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Multiple-scattering EXAFS and EXELFS of titanium aluminum alloys
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The extended fine structure ofK edges of binary intermetallic compounds TiAl, Ti3Al, and Al3Ti have been
recorded by x-ray absorption spectroscopy~XAS! at the TiK edge and by electron energy-loss spectroscopy
~EELS! at the AlK edge. The local structure of these titanium aluminum alloys is fully resolved by combining
the information retrieved from a spectral analysis of both XAS and EELS data. The data analysis is based on
fits to ab initio calculations using the real-space multiple scattering codeFEFF. It is shown that XAS and EELS
can be considered as probes for medium range order studies. This is illustrated for TiAl compounds where it
is found that XAS and EELS can be used for site determination of minor elements in ternary dilute alloys. The
limitations of this multiple data set approach to fine-structure spectroscopies are briefly discussed.
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I. INTRODUCTION
Several ordered intermetallic alloys are currently inve

gated for aerospace applications at high stress and high
perature. Titanium aluminum based alloys are among
most promising materials for the near future because of t
good balance between lightness, strength, and oxidation
sistance. In these alloys, the aluminum provides lightn
and oxidation resistance, while the transition element p
vides strength. Among the numerous ordered phases enc
tered in the Ti-Al phase diagram,1 we have chosen to stud
the TiAl, Ti3Al, and Al3Ti alloys, which have the simples
crystallographic structure and a wider stability domain. Th
structures reflect the ordering of the two atomic species o
simple host lattice, which can be face centered cubic~fcc! or
hexagonal compact~hcp!. In addition, Ti3Al and TiAl are the
components of the two phase alloys that are under deve
ment for aerospace applications. However, both of th
compounds suffer from an intrinsic brittleness at low te
perature in their single phase form. Many developments
now being undertaken to enhance their mechanical prope
by controlling the microstructure and by the addition of se
eral minor elements. Hence, an understanding of the rela
of the modification of the physical and mechanical proper
to the addition of other elements requires more and m
detailed analysis. Nevertheless, upon alloying, changes
be produced at several different scales, ranging from m
fications of the microstructure to changes at the atomic sc
In this paper we concentrate on the study of the local ato
order in a homogeneous single phase material. The objec
of the present paper is to test the ability of the extended x
absorption fine structure~EXAFS! and extended electro
energy-loss fine structure~EXELFS! techniques to extrac
structural information from various alloys and to gauge th
inherent limits. Thus in the first step discussed here, we h
used only binary compounds in preparation for future ap
cations to ternary compounds.2

From these arguments, there is clearly a need for a
PRB 620163-1829/2000/62~3!/1723~10!/$15.00
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characterization at the local atomic level in these Ti-Al bas
alloys. Due to their sensitivity to the local atomic enviro
ment, the EXAFS and the EXELFS are well-adapted te
niques for such studies. In this paper, we first focus on
first near-neighboring shells in Ti-Al alloys by combinin
the information retrieved from both TiK and Al K EXAFS
and EXELFS spectra, and show that one can obtain relia
first nearest neighbors~first NN’s! distances with these com
bined data, despite their own different characteristics. Mo
over, we also show that one can now retrieve informat
from shells beyond first-nearest neighbors, by performing
analysis of the high-spatial frequency domain of the EXA
data using fits to theoretical standards derived from theab
initio multiple-scattering codeFEFF3. Thus EXAFS becomes
a medium-range order probe for material science, as will
illustrated here by analysing the TiAl XAS data at the TiK
edge up to the eighth nearest neighbors. However, this c
bined approach of fine-structure spectroscopies, like X
and EELS, poses some questions. In particular, an exp
mental EXAFS/EXELFS signal is the incoherent sum of
signals due to each individual absorbing atom in the pro
volume, while a given theoretical spectrum is unique to
given absorber atom. Thus the question is, in what sense
given theoretical spectrum representative of all experime
spectra ~e.g., those of individually probed atoms!? One
clearly sees that this question is closely related to the di
der existing in the material, a point that remains complica
to handle precisely from a theoretical point of view, witho
some sort of configurational averaging based on knowle
or assumptions about the nature of the alloy structure. O
ously, the more accurate the information one expects to
tract, the more demanding the data quality must be. In
case of EXAFS/EXELFS it means that one must be care
to record XAS and EELS spectra with optimized signal-
noise ratio over an energy range as wide as possible. Th
fore, this approach requires careful sample preparation~an-
nealing, clean surface, . . . .! prior to performing the
1723 ©2000 The American Physical Society
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experiments. These conditions are not always easy to fu
owing to the characteristics of the samples themselves
will be illustrated with the materials studied here.

The remainder of this paper is outlined as follows. In S
II we describe the samples that we have studied and
experimental methods used to obtain the fine-structure d
A brief overview of the data analysis methods is also p
sented in that section. In Sec. III we give the experimen
results and structural informations carried out from th
analysis. Finally in Sec. IV, the potential and limitations
the multiple-scattering approach for studies of the interm
tallic titanium aluminides are discussed.

II. METHODS

A. Alloy processing and samples preparation

The Ti-Al samples have been processed by the a
melting technique under argon atmosphere using high-pu
starting metals. The main unavoidable impurity was oxyg
which is contained in the titanium with a concentration
about 300 to 400 at. ppm. This is about the best purity av
able, oxygen being very soluble in titanium. Compared
this fairly high level, extremely few impurities are brought
by the aluminum. The ingots have been subsequently
nealed at 1300 °C during 48 h for homogenization, quenc
to retain vacancies, and then heat treated again during 1
at 1000 °C and slowly cooled. In TiAl, the second part
this process results in a precipitation of the impurities~C, N,
and O! in small particles.4 These have a very low-volum
fraction (<0.1%) and therefore do not contribute signi
cantly to the EXAFS signal. In the EELS experiments, it
easy to select the matrix excluding the precipitates. In Ti3Al
and Al3Ti no sign of precipitation of a second phase w
observed at the scale of the transmission electron mi
scope.

B. Experimental Methods

Specimens for electron microscopy have been cut wit
low-speed diamond saw and thinned by conventional e
trochemical and ion-beam milling techniques. EELS spec
have been recorded in a Jeol 4000FX microscope opera
at 400 kV and fitted with a Gatan model 666 parallel det
tion electron spectrometer. The experiments are carried
at 108 K to avoid contamination and to minimize therm
vibrations.~This temperature corresponds to the digital re
ing on the cold stage of the microscope. The tempera
probe is located at a distance from the specimen so the a
temperature of it is not known precisely.! For each spectrum
about ten readouts are recorded in diffraction mode wit
low-convergence incident beam~<1.5 mrad! and a collec-
tion aperture of approximately 3 mrad. They are th
summed for better statistics. The illuminated area was
proximately 2mm in diameter with thicknesses below 10
nm. The integration time on the photodiode array~PDA! lies
between 25 s and 50 s, depending on the probed alloy.
probe current was kept sufficiently low~<400 nA! to mini-
mize irradiation effects and great care was taken to av
specimen drift. The actual experimental resolution, measu
as the half-width of the zero loss peak was found to be
eV. Each spectrum is corrected for the defects of the PD
fil
as
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Dark counts are recorded with 10 times more readouts t
the raw data to cancel the statistical noise and to keep o
the systematic noise. Once divided by 10, this dark-co
signal is subtracted from the raw data. Then, the resul
spectrum is corrected for channel-to-channel gain varia
by dividing it by a spectrum acquired with uniform illumi
nation, which is previously corrected for dark counts. A lo
loss spectrum is also recorded with the same illumina
area. After extraction of the background with a standa
power-law function, plural scattering contributions are r
moved by using the standard Fourier ratio deconvolut
procedure.5 All these treatments are performed within th
GATAN EL/P program.

Because of their brittleness, intermetallic specimens c
not be thinned enough to reach x-ray transparency to perf
XAS experiments in transmission mode. Consequen
small square samples of 20 mm2 and 5 mm thick have been
prepared for experiments in the conversion electron yi
mode~CEEXAFS!.6 Prior to the experiments, their surface
have been mechanically polished down to 5mm diamond
grain to remove surface damage. TiK edge XAS electron
yield spectra were recorded on beam-line D44 of the
GeV positron storage ring DCI at LURE using a two-crys
type Si ~111! monochromator~0.7 eV resolution! equipped
with mirrors for harmonics rejection. To reduce thermal d
order, the XAS data were collected at 77 K using a CEE
AFS device working at the liquid-nitrogen temperature und
helium flow.7 The energy step was 2 eV and the acquisiti
time per data point 2 s.

To conclude this section, we discuss the reasons unde
ing our choice of using EELS at the AlK edge and XAS at
the Ti K edge to study Ti-Al intermetallics, as well as the
consequences. Indeed, we have previously shown8,9 that it is
now feasible to record EELS spectra in the 4–7 keV ene
range. In this range, the EELS signal-to-noise ratio for h
values of the wave vectork is not as good as for XAS. Sinc
a reliable multiple-scattering analysis requires as wide
possible ak range, this favors the XAS technique, which al
has the advantage of being easier to use than EELS
offers better energy resolution. Unfortunately, except for
YB66 monochromator10 at SSRL ~Stanford, CA!, available
monochromators at synchrotron facilities for probing the
K edge are quartz, which have intrinsic absorption at the SK
edge. Clearly, the EELS technique does not suffer suc
limitation, which is why we have employed it for AlK edge
studies. The use of two different techniques for probing
Al K and Ti K edges of the Ti-Al alloys introduces som
additional limitations. For a given composition, EELS- a
XAS-probed samples have undergone different treatme
~electrochemical and ion-beam milling on one side, mecha
cal polishing on the other! and the temperatures of the me
surements are different. Furthermore, the CEEXAFS te
nique is very surface sensitive. Even if the depth probed
electron yield mode is not known precisely,11 it can be
roughly estimated using a semiphenomenological model12–14

to range between 40 and 70 nm, depending on the Ti c
centration for Ti3Al and Al3Ti, respectively. From all these
considerations, it turns out that one cannot expect to finda
priori ‘‘ equal Debye-Waller factors for Ti and Al hetero
pairs, as must be the case when one probes both ato
species using the same sample and same experimental
ditions.
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C. Methods of Analysis

Provided the collection angle of the spectrometer is sm
enough to be consistent with the dipole approximation, it
been established that the EXELFS signal contains the s
structure information as EXAFS,15 and thus that they can b
both expressed within the same theoretical framework.
principle of the EXAFS/EXELFS relies on the behavior i
side a condensed material of an electron ejected from a
tral atom either after an x-ray photon has been absor
~XAS! or from the inelastic scattering of a fast electr
~EELS!. However, due to the different inelastic cross se
tions for photons and fast electrons, the energy depend
of pre-edge and post-edge background is different, and
must correct for EELS spectra accordingly before analysi16

If one takes this correction into account especially wh
studying lowZ materials,17 we have found18 that it is less
important when working in the 2 keV range~Al K edge: 1.56
keV!. We do not summarize here the basis of the EXAF
EXELFS theory, since it is now well established and w
documented,19–23but only describe the various tools we ha
used for data analysis: once the pre-edge has been subtr
with a linear ~XAS! or power law5 ~EELS!, the post-edge
background is extracted using theAUTOBK code,24 which has
the advantage of providing a well-defined atomic absorpt
background and removing low-frequency oscillations t
may be considered as an atomic XAFS~AXAFS!.25 The ob-
tainedx(k) EXAFS/EXELFS function is then adjusted to th
related structural model generated byFEFF for both single
scattering and multiple scattering~MS! paths using theFEF-

FIT~Ref. 26! fitting code, which is fully compatible with
FEFF. Indeed, to perform an EXAFS/EXELFS analysis, o
needs accurate backscattering parameters, and theFEFF code
has been found to be one of the best for such a purpo27

The FEFF code also includes important corrections for se
energy and core-hole effects, the self-energy being a cru
ingredient in ab initio fine-structure calculations28. In all
cases we have used the analytical Hedin-Lundquist s
energy model29 implemented inFEFF. TheFEFFIT program is
very flexible, and uncertainties and errors are handled
sophisticated way, based on standard error analysis the
Furthermore, to avoid spurious structures due to the Fou
backtransform, fittings are performed inr space using both
imaginary and real parts of the Fourier transforms. For
spectra analyzed here, thex(k) EXAFS/EXELFS function
was k2 weighted before being Fourier transformed using
Hanning window. Moreover we use all the possibilities o
fered byFEFFfor analyzing higher order MS contributions i
Ti-Al EXAFS/EXELFS spectra. MS simulations of exper
mental data also address a severe problem concerning
proper handling of disorder for MS paths. Even though
utilization may be questionable for structures other than
bic, we have used the optional correlated Debye-Wa
model30 included in FEFF to treat the thermal part of MS
paths disorder.

For all simulations presented hereafter, theFEFF calcula-
tions are performed starting from the known crystallograp
structure of a given alloy. The corresponding experimen
data are then fitted to these theoretical spectra that are
as input toFEFFIT. Throughout this paper, the coordinatio
numbers have been fixed to the nominal composition of
samples. Thus the only parameters that are adjusted ar
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first NN distances, the Debye-Waller~DW! factors or Debye
temperatureQD , the energy originE0 for the interstitial
muffin-tin potential, and a damping factorG to take into
account the energy resolution and local disorder in pot
tials. The global amplitude reduction factorS0

2 ascribed to
the possibility of multiple electron excitations at the abso
ing atom is fixed at the values determined18 from the analysis
of bulk titanium ~XAS, S0

250.72) and aluminum~EELS,
S0

250.78).

III. EXPERIMENTAL RESULTS

A. TiAl alloy

The TiAl intermetallic compound crystallizes under th
L10 structure~space groupP4/mmm), which is based on the
ordering of the Al and Ti atoms on the fcc lattice. It consis
of alternate pure~001! planes of aluminum and titanium
~Fig. 1!. In the Ti-Al phase diagram, two phases are pres
at the equiatomic composition: the hexagonala2 phase
(Ti3Al) and theg phase~TiAl !. For this reason the alloys

FIG. 1. Unit cells of TiAl ~a!, Ti3Al ~b!, and Al3Ti ~c! alloys. Ti
atoms are in black and Al atoms in gray.
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studied here are slightly aluminum enriched, in order to
long to a single phase domain. The actual composition m
sured with a Castaing microprobe is Ti46Al54 and the lattice
parameters measured by x-ray diffraction~XRD! are a
53.991 Å andc54.081 Å.

The rawk2
•x(k) functions related to AlK and TiK edges

are plotted in Fig. 2. The first noticeable point is the striki
weakness of the TiK EXAFS oscillations. We have shown i
a previous paper9 that this particularity is intrinsic to the
TiAl alloy. This is due to the fact that the difference betwe
Ti and Al backscattering phase shifts is nearly constant
equal to about 3 rad in the~5 Å21212 Å21) k-space range
so that first NN’s Al and Ti EXAFS contributions are ap
proximately out of phase. The second remarkable poin
that the AlK EELS data become rather noisy beyond ab
9.5 Å21 and thus cannot be used to retrieve reliable inf
mation from their analysis. We will return to these poin
later, but they illustrate some of the experimental difficult
encountered when probing titanium aluminides on a widk
range.

1. Ti K edge

Figure 3 shows the XAFS radial distribution functio
~RDF! modulus obtained after Fourier transform of the sp
trum displayed in Fig. 2 over thek-space range~3.3 211.8
Å21). One should remark at the unusually strong peak
about 5 Å compared to the first one at about 2 Å . In apparent
distances, the intense peak at 5 Å corresponds to the fo
NN’s in theL10 structure, and the one at 2 Å corresponds to
the Ti and Al first NN’s that are, from the crystallograph
separated byDr'0.026 Å. This low distance aside, the fa
noted above that Ti and Al contributions are nea
out-of-phase,9 explains the weakness of the first peak of t
RDF. Nevertheless, even if not entirely resolved, one
clearly observe the splitting of this first peak in the two co
ponents associated to the first NN’s Ti and Al backscatt
However, one cannot expect to separate these two cont

FIG. 2. TiAl alloy Al K ~EELS: bottom! and Ti K ~XAS: top!
k2
•x(k) spectra.
-
a-

d

is
t
-

s

-

t

rth

n
-
s.
u-

tions by filtering: they must instead be treated simul
neously in a fitting procedure. The best fit corresponding
the first NN’s contributions is shown in Fig. 4, and the r
sults are summarized in Table I: the adjusted global par

FIG. 3. Ti K ~XAS: top! and Al K ~EELS: bottom! experimental
~dotted curves with symbols! and fitted~solid curves! FMS theoret-
ical RDF’s for TiAl.

FIG. 4. Fits to the TiK EXAFS ~top! and AlK EXELFS ~bot-
tom! x(R) in TiAl for the first NN contributions~imaginary part!.
The dotted curves with symbols show the experimental data;
solid curves show the fits to the experimental data. The fit ra
@Rmin , Rmax# is indicated by dashed lines. Fits results are given
Tables I and II, respectively.
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eters are found to beE05(0.060.5) eV andG5(0.860.1)
eV. Such a fair fit suggests that the local structure is m
cubic than quadratic, since the localc/a ratio obtained is
slightly smaller than that deduced from XRD measureme
although it still lies within the error bars (c/a51.0160.01
instead of 1.02260.003 for XRD!. Notice also that the dis
order is found to be higher for heteropairs than for h
mopairs, a behavior that has been previously reported w
analyzing the EXAFS signal as a function of the tempe
ture, and has been assumed to be a precursor of a ph
soft mode.9

To go beyond the first neighboring shell, we then p
formed a MS calculation using a larger cluster of radius 5
Å, which involves 55 atoms~8 coordination shells!. By se-
lecting only those paths whose amplitude has a we
greater than 4% of the largest ones~e.g., the two first coor-
dination shells: 100%!, we obtained a theoretical spectru
involving 38 different scattering paths. All these paths wh
used as input to the fitting programFEFFIT. The two first
shells distances, the DW factors as well as the global par
etersE0 andG, were fixed at the values obtained previous
~Table I!. The distances for the higher-order shells were k
equal to the crystallographic ones and the only adjusta
parameter was a global DW factorsg

2 for all paths but the
two first ones. With this simple model, we obtained a go
fit of the experimental data up to 6 Å asshown in Fig. 3. The
value found for the DW wassg

25(0.013760.0025). The
very good agreement between experiment and theor
worth noticing for the particularly intense fourth peak of t
RDF located at 5 Å that was discussed previously. From
examination of the MS data calculated byFEFF, one can eas-
ily correlate this peculiar feature of the TiK RDF to the
structure of the TiAl alloy. In the fcc basedL10 structure, the
first NN’s and fourth NN’s are aligned alonĝ110& direc-
tions. Among the large amount of paths contributing to
fourth peak of the RDF, the most important ones are
threefold paths showing strong focusing effects on the fou
shell through either aluminum (^011# directions : Ti-Al-Ti!
or titanium (̂ 110# directions: Ti-Ti-Ti! second NN’s atoms
These paths involve only backward and forward scatter
whose weight is known to be the strongest. The total con
bution of the Ti-Al-Ti paths is nearly two times~degeneracy:
16, weight: 53%! larger than one of the Ti-Ti-Ti paths~de-
generacy: 8, weight: 31.4%!. This example shows clearl
how a MS analysis, when feasible, becomes a powerful
to study higher-order correlation functions such as the th
and four bodies ones we have shown to be importan
interpret the TiK edge XAFS data. In that sense, EXAFS c
be viewed as a method for probing the medium range o
of materials.

2. Al K edge

Figure 3 shows the RDF modulus obtained once the AK
x(k) spectrum displayed in Fig. 2 has been Fourier tra

TABLE I. Results of the Ti46Al54 EXAFS fit at Ti K edge;S0
2

50.72, G50.8 eV.

N Distance~Å! s2 (Å2)

3.68 Ti 2.8160.01 0.002160.0005
8.32 Al 2.8260.01 0.003560.0005
e
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formed in thek-space range~3.3 Å21– 9.5 Å21). It should be
noticed that the overall shape of this RDF is more typi
than that obtained at the TiK edge~Fig. 3!. The simulation
of the real and imaginary parts of the RDF that correspo
to the two first coordination shells was performed by adju
ing six parameters~two distances, two DW factors,E0 and
G). The best fit is shown in Fig. 4 and results are gathere
Table II, the global parameters being found to beE05(9.0
60.5) eV, G5(1.060.1) eV. One can note that the Al–T
distances are equal to the ones obtained at the TiK edge, a
satisfactory result despite the differences between the X
and EELS techniques. Obviously, this is not the case for D
factors as discussed above~different samples and differen
temperatures of measurements!. However, we observe agai
that the disorder is higher in mixed Ti-Al planes than in pu
Al ones ~or pure Ti planes at the TiK edge!. Such a result
could be ascribed to the fact that bonds are stronger for
mopairs than for heteropairs ing-TiAl. Such a behavior
would play a significant role in the mechanical properties
this alloy.31

We have not been able to perform a trustworthy MS fit
the EELS Al K edge data, since it would have required
number of parameters far exceeding the number of indep
dent data points given by the Shannon theorem.34 Indeed,
since the alloy composition is out of stoichiometry, there a
a significant number of Al atoms on the Ti sites, and th
requires us to take into account two different sites for
atoms and hence a large number of parameters. The too
k range available illustrates the point previously mention
that to perform a reliable MS analysis, it is necessary
acquire experimental spectra over a widek range with a suf-
ficiently high-signal-to-noise ratio. Nevertheless, we wan
to know if there exists a focussing effect at the AlK edge
that would give rise to an intense peak in the RDF, as
served at 5 Å at the Ti K edge. For this purpose, we pe
formed a purely theoretical MS calculation, runningFEFFfor
the cluster used for the TiK-edge MS fitting but with a
central aluminum absorbing atom. Furthermore, we impo
for the two first coordination shells the set of paramet
reported in Table II~as well as for the global parametersE0
andG) and for all other shells the global DW factor obtaine
from the TiK MS fit. TheFEFFcalculatedx(k) function was
then Fourier transformed in the samek range used for ex-
perimental TiK-edge~k! data. This Fourier transform is plot
ted in Fig. 3. It is obviously not surprising that this theore
ical RDF does not match the experimental one for la
distances; but the most interesting point is that both exp
mental and theoretical RDF’s do not show any intense p
in the vicinity of 5 Å. This result is of great importance
since it implies that we can use the XAS or EELS spectro
etry as a site selective technique ing-TiAl intermetallic al-
loys. In that sense it is very competitive with the ALCHEM
technique,32 which is used for site determination of mino

TABLE II. Results of the Ti46Al54 EXELFS fit at Al K edge;
S0

250.78, G51.0 eV.

N Distance~Å! s2 (Å2)

4.32 Al 2.8060.01 0.002760.0005
7.68 Ti 2.8260.01 0.007360.0005



ti
e

cu

d

ro

es
e

th
n

or
A
T

o
-

le
rg
e
lu

-
an

r
h
th
ll

al
.
-

22
d

t
x
s
rs
in
e

lls

the

in
ent

ance
is
An
tor
ting

ey

ng
w.

ies
ta

ace
nt
ring

the
ge
re
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addition elements but requires the existence of an alterna
of two planes of different compositions in the material. W
actually used the RDF fingerprints to study the site oc
pancy of solute elements in ternary dilute (TiAl)97X3 (X
5Mn, Nb, Cr! alloys.2 To conclude, it should be outline
that the difference observed at AlK and Ti K RDF’s only
reflects the different scattering powers that are nicely rep
duced by theFEFF code, of Al and Ti atoms in theL10
structure.

B. Ti3Al alloy

The Ti3Al alloy crystallizes in a hexagonal DO19 structure
(P63 /mmc), which is an ordered superstructure on thea-Ti
hcp lattice. The composition of basal planes is Ti3Al with an
AB stacking. Along a direction normal to prismatic plan
~direction^112̄0&), the structure can be viewed as compos
of an alternate stacking of pure Ti and TiAl planes~Fig. 1!.
Its lattice parameters measured by XRD area55.782 Å and
c54.629 Å.

1. Ti K edge

The XAS data related to this alloy have been recorded
room temperature. From the crystallographic structure of
compound, the first peak of the RDF includes contributio
from the four first coordination shells. These four shells c
respond to the 12 first NN’s in the hcp packing that are Ti-
and Ti-Ti distances in the basal plane and Ti-Al and Ti-
distances that have a component along thec axis. Therefore
the EXAFS analysis requires to adjust a large number
parameters~theoretically 14!, exceeding the number of inde
pendent points avalaible in the data set@k-space range:~4.5
Å21– 11 Å21)#. Thus to reduce the number of adjustab
parameters and obtain a trustworthy fit, we fixed the ene
origin E0 to zero for all shells while the global amplitud
reduction and damping factors were set equal to the va
deduced from the analysis performed at the TiK edge for the
TiAl alloy ~Sec. III A 1!. Therefore we only adjust four pa
rameters: one distance and one DW factor for both first
second shells that are constituted of 2 Al1 4 Ti in each case.
We obtained a very good fit of the first peak of the imagina
part of the RDF, as is shown in Fig. 5, the values of t
related parameter are summarized in Table III. Although
fitted distances are in excellent agreement with the crysta
graphic ones, we note that the c/a ratio value here is
smaller than the one obtained from XRD measurements

As for the TiAl alloy, we tried to perform a MS simula
tion of the data using a larger cluster~radius 7.154 Å 19
coordination shells!. The fitting range was extended to~1.72
Å– 11.5 Å! in the r space, a range that allows to adjust
parameters. Since the theoretical spectrum includes 76
ferent scattering paths~19 twofold, 36 threefold, 21 four-
fold!, one must use a strategy to limit as much as possible
number of adjustable parameters. Therefore, we have fi
the parameters related to the first four coordination shell
the values obtained from the previous analysis of the fi
peak of the RDF~Table III! because they represent the ma
contribution of the EXAFS signal. Obviously, it must be th
same for the three global parameters that areS0

2, G, andE0.
Thus we only search for the DW factors for all other she
using the correlated Debye model implemented inFEFF. The
on
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Debye temperature we obtain isQD5300 K. We have not
found in the literature its value for the Ti3Al alloy, but such
a value seems to be too low when compared to those of
pure metals Al and Ti (QD

Ti5380 K, QD
Al5394 K!. Further-

more, looking at the Fourier transform of this fit displayed
Fig. 6, one can note that the agreement with the experim
is poor, especially between 3 and 4.2 Å . A more detailed
analysis shows that the main contribution in thatr range
comes from the fifth coordination shell~6 Ti at 4.06 Å! and
it seems that they are located at a too short apparent dist
~dashed line in Fig. 6!. It means that the local structure
rather disturbed beyond the first four coordination shells.
accurate fit of the data would require to adjust a DW fac
for each scattering path and thus a huge number of fit
parameters. The structure being complex~if the peaks lo-
cated at 4.5 and 5.5 Å are qualitatively well reproduced, th
mainly include multiple scattering contributions!, the search
for a reliable simulation becomes unrealistic.

This example illustrates the limits of a multiple-scatteri
analysis on both experimental and theoretical points of vie
However, it must be mentioned that some of the difficult
encountered during the ‘‘all shells’’ simulation of this da
set might come from the detection mode we used~CEEX-
AFS!. As noted before, the measured signal is very surf
sensitive11 and it is likely that the post annealing treatme
was unsatisfactory to remove all the damage induced du
the mechanical polishing of the sample.

FIG. 5. Fit to the TiK EXAFS x(R) for Ti3Al ~imaginary part!.
The dotted curve with symbols shows the experimental data;
solid curve shows the fit to the experimental data. The fit ran
@Rmin , Rmax# is indicated by vertical-dashed lines. Fit results a
given in Table III.

TABLE III. Results of the Ti3Al EXAFS fit at Ti K edge;S0
2

50.72, G50.8 eV.

N Distance~Å! s2 (Å2)

2 Al 2.8760.01 0.00460.001
4 Ti 2.8760.01 0.00860.001
2 Al 2.9060.01 0.00460.001
4 Ti 2.9060.01 0.00860.001
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2. Al K edge

Paradoxically, the ‘‘all shells’’ analysis of the AlK-edge
EELS data turned out to be much easier, as can be obse
in Fig. 6. This fit was performed on an 8-shells cluster~ra-
dius 5.775 Å!. The Fourier transform was performed in thek
range~3 Å21– 8 Å21) and the theoretical adjustment in ther
range~1.84 Å– 5.89 Å!, leading to 14 independent points.
fact, the fit only needs a few number of parameters. Inde
we fixed the two global factorsS0

2 ~0.78! andG ~1 eV! at the
values obtained from the TiAl AlK-edge analysis~Sec.
III A 2 !. We then adjusted a global energy origin factorE0,
found to be 4 eV, and a Debye temperature using the co
lated Debye model~the EELS experiment was performed
114 K!. We obtainQD5245 K, a value that also seems to b
too low and furthermore different from the one obtain
from the Ti K-edge analysis, a point that we will addre
later in the discussion. The values of the structural para
eters related to the two first coordination shells are given
Table IV. One notes that the Ti-Al pair’s DW factors a
different at both edges~Table III!, but it is most probably
due to the fact that the probed samples and the tempera
of the measurements are different.

FIG. 6. Ti K ~XAS: top! and Al K ~EELS: bottom! experimental
~dotted curves with symbols! and fitted~solid curve! FMS theoret-
ical RDF for Ti3Al. The dashed line shows the fifth shell contrib
tion ~see the text!.

TABLE IV. Results of the Ti3Al EXELFS fit at Al K edge;S0
2

50.78, G51.0 eV.

N Distance~Å! s2 (Å2)

6 Ti 2.856 0.01160.001
6 Ti 2.887 0.01160.001
ed

d,

e-

-
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C. Al3Ti alloy

The Al3Ti alloy crystallizes in the DO22 structure~space
group I4/mmm) which is ordered on the fcc lattice. Thi
structure presents three different sites labeled (a), (b), and
(d) in the Wyckoff notations, which are occupied by Ti, A
and Al2 atoms, respectively. The DO22 structure can be de
scribed from theL12 structure in which a periodic modula
tion of conservative antiphases33 is introduced along thec
axis. The lattice parameters measured by XRD area
53.848 Å andc58.596 Å.

1. Ti K edge

As for the Ti3Al alloy, the XAS data have been recorde
at room temperature in conversion electron yield mode. T
Fourier transform is thus restricted to thek range ~2
Å21– 8.25 Å21) which corresponds, for a fit performed i
the r range~1.71 Å– 2.94 Å!, to six independent points. Her
also, we fix the values of the two global parametersS0

2 andG
to those obtained from the fit of the TiAl TiK-edge data
~Sec. III A 1!. By noticing the asymetrical shape~non-
Gaussian! of the first peak of the RDF~Fig. 7!, we tried a fit
using a cumulant expansion up to the third order. Indeed
the distribution is asymmetric, then one can either use m
tiple Gaussian shells that are offset by a small distance va
tion dr or describe the nearest-neighboring shells by a sin
distribution that includes a cumulant expansion whose or
is higher than the second one. In the latter case, the num
of adjustable parameters is theoretically less than in
former case. However, for the studied alloy, we know fro
the crystallography that the two shells we have to consi
are well separated~from about 0.16 Å! so that their descrip-
tion in terms of a single asymmetric distribution becom
unphysical. Thus we only search for three parameters: a
bal energy shiftE0 ~3.12 eV in the present case!, one DW

FIG. 7. Ti K ~XAS! experimental~dotted curve with symbols!
and fitted~solid curve! FMS theoretical RDF for Al3Ti.
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factor and one third order cumulant, the distances being fi
at their crystallographic values. The resulting fit of t
imaginary part, the first peak of the RDF, is shown in Fig
and the related fitted values are given in Table V. The ove
agreement with the experimental data is quite satisfact
especially on the low side of the fittedr range that was badly
reproduced in a model that only includes a cumulant exp
sion up to the second order~not shown here!. Such a result
suggests that each Al1 and Al2 site is characterized by a wid
distribution of distances with respect to a Ti atom rather th
by a single well-defined distance. This example outlines h
it is important to record the data over a widek range since
the number of parameters needed to perform an analys
asymmetric distributions increases when the shells to c
sider are widely separated as in the case of the Al3Ti alloy.

As in previous cases, we then performed a MS analysi
the experimental data using a larger cluster~radius 5.77 Å!
which corresponds to 25 different scattering paths. The
tances were fixed to their crystallographic values while
set of parameters related to the two first shells, as well as
global factors, were those deduced from the analysis
scribed above~Table V!. In the fitting procedure, we only
adjust a DW factor for each of the five single-scattering pa
belonging to the considered cluster and a Debye tempera
for higher-order scattering paths~3 legs and 4 legs paths!. As
it can be seen in Fig. 7, the fitted RDF is in good agreem
with the experimental one. Even if the so obtained Deb
temperature (QD5345 K! seems to be more realistic tha
the one found from the MS analysis of the Ti3Al alloy ~Sec.
III B !, it should not be considered a reliable result. This D
bye temperature is likely to be ascribed to an insuffici
number of available independent points in the data se

FIG. 8. Fit to EXAFSx(R) for Al3Ti. The dotted curve with
symbols shows the experimental data; the solid curve shows th
to the experimental data. The fit range@Rmin andRmax# is indicated
by vertical-dashed lines. Fit results are given in Table V.

TABLE V. Results of the Al3Ti EXAFS fit at Ti K edge using a
cumulant expansion up to the third order;S0

250.72, G50.8 eV.

N Distance~Å! s2 (Å2) s3 (Å3)

4 Al1 2.727 0.002960.0007 0.000960.0002
8 Al2 2.885 0.002960.0007 0.000960.0002
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perform a fit of each MS path rather than the actual Deb
temperature of the alloy.

2. Al K edge

As mentioned above, there exists in the DO22 structure
two different aluminum sites corresponding to differe
atomic environments: (Al1: 4 Ti at 2.727 Å18Al2 at 2.885
Å; Al 2 : 4Al2 at 2.727 Å, and 4Al114Ti at 2.885 Å!. It is
therefore impossible to perform a reliable analysis of
EXELFS signal at the AlK edge. Indeed, in that case an
realistic simulation of the experimental data would requ
the adjustment of a number of parameters far exceeding
number of independent points in the data, thek range being
limited here to about 8 Å21. Therefore, we perform twoFEFF

calculations, one per aluminum site, using the set of par
eters deduced from the TiK-edge analysis. Once weighte
by the occupation ratio of each site (Al1: 1, Al2: 2! in the
unit cell, these two spectra are summed up to obtain
theoretical EXELFS signal~see Fig. 9!. They are found to be
nearly out of phase beyond k'4 Å21 so that the signal is
strongly damped above thatk value and makes it very diffi-
cult to obtain a reliable fit of the experiment data. Even if
experimental fine structures are qualitatively reproduced
the FEFF calculations~Fig. 9!, one can thus observe that th
predicted theoreticalk periodicity of the signal is larger than
the experimental one. It is very likely to be connected to
fact that the theoretical full multiple scattering calculatio
performed for each aluminum site do include asymme
distributions of distances, except for the first titaniu
nearest-neighboring shell.

fit

FIG. 9. Comparison between experimental and theoretical F
x(k) spectra for Al3Ti ~Al K edge!.
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IV. DISCUSSION

From all the results presented above, we wish to comm
on the following points. First, we have shown that t
multiple-scattering approach gives a very accurate desc
tion of the near-neighbor surroundings in titanium a
minides alloys, at both TiK and Al K edges. Indeed, from
the analysis of the first RDF peak, we always found that
values of the first NN’s distances are consistent at bothK
edges and also, within the error bars, with the crysta
graphic data of these compounds. Second, we would lik
emphasize both the advantages and limitations of combin
the XAS and EELS methods to study aluminum-based in
metallic compounds. Although it has been known for a lo
time15 that EELS and XAS signals contain the same kind
information, up to now it appears that no one has made
multaneously use of EELS and XAS to study a given ma
rial. We have demonstrated here the potentialities of such
approach. On the one hand, it allows us to improve the
curacy of heteropair Ti-Al distances. However, on the ot
hand, we have pointed out the difficulties of comparing
DW factors obtained from the analysis of the XAS a
EELS spectra related to the same alloy. It comes from
differences existing between these two techniques and f
the particularities of the analyzed samples here. To perf
accurate EELS measurements, we need a sample thin en
to reach electron transparency, whereas for XAS spectra
lection we are compelled, owing to the brittleness of titaniu
aluminides, to use the TEY mode, which is highly-surfa
sensitive. It is therefore not surprising to find different D
factors for heteropairs when fitting the TiK and Al K data
recorded on the same alloy, the temperatures of the exp
ments being different. Third, we have proved that it is n
feasible to go beyond the traditional and straightforward fi
shell analysis. To obtain useful structural information fro
higher-order shells, it is necessary to use a more com
approach, since their extraction is generally complicated
the photoelectron multiple-scattering processes. There
the analysis must be done with a more sophisticated me
to take into account these multiple-scattering effects. Suc
goal can be achieved by using theFEFF andFEFFIT codes, as
has been clearly illustrated with the MS analysis perform
at the Ti K edge ~Sec. III A 1! of the TiAl compound. In
particular, we have been able to explain the large focus
effect of the first NN’s onto the fourth NN’s, which is re
sponsible for a very intense peak in the RDF at about 5 Å as
well as the weakness of the first peak due to destruc
interferences. This feature is characteristic of the Ti site
not of the Al one, and thus can be used as a fingerprin
determine the site occupancy of solute elements2 that are
added to improve the mechanical properties of the TiAl
loys. All these results give an accurate description35 of the
g-TiAl structure down to the atomic scale.

However, from an experimental point of view, it is impo
tant to record high-quality spectra over a widek range to
make a useful comparison with theoretical calculations t
include MS contributions. At the present time, this conditi
is not generally fulfilled for EELS, the data being genera
too noisy beyond about 8–9 Å21. A too limited k range of
the data set can even make the analysis impossible for
terial with a complex structure. It has been illustrated w
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the Al3Ti alloy, which Al K-edge FMS analysis~Sec. III C 2!
would be required to adjust a too large number of free str
tural parameters due to the existence of two different
sites. In such an extreme case, we have shown that it
even impossible to fit the first NN’s distances despite the f
that heteropair distances have been determined from th
K-edge analysis. From a theoretical point of view, we ha
also shown that the main bottleneck of any MS analysis is
the determination of the DW factors of the MS paths. The
retically, one has to fit one DW factor per scattering path,
that the problem becomes inextricable when the selec
cluster size is large and/or the structure complex. In pract
the problem becomes feasible if one uses only a limi
number of parameters to describe the thermal and static
orders existing in the probed material. This is partly achiev
by using the correlated Debye model implemented inFEFF.
We found that this model mimics correctly the disorder
cubic structures like TiAl~Sec. III A 1! and Al3Ti ~Sec.
III C 1!, even though the obtained Debye temperatures do
seem to be fully realistic. Obviously, it does not work so w
for an hexagonal structure like DO19. Thus a key point for
the theory for future use of the MS theory as a practical t
for structural studies of materials, is to take into account
MS DW factors with a minimum number of input param
eters. This task is currently in progress.36,37

V. CONCLUSIONS

By combining XAS and EELS spectroscopies, we ha
presented in this paper a detailed analysis of the local st
ture existing in the three defined compounds of the Ti-
phase diagram: TiAl, Ti3Al, and Al3Ti. The ‘‘ab initio‘‘ FEFF

calculations, linked with theFEFFIT fitting code, have been
shown to be very efficient for determining accurate structu
informations, including both near-neighbor and higher-sh
distances. The consistency9 between the XAS and EELS
techniques has also been attested for first near-neighbor
tances, but we have also shown how difficult it is to comp
heteropair DW factors due to the experimental specificity
each of these spectroscopies.

We have demonstrated that one can go beyond the u
first shell analysis by using all the potentialities of theFEFF

approach that makes now tractable a multiple-scatte
analysis of the fine structures. The usefulness to extrac
the information contained in fine-structure spectra is clea
illustrated in the case of the TiAl alloy at the TiK edge.
From the MS analysis, we have been able to resolve enti
the structure up to 6 Å, i.e., at medium range order. T
existence of a strong peak in the RDF at 5 Å, the nature
which has been fully understood, is of particular intere
since it allows us to determine the site occupancy2 of solute
atoms in the ternary dilute alloys. On the one hand, we w
to emphasize the necessity to record data over a widek range
with high-statistical quality to perform a reliable and ef
cient MS analysis. One must be aware of the importance
this constraint if one is interested in using at best all
information contained in the fine-structure spectra. On
other hand, we have also pointed out that one must emp
in an efficient way, the MS DW factors to reduce the numb
of varying free parameters during the MS fitting procedu



u
i
is

t
for

1732 PRB 62T. SIKORA, G. HUG, M. JAOUEN, AND J. J. REHR
Concerning that point, a recently proposed approach36,37

based on local force constants seems to be promising. O
these two difficulties are overcome, the MS technique sho
even be more attractive since it should allow us to determ
correlation functions for pairs of atoms at rather long d
tances, and even correlations between triplets.
nce
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