extended data range afforded by DAFS mea-
duced intoFerFIT. This introduces four structural parameters surement.
for the measured local structure. These are the lattice con- Despite the misfit in Fig. 9, the analysis of this data yields
stant, the rhombohedral distortion of the titanium atom, andeasonable results with error bars typical of EXAFS analysis.
two parameters determining the position of the oxygen atomThe values foSj and theo?'s are consistent with that for Ti
In the fit we included contributions from the first three singlein other Ti containing perovskité$:** Their rather large un-
scattering shells as well as several multiple scattering pathgertainties arise from the various sources of systematic un-
involving the near neighbor oxygen and titanium atoms. Incertainty. The value foAzy; is consistent with the value of
all, 13 single and multiple scattering paths were used. Along-0.015(5) found in the B& edge fits in Ref. 9. The value
with the four structural parameters, we considered a mearfound for Azy agrees with the bulk crystallography value
square displacement? for each scattering shell, an overall 0.01852) from Ref. 18. From these results we conclude that,
phase correctioiz;, and a passive electron reduction param-even with the problem at the Ba edge energy, the DAFS
eterS5. The procedural parameters used to define the fit aréechnique presented in this paper yields data that is reliable

given in Table I. and quantitatively analyzable beyond the Ba edge energy.
From the positions of the 100 and 200 peaks, we found a
lattice constant of 4.0043) A. This value was then fixed in IV. DISCUSSION

the fits to y(k). From previous workon the BaK edge of

BaTiO;, the temperature dependence of the Ti-Ba bond was The problem of measuring XAFS in a material with sev-
found to be consistent with an Einstein temperdfiref eral closely space absorption edges can be solved using

267(5) K. Using this Vall‘_'e’ we fixed the for the Ti-Ba TABLE Il. Results of the fit toy(k) usingrerFandrEeFFIT. Sé is
bond at 0.0027 A The fits to these data were found to be ye passive electron reduction fact@, is an overall energy to
insensitive to the parameter describing the displacement Qfiign the rerr theory with the datas?,, and o2 1, are the mean
the oxygen atom perpendicular to the direction of momensquare length variations of the Ti-O and Ti-Ti single scattering
tum transfer. This parameter was fixed at 0@L&s found  paths.Az;; is the displacements of the Ti atom from a fractional

from analysis of the B& edge in Ref. 9. The remaining position in the unit cell o andAz, is the fractional displacement
parameters were varied to produce the fit shown in Fig. 9¢f the O atom in that direction.

The values of these parameters are shown in Table II.

The fit in Fig. 9 is not of exceptionally high quality, S3=0.68(13) Eo=4.50(71) (eV)
which is unsurprising given the large systematic error intro-s2_=0.0083(78) (X&) 02 +=0.0149(47) (R)
duced by the incomplete cancellation of the Ba white lineaz;,=—-0.017(5) Azo=0.011(7)

and the large amount of data processing involved in this
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DAFS. In an EXAFS experiment on such a material, thepared to the scattered and fluoresced signals. Around that
proximity of the two edges truncates the usable data range &nergy, the signal is very sensitive to the measurement de-
the lower-energy absorption edge. In this paper, we haveails as well as the background and absorption corrections in
demonstrated that the crystallographic sensitivity of DAFSEQ. (3). Small error either in the measurement or the ap-
can be used to isolate the lower-energy spectrum, yieldingroximation of the experimental corrections will lead to error
high quality data which can be analyzed using standard EXin determination of3(E) from Eg.(8) in the region of the Ba
AFS analysis tools. Using measurements of the 100 and 200, . Indeed, we see in Fig. 5 that the Bg, white line is
reflections of BaTiQ, we isolated and analyzed the Ti fine about 6% smaller in the normalizeg(E) extracted from the
structure. Several aspects of this work merit further discus100 reflection than from the 200 reflection.
sion. Although BaTiQ; was a successful candidate for the first
Prior knowledge of the crystal structure of Bagi@as application of the technique presented here, the relatively
used in the data analysis technique presented in Sec. Ill. THarge separation of the edges provided one of the challenging
a priori knowledge of the crystal structure may not alwaysaspects of the analysis. The fine-structure signal from the Ti
be required, however. Much of the structure of the diffractededge is small compared to the size of the Ba edge step. In a
intensity of Eq.(1) is due to the crystallographic structure of material with more closely spaced edges, the relative size of
the material and can be refined from the initial fit describedhe fine structure from the lower-energy edge may be larger
in Sec. lll A. Therefore sufficient crystallographic informa- compared to the step of the higher-energy edge. The condi-
tion can, in principle, be refined from DAFS data to allow tions favoring this technique, closely spaced absorption
the separation of edges even in a material for which thedges and fluorescence lines, are met by many materials
crystallographic structure is not well known. combining transition metal and rare earth elements, includ-
To obtain stable results in the iterative phase of the dating a variety of magnetic materials of technological interest.
analysis described in Sec. Ill B, we found the Cromer-Materials with elements adjacent on the periodic table or
Liberman tables off’(E) and f”"(E) to be unacceptable. containing transuranic and light metallic elements are also
These tables neglect solid state contributions to these funeandidates for this technique, assuming that those elements
tions. Far from the resonant energy of an atom, this is not $e in different crystallographic sites,
serious approximation. However, near the resonant energy, Finally we wish to revisit the possibility of direct mea-
where these functions are changing most rapidly, the tabusurement of the Ti signal by rejection of the Ba fluorescent
lated values seriously misrepresent the measured funcfionsline. As stated in the Introduction, our attempt to use an
To rectify this in BaTiQ, we constructed approximations to energy discriminating $ii) detector failed to resolve the
the f”(E) functions from transmission EXAFS data mea- two fluorescent lines. The 45 V separation between the lines
sured on powdered BaTiO f”(E) is converted tou(E) was within the resolution of the &ii) detector. Our attempt
using the optical theorem and matched far from the resonanb measure the weaker Ky, line also failed due to the

energy to the tabulated atomic valuet:(E) is then — proximity of the BaL 4 line. Finer energy resolution is avail-

Krame_rs-Kronlg transformed to obtaift (E). We SUGGESt  hle with wavelength dispersive detection using an analyzer
that th_|§ _app_roach be consu_jereo_l for _aII materials to assure&ystaL A spectrometer with energy resolution of around 10
good initial fit and a stable iterative fit. eV (Ref. 25 and with reasonable throughput over a broad
The eXtraCted"(E) funCtion iS SenSitive to the deta”ed energy range has been reported_ With the advent Of Very
cancellation of the signal from the higher-energy edge. Inyright third generation synchrotron sources, it is now reason-
this work, the Bal;, white lines did not cancel completely. aple to expect that a measurement using an analyzer crystal
This is a large source of systematic error in the measuremendould be accomplished on a similar time scale as the DAFS
To make the signal from the higher-energy edge cancel commeasurement reported here. However, the DAFS measure-
pletely, it is essential that high quality data be collected at allnent is site selective and so is applicable when the element
reflections. In our experiment, we measured the diffractegf interest is in multiple crystallographic sitasdhas a fluo-
signal by measuring the intensity at the top of the peak atescence line near another in the material. We plan in the
each energy. Although it would be a simple application offyture to present a comparison between data collected on

feedback to track the maximum of the peak, a feedbaclgaTio, using a wavelength dispersive method and the data
mechanism of this sort was not available to us at the time ofresented here.

our measurements. An inconsistency in the peak tracking

could account in part for the incomplete cancellation of the

Ba white line pbser\{ed in Figs. 6 and 7. The integration of ACKNOWLEDGMENTS
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