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A procedure is described for determining interatomic distances r, coordination numbers N, and
mean relative displacements o from extended x-ray absorption fine structure (EXAFS) data on
disordered metallic systems. This procedure includes the case when the spectrometer has finite
energy resolution. It is shown how the absolute value of the EXAFS can be determined. A
way has been developed to determine the inelastic loss factors of the photoelectrons from model
compounds of known structure. The procedure has been checked on four metallic systems (Cu,
a-AICu, 8" and 6 AICu). The accuracy of the analysis is 1% for the interatomic distances, 15%
for the coordination numbers, and 20% for o. The reliability of the data analysis, which
depends strongly on the number of different atoms in a shell, on the magnitude of their mean
relative displacement and on the difference in their backscattering power will be discussed at

length.

I. INTRODUCTION

Measurements of the fine structure above the ab-
sorption edges of x rays in condensed matter (EX-
AFS) have been used to an increasing extent over
the last years for the determination of the local atom-
ic arrangements in ordered and disordered sys-
tems.'”'® In most previous investigations emphasis
has been on the determination of the interatomic dis-
tances which can be measured by this technique with
an accuracy of 1%. In this paper we will concentrate
especially on the information contained in the ampli-
tude of the EXAFS which allows one to determine
coordination numbers and mean relative displace-
ments. In order to analyze EXAFS spectra it is
necessary to know the energy dependence of the
scattering phases in the absorbing and in the back-
scattering atoms and the energy dependence of the
scattering amplitude of the backscatterers. Scattering
phases for pairs of absorbers and backscatterers have
been shown to be transferable from one compound
to another.” In the meantime ab initio calculations of
the amplitudes and phases have become available for
a large number of elements.!’

The most widely used procedure of data processing
is to Fourier transform the background-subtracted
and normalized EXAFS oscillations into real space in
order to separate the contributions of the different
coordination shells around the absorbing atoms.' 568
For those peaks in the Fourier spectrum which con-
tain only one atomic species at one atomic distance
the analysis of the distances and of the temperature
dependence of the Debye-Waller factor are straight-
forward.*3 When the contribution of two shells are
not resolved in the Fourier spectrum a more sophisti-

2

cated data processing is necessary. One possibility is
to construct a model for the system under investiga-
tion, to calculate its EXAFS oscillations, and to vary
the parameters in such a way that its Fourier trans-
form fits the Fourier spectrum of the measured
data.'"* Another technique is Fourier filter-
ing.>&811.13 Here specific peaks in the Fourier spec-
trum are transformed back into k space (photoelec-
tron momentum) and the resulting curves are fitted
with the known EXAFS formula. We have adopted
this procedure, and it is one of the aims of this paper
to show the possibilities of the data processing chosen
here on four different metallurgical systems of
known structure and different complexity. These
systems are pure Cu, a dilute 4/Cu alloy in the
phase, and two AICu phases called 8’ and 8. We
have measured the fine structure above the K edge
of Cu in these systems at the Stanford Synchrotron
Radiation Laboratory (SSRL). We will discuss at
length the significance of the fitting procedure, espe-
cially its dependence on the number of different
atoms in one shell, on their atomic number and on
the correlation between the Debye-Waller factors and
the coordination numbers.

Many spectrometers used to measure EXAFS have
a finite-energy resolution. This leads to a smearing
of the measured EXAFS. We will discuss the size of
this effect and its influence on the determination of
the coordination number and the Debye-Waller fac-
tor. We also give a modified version of the EXAFS
formula which takes this effect into account. This ef-
fect is most serious for spectra measured on x-ray
tubes and in some spectrometers used at synchro-
trons (like on the focused beam line at SSRL).

A problem of great importance in the determina-
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tion of the coordination numbers and Debye-Waller
factors arises from inelastic scattering processes
which reduce the fraction of photoelectrons contri-
buting to the EXAFS interference." 2% For the
first neighbor shell these losses are of the order of
50%. In most cases, this reduction was taken care of
by an exponential damping with a mean free path
which, in general, was treated as energy independent.
We have adopted another approach by assigning to
each pair of absorber and backscatterer and to each
shell individual loss factors which were determined
by means of model compounds with known structure.
A comparison will be given for the two descriptions
of the electron losses. The paper is organized as fol-
lows. In Sec. II we give a version of the EXAFS for-
mula which takes into account the finite energy reso-
lution of the spectrometer, the inelastic photoelectron
losses and the normalization of the EXAFS which
differs somewhat from the procedure used by other
investigators. Section III gives experimental details
concerning sample preparation and data collection. In
Secs. IV and V we describe the experimental results
and the data analysis, and we discuss the accuracy of
the data obtained.

II. EXAFS EXPRESSION FOR
s LEVEL EXCITATION

For the excitation of an s level (K,L;) the normal-
ized oscillatory component of the absorption coeffi-
cient u is given for polycrystalline, not too strongly
disordered systems by!-1%1°

- N
X(k) = (p—po)/mo = k—’zexp(—Za}kZ)I",(k)D,
J Ky

xsinl2kr; +¢,(K)1 . (1)

k is the photoelectron wave vector defined by
k=[2m(E —Ey) /8" | ()

where E is the photon energy and E, the energy
threshold of the absorption edge. F;(k) is the back-
scattering amplitude from each of the N; neighbors of
type jand at a distance r; away from the absorbing
atom. o-} is the mean square of the relative displace-
ment between the absorber and the backscatter .
¢,(k) is the total scattering phase shift experience by
the photoelectron

é;(k) =¢a(k) + (k) —m . 3)

¢, is the phase shift due to the absorbing atom and
¢,{ is the phase of the backscattering amplitude from
the neighbor j. We have used in our analysis the
backscattering amplitudes and phase shifts for Cu and
Al calculated by Teo and Lee.!” The factor D, takes
into account the photoelectron losses due to inelastic

scattering processes. For p-level excitation (Ly, L)
Teo et al.'” have given the corresponding expression
to Eq. (1). Since the main aspects which are of in-
terest here are the same for s- and p-level excitation,
we will confine to Eq. (1). In order to analyze exper-
imental EXAFS spectra by means of Eq. (1), we have
first to extend this expression in the following way.

A. Finite-energy resolution
of the spectrometer

Due to the angular divergence of the x-ray beam
emerging from a synchrotron or from an x-ray tube,
a finite bandwidth passes through the monochroma-
tor crystal. The resulting smearing of the measured
fine structure can affect the determination of the
coordination numbers and of the Debye-Waller factor
and hence must be corrected. We will now consider
the magnitude of this effect at the focused beam line
and at the EXAFS I beam line at SSRL. It is easy to
transfer the results to other beam lines. At the
focused beam line at SSRL the mirror collects the en-
tire vertical divergence of the synchrotron radiation.
For the beam condition which existed during our
study, there was a vertical angular divergence A8 of
3 x 107* radians. For a Ge (111) crystal with a lattice
spacing of 3.2664 A, this leads at the Cu K edge
(1.38A)) to an energy spread of 12.5 eV. On the
other hand on the EXAFS I line at SSRL the vertical
divergence of the synchrotron beam is defined by a
slit 1 mm at 20 m giving A9=5 %107 and AE =1.17
eV for a Si (220) monochromator at the Cu K edge.
This energy spread is small and has been neglected in
the following. In order to determine the energy reso-
lution function of the focused spectrometer at SSRL,
we have measured the EXAFS spectra of pure Cu at
the EXAFS I line and at the focused beam line. We
then have assumed that the resolution function can
be described by a Gaussian of form

g(E—E')dE'=(2m7?) "2 expl—(E — E')*/27*] dE'
4)
or with Eq. (2)
h(k,k') dk’=(2m7?) "\ 2(k2k"/m)
x expl —#*k2(k' —k)?/202m*) dk’ . (5)

Since the Gaussian is peaked at k =k’ we have re-
placed (k'>—k'2)? in the exponent by 4k2(k'—k)?2.
The Cu EXAFS spectra measured on EXAFS I (and
assumed to contain no smearing from finite-energy
resolution) has now been convoluted with the resolu-
tion function Eq. (5) and 7 varied until agreement
was obtained with the spectrum measured on the
focused beam line. Excellent agreement between the
two curves was obtained for 7=5.3 eV. This con-
firmed the Gaussian as an adequate description of the
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resolution function. The full width at half maximum
(FWHM) value of the resolution is 2(21n2)'27
=12.5 eV in good agreement with the value deduced
from the beam divergence. The resolution of the
focused beam line for other K edges can be deter-
mined from this value by means of Bragg’s law

2(21n2)"27 =3 x 107*E cotané , 6)

where A9 =3 x 10™* was taken from the 7 value
determined for Cu.

Energy smearing can also be a problem on the
beam-line EXAFS I at SSRL or on similar lines,
especially at higher photon energy. Indeed, at the Ag
K edge a beam with a divergence of 1 mm at 20 m
passing through a Si (220) monochromator has a
width of 10 eV.

In order to take the finite energy resolution of the
focused beam-line spectrometer at SSRL into ac-
count, we have convoluted the theoretical expression
Eq. (1) with the resolution function (5) rather than
deconvoluting the experimental results

x(0) = [ Xk (kK" dk' ™

The sin factor in Eq. (1) creates the strong variations
of X whereas the other factors are slowly varying
functions of k. Therefore, we extract the prefactors
from the integral in Eq. (7) and convolute only the
sin. If we take into account that the main k depen-
dence of the argument of the sin is from 2kr; and
from the linear term of ¢;(k) we end up with an in-
tegral that can be solved analytically. The result of
the convolution is

N
x(k) = JEijzexp(—hr}kz)F,-(k)Dj

xexpl—(2r; + a;)2m2r2/26%k?]
xsin[2kr; + ¢, (k)] . 8)

The finite-energy resolution shows up as an exponen-
tial damping factor. The damping is large at small k
and small for large k. a, is the mean slope of ¢;(k)

¢;(k) = a;k +const. 9

Typical voalues in Al-Cu alloys are r;=2.5 A and
aj=—l A. For 1=53¢eV th% damping is 0.79 at
k=4 A7"and 0.96 at k =10 A~'. This shows that
the effect of the finite-energy resolution on the
focused beam lined at SSRL is not negligible and has
to be taken into account if distances, coordination
numbers and Debye-Waller factors are to be extract-
ed from EXAFS data.

B. Absolute value of X

The fine structure in the ratio of the photon inten-
sities /o// measured in a transmission experiment is

superposed on a smooth background. This back-
ground is energy dependent due to an energy depen-
dence of the photon flux and of the absorption in the
sample and in the ionization chambers.*®% In gen-
eral, these effects are not known very well and thus
the background in In(/o//) is of unknown size. One
possibility is to extrapolate the background below the
K edge into the range of the EXAFS and to remove
in a second step the smooth background of the K-
shell absorption.*?° Another possibility is to subtract
from the measured spectra the whole smooth back-
ground in one step by means of a series of spline
functions.'> We have adopted this approach. But it
must be taken into account that the resulting oscilla-
tions are not (p — po)/po=X but (u — o) d where d
is the thickness of the sample. Before we can com-
pare this with Eq. (1) we first need uod. We have
chosen in our analysis the following concept to obtain
wod. According to Heitler?' the k dependence of the
absorption coefficient of a gas in the vicinity of the K
edge (E > E,) is proportional to

wod ~ (1 +k2a?)*[1 —exp(—2mw/ka) ]!
x expl—(4/ka) arctanka ] ,
a l=2mE/r? .

For k values up to 16 A" this can be written to a
good approximation by

pod ~1—3kla® .

We have used this expression to describe the &
dependence of the background wed. Its absolute
value at kK =0 was taken from the jump Jin In(/o/])
at the K edge, so that

pod =J(1—3k%a?) . (10)

C. Photoelectron losses

The photoelectron losses D; due to inelastic scatter-
ing processes have often been described by an ex-
ponential damping factor!-*'?

Dy=expl—=2r;/\(K)] , an

where A(k) is the mean free path of the photoelec-
tron. This concept is unsatisfactory in so far as the
theoretical and empirical backscattering amplitudes
F;(k) already include inelastic effects occurring in the
backscatterer. In addition, the inelastic losses inside
the absorbing atom cannot be described by a mean
free path. Therefore, an expression of the form

D;=D;(k) expl—2r;/A(K)] 12)

would be more appropriate. Here 13,(k) takes care of
those losses which are independent of the distance.
On the other hand, at the present time Eq. (12) is of
no help because D., is unknown and there is no gen-
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eral form for the k dependence of A(k). The x-ray
photoelectron spectroscopy (XPS), ultraviolet pho-
toelectron spectroscopy (UPS), and Auger data col-
lected in Ref. 22 show tohe wide spread in the values
of A between 4 and 10 A in the energy range between
50 and 1000 eV. Furthermore, it is not possible by
measuring the electron losses in model compounds to
untangle the k dependence of D and of A. In order
to take into account the possibility of r~-independent

contributions in D; we have chosen the following ap-
J

(n=po) =Axd

proach. We have assigned to each shell and to each
pair of absorber-backscatterer a k-independent loss
factor D;. The D; are determined from model com-
pounds of chemical constitution as near as possible to
the unknown system. We have also used an expres-
sion Eq. (11) for the electron losses with A indepen-
dent of k. A comparison of the two approaches will
be given below.

Combining Eqgs. (1), (8), and (10), we obtain the
final expression for (u — uo)d

=J(1—%k202) 2N,(krjz)_‘Djexp(—ZU}kZ)P}(k)exp[—(er+aj)2m2‘rz/2h'4k2]Sin[2kr1+¢j(k)] . (13)
J

It is this expression with which the background sub-
tracted EXAFS spectra are compared in order to
determine the distances r;, the coordination numbers
N, and the Debye-Waller factors o;.

III. EXPERIMENTAL

The copper used in this investigation was a 10-
um-thick foil of high-purity Cu. The alloys used
were a dilute 4/Cu alloy with 0.5 at.% Cu in the a
phase? and two Al-Cu phases called 8’ and 8.2+ At
room temperature a—A/Cu and 8’ are metastable and
can only be produced by an appropriate heat treat-
ment of a supersaturated solid solution (SSSS) of Cu
in Al. The phase 6 can be obtained as a precipitation
from a SSSS or by alloying appropriate amounts of
the constituents. We have used alloys with 0.5 and 2
at.% Cu and an intermetallic compound 8, CuAl, gs.
They were prepared under high vacuum from 6 N
aluminum and 5N copper partly by inductive heating
in a cold crucible and partly by melting the com-
ponents in a graphite crucible in an oven. Great care
was taken to reach a thorough mixing of the two
components in the melt. The composition of the al-
loys was determined from the weight of the consti-
tuents. Losses by evaporation during the melt were
negligible. The intermetallic compound was ground
in a mortar into fine powder and annealed for 12 h in
high vacuum at 550 °C to remove the strain produced
by the grinding. A Debye-Scherrer analysis of the
powder showed all lines quoted by Havinga et al.?*
but no additional lines within the accuracy of the
analysis, which was better than 5%. The dilute alloy
lumps were rolled into ribbons of about 250-um
thickness. Several ribbons of 7 cm were attached to a
frame made out of molybdenum wire (0.5-mm thick-
ness) and annealed for 2 h at 540 °C in a quartz tube.
The setup used was similar to the one described in
Ref. 26. High-purity argon gas was flowing at a rate
of 2 liters per minute through the quartz tube. A
copper bell surrounding the samples ensured a homo-

r
geneous temperature of the samples in the oven and
a high quenching rate. The quenching bath was dis-
tilled water at 0 °C. Due to the fast quenching the
starting point of the decomposition sequence is the
supersaturated solid solution with an atomic arrange-
ment similar to that in thermal equilibrium at 540 °C.
In addition, the quenched samples contained about
100 ppm of vacancies.?® About a minute after the
quench different heat treatments were given to the
samples in order to obtain the different stable and
metastable precipitates mentioned above (Table I).
The measurement of the EXAFS spectra was done
in transmission on the focused beam line at the Stan-
ford Synchrotron Radiation Laboratory. The Stan-
ford Position-Electron Asymmetric Ring (SPEAR)
was operated at 3.3 GeV and about 20 mA. The
photon flux at the Cu K edge was about 10°
photons/seceV behind the monochromator. Two
parallel germanium crystals (111) with lattice spacing
3.2664 A were used to monochromatize the radiation.
The influence of the vertical divergece of the beam
on the EXAFS spectra is considered in Sec. II. The
incoming and transmitted radiation was monitored by
means of two ionization chambers both filled with N,
at one atmosphere. The photon energies were swept
in 2-eV steps over an energy range of up to 1000 eV.

TABLE 1. Heat treatment given to the different 4/Cu al-
loys after homogenization for 2 h at 540 °C and quenching
into water at 0 °C in order to obtain the phases «, 6', and 6.

Cu
concentration
(at. %) Time T (°C) Atmosphere Phase
0.5 6 weeks 25 air a-AICu
2 6h 240 argon 0
2 44 h 400 argon '}
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The recorded photon fluxes were digitized in a PDP
11 computer which also controls the energy sweep.
The data were recorded on floppy discs and on mag-
netic tape. A typical run containing about 200 data
points took about 15 min. All measurements were
done at 77 K in order to keep the thermal damping
of the EXAFS signal small. A simple styrofoam con-
tainer with a double-window system made out of
Mylar was used as cryostat. The samples were
mounted on aluminum frames which were partly im-
mersed in liquid nitrogen and could be exchanged
within less than a minute.

IV. EXPERIMENTAL RESULTS AND
DATA EVALUATION

A. Results for pure Cu

Figure 1 shows the EXAFS spectrum for a foil of
pure Cu of 10-um thickness measured at 77 K on the
focused beam line at SSRL. Choosing a starting
value Eq=9005 eV, we have first converted the ener-
gy scale into the k scale according to Eq. (2). Then
the data are multiplied by k* to compensate for the
decrease of the EXAFS amplitude at high k due to
the Debye-Waller factor, the backscattering amplitude
F;(k), and the factor 1/k in Eq. (1). Finally, a
smooth background is subtracted from the EXAFS in
order to separate the nonoscillatory part in In(/o/1).
This background is described by a set of cubic
splines.!> The result of this operatiorg is shown in
Fig. 2 (full line). The data set is 15 A~! long and the
smooth background was composed of five splines of
equal length. Choosing the number of splines too
small means that the background is not separated
well enough but choosing its number too large means

4
3k
<2k Cu
< 77K
1L
0- B N | B B R
9000 9200 9400 9600 9800

E (eV)

FIG. 1. EXAFS data for pure Cu at 77 K measured in
transmission at the focused beam line at SSRL.

Cu
77K

k(A

FIG. 2. EXAFS spectrum for pure Cu from Fig. 1 after
background subtraction and multiplication by A3 (full line).
The contribution of the first shell is shown as dashed line.

that the background follows the EXAFS oscillations.
When the data set is multiplied by k* it turned out
that tgle optimum number of splines is one for every
3—4 A7! of data in k space.

In order to separate the contributions from the dif-
ferent shells we have Fourier transformed the EX-
AFS spectra AXxdk® by means of a fast-Fourier-
transform routine. Figure 3 shows the absolute value
of the Fourier spectrum. Five different shells are
visible whereas the higher shells disappear in the
noise. By means of a filter function (shown as a bro-
ken line in Fig. 3) the contribution of the first shell is
separated from the rest of the spectrum.”’ The pro-
duct of the spectrum with this filter function is
Fourier backtransformed into A space and shown as a
broken line in Fig. 2. The width of the filter function
has been chosen in such a way that the peak under
consideration is not altered by multiplication with the

Fourier transform magnitude

S
S
S

2 4 . 6 8 10
r(A)

FIG. 3. Absolute value of the Fourier transform of Fig. 2
(full line). The peaks labeled 1 to 5 are due to the back-
scattering of the photoelectron from the first five shells.
The dashed line shows the window function by means of
which the contribution of the first shell has been separated
from the other shells and from the noise.
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filter function except for the side lobes at its flanks
which are somewhat damped. Since the osciollations
of the absorption coefficient below about 4 A™! con-
tain contributions which are not due to EXAFS, we
consider for further analysis only the part above 4
A=l The filtered version of the EXAFS has now
been fitted to Eq. (13) with j =1 for the first neigh-
bors. Equation (13) also has to be multiplied by &°
because the data set was multiplied by this factor.
®,(k) and F;(k) were taken from Ref. 17 and are
shown in the Figs. 4 and 5 as dashed curves. The
mean slope a; of ®,(k) is —0.63. For our Cu sample
the jump height at the K edge is / =3.52. The ener-
gy resolution of the spectrometer is characterized by
7=25.3 eV (Sec. I A). The coordination number N,
and the loss factor D, in Eq. (13) can only be deter-
mined in the fit as product NyD,. Since in the
present case N is known to be 12 we can determine
the loss factor D, for the first shell in Cu. We have
used a standard nonlinear-least-squares fit to deter-
mine ry, Dy, and o;. With ®;(k) and F,(k) from
Ref. 17 we fouand for the first-neighbor distance ino
Cu r;=2.523 A. This value is too small by 0.025 A
compared to the known neagest-neighbor distance in
Cu at 77 K, which is 2.548 A.?" The loss factor,
D¢ =0.485, means that about every second pho-
toelectron does not contribute to the interference as a

3 5 0 k(A 15

FIG. 4. Scattering phase shifts ¢, (k) =¢, (k) +$f (k) — =
for Cu—Cu in pure Cu according to Ref. 17 (dashed) and ac-
cording to the present data set using a nearest-neighbor dis-
tance r, =2:548 A (full line).

08 T T T

T

0.7

T

06

F(k)

T

0S5

0Lt

0.3

02 A 1 A
3 5 10 k(&) 15

FIG. 5. Backscattering amplitude for Cu according to Ref.
17 (dashed) and from the present data set (full line).

consequence of inelastic processes. The Debye;
Waller displacement o, was found to be 0.050 A at
77 K.

Figure 6 shows a comparison of the experimental
and fitted data for the first shell in Cu. It is obvious
that the data are not fitted well below about 7 A"
Apparently, the calculated phases and backscattering
amplitudes are not optimal in that k range. We have
therefore determined both quantities from the
present data set. In a first step we have extracted the
phase 2kr, + ¢, + ¢, — 7 from the experimental data,
and subtracted from it 2kr,, with the correct value

AX d k?

L P
0 (&) 12 1

FIG. 6. Fit of the first-shell contribution in the EXAFS of
Cu of Eq. (13) using the phase shifts and backscattering am-
plitudes of Ref. 17 (dashed curve) and those from Table Il
(dot-dashed curve).
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ry=2.548 A. The resulting phase combination

¢ =@, + ¢, — w is shown as solid curve in Fig. 4.
With these scattering phases the fit improved by a
factor of 1.7. Although now the zero crossing of the
fitted curve agreed well with the experimental results,
the amplitudes were still in poor agreement. There-
fore we have also changed the backscattering ampli-
tude as shown in Fig. 5 (full curve). Using both the
improved phase shifts and amplitudes (Table II), we
reached an overall improvement of the fit by a factor
of 2.4 (Fig. 6). The result of the fit gave Cu—Cu

o

r=(2.55+0.01) & , (14)
o1 =(0.05+0.01) A , (15)
D,=0.495 +0.05 . (16)

Note that the value o for the mean relative displace-
ment is not altered by the change in the scattering
ghases and amplitudes. The value o =(0.05 +0.01)
A obtained in our fit agrees within the accuracy of
the data with those obtained by Bohmer et al.2® Us-
ing various lattice vibrational models these author°s
calculated values for o between 0.052 and 0.060 A.
The value Ej in Eq. (2) is not exactly defined since it
depends on the chemical environment of the Cu
atoms and on the zero of the potentials used to calcu-
late F(k) and ®(k). Therefore we have allowed it to
vary during the fit. According to Eq. (2) a change
AE, in Eq generates variations in k of

Ak =—mAEy/k*k . an

TABLE II. Backscattering amplitude F(k) for Cu and
scattering phase shifts ¢, + ¢, — 7 for Cu as absorber
(K edge) and as backscatterer deduced from the EXAFS in
Fig. 2.

k(A7) F(K) by +bp—T
4.0 0.365 4.67
4.5 0.430 4.00
5.0 0.510 3.43
5.5 0.575 297
6.0 0.620 2.57
6.5 0.645 2.16
7.0 0.660 1.72
7.5 0.655 1.28
8.0 0.645 0.85
8.5 0.625 0.48
9.0 0.600 0.13
10.0 0.515 -0.50
11.0 0.440 —1.11
12.0 0.365 -1.67
13.0 0.305 —-2.22
14.0 0.260 -2.82
15.0 0.220 -3.55

Variations in Ej are correlated with variations in r
through the phase of the sin in Eq. (13). But as has
been pointed out by Teo and Lee!” errors in £ and
ry fortunately do not compensate since AE is most ef-
fective at low values of kK whereas Ar is most effec-
tive at high values of k. This reduces the correlation
between r and E, and avoids false minima for r due
to errors in £5. We could corroborate this fact.
Indeed, in repeating the data analysis with £, =8994
eV rather than 9005 eV, we found in the fit the same
values for ry, o, and D, but AE,=+10.0 eV, giving
the same value Eo+ AE, and the same r in both ap-
proaches. The correlation between Ey and r; turned
out to be only 7%.

The errors quoted in Eqs. (14)—(16) have been
determined in the following way. We have first kept
r fixgd during a fit giving it values in the vicinity of
2.55 A and leaving only o, N\D|, and AE, free to
vary. We then have plotted the error Q (being the
sum of the squares of the deviations between experi-
ment and fit) versus r,. This plot shows the steep-
ness of the minimum along the direction r, ixom param-
eter space. The distance Ar away from 2.55 A at
which Q =2Q ., is the error quoted in Eq. (14).
Two points are worth to be noted in this regard.
First, in the case of the first shell in pure Cu the
correlation between r, on the one side and N,D, and
o on the other is very small (only +1%). This is
one of the reasons why the distance of a shell with
only one type of atom can be determined very accu-
rately (better than 1%). On the contrary, N\D, and
o are correlated strongly (90%). In principal the dif-
ferent k dependence of both parameters should make
it possible to separate the two. This requires a suffi-
ciently long data set with a low-noise level. It is
therefore very helpful, whenever possible, to measure
the EXAFS at low temperatures in order to reduce
the dynamical Debye-Waller damping. Due to the
correlation we estimate the error in NyD, to be about
10% and that of o to be about 10—15%. Second,
when the first shell contains more than one type of
atoms the errors can be appreciably larger. Great
care is required if the contribution of one type is
much larger than that of the other or if the two types
of atoms have similar Z, i.e., similar backscattering
power. In these cases there can also be a strong
correlation between the distances and the amplitudes.

We have also analyzed the third shell in Cu. With
the new phases and amplitudes from Table II the fit
gave the following values for the parameters for
Cu—Cu:

[}

ry=(4.41 £0.02) & , (18)
o3 =(0.06 £+0.01) A , (19)
D3;=023+0.04 , (20)

Eo+AE(=8995¢V . (21)
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There are°24 Cu atoms in the third shell at a distance
of 4.414 A7 About three-quarters of the photoelec-
trons are lost by inelastic processes. It is noteworthy
that the phases ancl amplitudes of Teo and Lee' give
a distance of 4.37 A which is again 1% smaller than
the correct value just as for the first shell. The quali-
ty of the fit is very similar to the one of the first
shell. Finally we have analyzed the influence of the
finite-energy resolution of the spectrometer on the
parameter r, o, and D. We have already seen in Sec.
IT A that the finite-energy resolution reduces most
strongly the EXAFS oscillations at low k values.
Thus, neglecting the finite energy is expected to
result in too small values for o and for D. This is
what we have found by analyzing the data for the
first shell of Cu with 7=0 in Eq. (13). The distance
is unchanged, whereas o becomes smaller by 5% and
D by 10%,; i.e., the inelastic losses seem to be larger
by 10% than they are in reality. The error is larger
for the higher she!ls. For instance, for the third shell
in Cu at r =4.41 A o becomes smaller by 15% and
the loss factor by 30%. If 7 is larger than in the
present case (7=5.3 eV) the error will be higher cor-
respondingly. If a shell contains more than one type
of neighbors the problems arising from neglecting the
finite value of 7 are more serious due to correlations
between the distances and the amplitudes of the dif-
ferent contributions.

B. Results for a-4/Cu

The second model substance we have investigated
is a-A/Cu with 0.5 at.% Cu (Table I). It is known
that a supersaturated solid solution (SSSS) of Cu in
Al can decompose in different metastable and stable
phases depending on the heat treatment given to the
solution. The sequence of decomposition is?’

SSSS — Guinier-Preston (GP) -zones

—0"'—0—0 , (22)
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FIG. 7. EXAFS data for a-4/Cu (0.5 at.% Cu) at 77 K.
The edge jump J =0.23.
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FIG. 8. EXAFS spectrum for a-A4/Cu from Fig. 7 after

multiplication by &3 and background subtraction. The con-

tribution of the first shell is shown as dashed line.

if the solution contains 2 at.% Cu. On the other
hand if the temperature does not exceed room tem-
perature and if the concentration of Cu is low as 0.5
at.% none of these precipitations is obtained.’*™32 By
a fast quench of a 0.5 at.% Cu alloy to 0°C and by
keeping the sample at room temperature (this is the
treatment chosen here) the SSSS can be frozen in
although it appears that some clustering of the Cu
atoms occurs.’® Figure 7 shows the EXAFS data for
our 0.5 at.% A/Cu alloys measured in transmission at
77 K. The analysis proceeds in an analogous way to
that of pure Cu. The background subtracted EXAFS
(full line in Fig. 8) is Fourier transformed (Fig. 9)
and the contribution of the first shell has been ex-
tracted by means of the dashed-window function.
The Fourier-backtransformed first-shell contribution

~
O T

itude

ni
o9 w
'Ovv

N
o]

-
o

Fourier transform m

(@)

0 2 4 6 x4 8 10

FIG. 9. Absolute value of the Fourier transform of Fig. 7
for a-A4/Cu (full line). The dashed line shows the window
function used to extract the contribution of the first shell.
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is shown as dashed line in Fig. 8. This first-shell
contribution has been fitted to Eq. (13) (after multi-
plying that by k® as has been done with the raw
data). First we have assumed in the fit that a Cu
atom has 12 Al neighbors but no Cu neighbors; i.e.,
we have ignored possible clustering of Cu atoms.
The backscattering amplitudes for Al and the scatter-
ing phase shifts ¢, + ¢ — 7 for Cu—Al used were
those calculated by Teo and Lee.!” The fit, shown in
Fig. 10, gave the following values for the parameters
for Cu—Al:

r=(279+003) A , (23)
o =1(0.08 +0.016) A , (24)
D =0.32+0.04 . (25)

We have also fitted the data set assuming Al and Cu
neighbors in the first shell. This fit did not change
the Cu—Al parameters within the errors quoted and
gave a small contribution of Cu—Cu backscattering

r=(2.48 +0.03) A , (26)
o=0.06 +0.015 , Q27
N=04, D=0495 , (28)

Eq. (16), from the fit improved by about a factor of
2 when the first shell contains Al and Cu neighbors.
The number of Cu atom adjacent to another Cu atom
in an A/Cu alloy with 0.5 at. % of Cu distributed sta-
tistically is 0.06. The actually observed number of
Cu neighbors is 0.4 which indicates that, indeed,
some Cu—Cu clustering occurs in an 0.5 at. % alloy.?

An approximate value for the Cu—Al distance in a
dilute 4/Cu alloy can be calculated from the lattice
parameter change observed when Cu is dlssolved in
Al According to Pearson?’ it is Aa =—0.358 A/100
at.% Cu. This corresponds to a volume change in a
finite crystal of (AV/V),=—0.243. The local
volume change around a Cu atom is that which
would be observed in an infinite crystal.>* This can
be calculated in a continuum approximation as
(AV/V)ig=(AV/V)y~l. The parameter y depends
on the elastic constants of the matrix and has the
value 1.44 for AL.>° Thus, we get

(AV/V)ing=—0.168 (29)

in a-AICu. If this volume change were confined to-
tally to the first-neighbor shell around a Cu atom, it
would imply a Cu—Al distance of 2.69 A compared to
2.79 A found by EXAFS and compared to 2.85 for
the first-neighbor Al—Al distance in metallic Al. The
discrepancy between the lattice-parameter value and
the EXAFS value is not astonishing. First, it is not
obvious that the lattice distortion around a Cu atom
is confined to the first shell. Second, the lattice
parameter changes have been measured on samples
containing up to 3 at.% Cu. It is known that in those

FIG. 10 Fit of the first shell in the EXAFS of a-A4/Cu to
Eq. (13) assuming 12 Al neighbors to a Cu atom. The
dashed curve is the result of the fit.

samples, phase separation and precipitations [Eq.
(23)] occur at room temperature which are accom-
panied by strong lattice-parameter changes.

C. Results for 8-CuAl,

Figure 11 shows the EXAFS measured in transmis-
sion on the focused beam line at SSRL for the phase
6-CuAl,. The phase is tetragonal (Fig. 12) and has
lattice parameters a = (6.063 +0.003) A and
c =(4.872 £0.003) A 24 Each Cu atom has eight Al
nelghbors at 2.584 A and two Cu neighbors at 2.436
A. According to Havinga ef al.?* the composition
CuAl; is slightly outside the range of the single phase
region in the A1—Cu phase diagram and the stable
compound has a little excess of Al. The phase boun-
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FIG. 11. EXAFS data for the phases 8’ and 6 in Al-Cu
measured at 77 K on the focused beam line at SSRL.
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FIG. 12. Unit cell of the tetragonal Al-Cu phase 8. The

open and full circles represent Cu and Al atoms, respectively.

dary is at CuAl,os. The phase 6 can also be prepared
from a supersaturated solid solution of Cu in Al
Then the compound forms above about 300°C. We
have prepared the 0 phase in both ways and will first
show the result of the analysis for 8 CuAl, s pre-
pared by alloying the elements.

The data have been analyzed in the same way as
described in Sec. IV B, except that now we have used
the loss factors Egs. (16) and (25) in order to deter-
mine the coordination numbrs for the first shell.
Figure 13 shows the EXAFS Axdk? after multiplica-
tion with &* and after background subtraction. Also
shown are the contribution of the first shell. The
corresponding Fourier transform is given in Fig. 14.
For the fit of the filtered EXAFS of 8 (dashed curve
in Fig. 13) we have assumed Cu and Al neighbors in
the first shell. The result of the fit is given in Table
III and in Fig. 15. The distances are in excellent (er-
ror <1%) and the coordination numbers in reason-

8 Cu Alygs
77K

1
1y |f Y
PRSP |

0 25 5

v
T B |,
7 10 125
k(i“)

FIG. 13. EXAFS spectrum for  after multiplication by 3
and background subtraction. The contribution of the first
Al and Cu shells is given as dashed line.

Fourier transform magnitude
8 8 8
8v T

-

2 4 6 8 10

FIG. 14. Absolute value of the Fourier transforms of the
EXAFS for 6.

able (error 15—20%) agreement with those deter-
mined from x-ray diffraction. The substantially
larger error in N is due to the strong correlation
between N and o (up to 90%).

A point of crucial importance in the fitting pro-
cedure adapted here is the number of shells in Eq.
(13) on which the experimental data are fitted. In
the present case we know that the first shell contains
one type of Al and one type of Cu atoms. But it is
interesting to see what the result of the fit is if we try
to fit the data with only Al neighbors in the first
shell. The result is given in Table III. The Cu—Al
distance is again in very good agreement with the
known value. Although N, seems to be reasonable
the value of o is almost zero which is too small. If
we constrain o to be 0.065 than we obtain Ny =12.3
which is higher by 50% than the value it should be.
The quality of the fit deteriorates by a factor of 12.
Therefore, in the present case it is pretty obvious
which fit is more significant. But the analysis is not
always so unambiguous as in this case. We will come

5] CUA'Z.OS

k (A7)
FIG. 15. Fit of the first shell in the EXAFS of 8 to Axdk?
[Eq. (13)]. It has been assumed that a Cu atom has first Cu
and Al neighbors.
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TABLE III. Fit of the EXAFS of the first Cu and Al shells in 8 to AXdk3 [Eq. (13)]. In order to
show the reliability of the fitting procedure it has been assumed that the shell contains only Al and
Cu neighbors at a wrong distance. The fit then deteriorates by a factor of 12.

6-CuAl, o5 6 precipitation in
EXAFS Only Al wrong rc, 2 at.% AICu Bragg?
Cu-Al
r (A) 2.57 £0.02 2.58 2.58 2.58 2.56 £0.02 2.583
o (A) 0.065 £0.013 0.002 0.065 0.000 0.060 +0.012
N 7.6+1.0 7.3 12.3 7.3 7.7+1.0 8
Cu~Cu
r (A) 2.44 £0.02 2.85 2.44 £0.02 2.436
o (R) 0.065 £0.013 0.47 0.063 £0.012
N 23104 0 0 0.1 23+04 2

back to this point in Sec. II D.

We have also checked the influence of a wrong as-
sumption in a distance (the Cu—Cu distance) on the
fit. Keepmg the Cu—Cu distance flxed at a value
(2.85 A) which is too large by 0.4 A the fit reduces
the whole contribution of the Cu neighbors to zero by
making o very large and N¢, very small (Table III).
The fit is practically identical with that one where N¢,
was set zero. This result is not surprising in view of
the great accuracy achieved in the determination of
interatomic distances. Finally, we show in Table III
the result of the analysis of the  phase obtained by
precipitation at 400°C in a 2 at.% A/Cu alloy.

Within the accuracy of the data the result is identical
with that obtained on the intermetallic compound.

{3

©
O

O
Q)

‘/ ° .

FIG. 16. Unit cell of the tetragonal Al-Cu phase 6’. The
open and full circles represent Cu and Al atoms, respectively.

This implies that by the heat treatment given to the 2
at.% AICu alloy (Table I) all the Cu precipitates into
the 6 phase and the amount of Cu left in solution
must be very small.

D. Results for the 8’ phase

The phase 0’ in the system Al-Cu is a metastable
phase of tetragonal symmetry with lattice parameters
a=4.04 A and ¢ =538 A.2 A Cu atom has eight Al
neighbors at 2.49 A four Cu neighbors at 4.04 A
and eight more Cu neighbors at 4.08 A (Fig. 16). 6’
forms from a supersaturated solution (2 at.% Cu)
only above 150°C. Above 300 °C it transforms into

FIG. 17. EXAFS spectrum for 6’ after multiplication by
k3 and background subtraction. The contribution of the
first Al and Cu shells are given as dashed and dot-dashed
curves.
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FIG. 18. Absolute value of the Fourier transform of the
EXAFS for 8. The contribution of the first Al and Cu
shells are well separated.

0. The average composition of 8’ is again CuAl,.
Figure 11 shows the EXAFS measured on 8". The
difference in the atomic arrangements in 0 and 6’ is
reflected in the different EXAFS spectra. The
analysis follows again the scheme outlined above.
The inelastic loss factors D¢, and D, were taken
from Egs. (20) and (25). Figure 17 shows the EX-
AFS Axdk? for 6’ and the contribution of the first Al
and Cu shells which are well separated from one
another as shown in the Fourier spectrum (Fig. 18).
The fit of the first Al shell is given in Fig. 19 and
Table IV. The distance agrees very well with that
known from x-ray diffraction. The coordination
number is too high by 20%. We have also tried a fit
in which it was assumed that the first shell contains
Al and Cu. The result of this fit is also given in
Table IV. Within the accuracy of the analysis the fit

k(A

FIG. 19. Fit of the first Al shell in the EXAFS of ¢ to
AXdk3.

TABLE IV. Fit of the EXAFS of the first Al and Cu
shellos in 8’ to the expression AXdk3. The shell centered at
2.5 A is known to contain only Al. If the fit is made with Al
and Cu neighbors, N¢, turns out to be almost zero.

EXAFS
o first Al shell First Cu shell Bragg?
Cu—Al
r(R) 248+0.02 247 2.487
o (A)  0.064 £0.012 0.057
N  96+15 9.7 8
Cu—Cu
r(A) 240 4071004  4.071 4.040
o (A) 0.041  0.066 +0.015
N 03 110%1.5 8 4

3Reference 25.

gives Nc, =0. The quality of this fit is only im-
proved by 19% compared to that one with only Al
neighbors. We conclude that in our 8’ phase there
are no Cu—Cu neighbors in the shell argund 2.50 A.
The first Cu—Cu neighbors are at 4.07 A as shown in
Table IV and Fig. 20. There are two types of Cu
neighbors one at 4.04 A and one at 4.08 A. In the fit
we cannot distinguish between these two. The fit
with one Cu shell gives a distance which is in very
good agreement with the average Cu distance of
4.061A. Also the coordination number is only 9%
smaller than the one determined from x-ray diffrac-
tion.

p r 77K

I

8
k(AT

|

R T
10 12

FIG. 20. Fit of the first Cu shell in the EXAFS of 6 to
AXdk3,
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V. CONCLUSION

The present approach of data analysis of EXAFS
spectra has turned out to give satisfactory results. In
fact, the interatomic distances for the first-neighbor
shells can be determined with an accuracy of 1%.
The coordination numbers are less accurate due to
their correlation with the Debye-Waller factor. Since
there are only a few alternative ways for determining
coordination numbers an accuracy of about 15% is
quite reasonable. We estimate the error in the mean
relative displacement o to be about 20%. For pure
Cu the value of o obtained in a recent calculation
agrees well with the presently determined value.

From Egs. (16), (20), and (25) it can be seen that
the inelastic photoelectron losses are substantial.
Thus, their adequate determination is essential for
the determination of coordination numbers. The
present concept which is based on a comparison with
model compounds of known structure requires an ad-
ditional measurement but has been shown to be a
practicable way. If we express the loss factors for our
four systems in terms of a k-independent mean free
path with D =1 we obtam the following values for
A(Cu—Cu): (7.3 +1.1) A and (6.0 +0.7) A for the
first and third shell in pure Cu, (5.8 £1.0) A in 6,
and (5.9 +0.5) Ain 0. The correspondmg values
for A(Cu—Al) are (4.9 +0.6) A in «, (4.8 +0.8) in
0, and (3.8 £0.4) in 6'. At the present time it is not
possible to decide if the spread in our A values is real
or not. The values of A quoted by Brundle?? for pho-
toelectron energles between 50 and 1000 eV range
from 4 to 10 A. This is the same magnitude as those
obtained here. Hence we cannot give an estimation
of the size of the r-independent loss factor D. With
the present accuracy of the loss factors the descrip-
tion chosen here and that using a simple man free
path are equivalent. Better theoretical values for A
and a higher accuracy in the determination of D; are

necessary in order to decide if the mean free path
concept has to be extended as proposed in Eq. (12).

We have taken into account for the first time the
effect of the finite energy resolution of the spectrom-
eter. Neglecting this effect can easily produce errors
of 10% for the nearest-neighbor shell and it increases
with the interatomic distance. We have shown in Eq.
(13) that the extension of the theory which takes this
effect into account is very simple and it should make
no problem to bypass this source of systematic errors
in the data analysis.

Although the concept to separate the EXAFS con-
tributions from different shells by Fourier transfor-
mation worked satisfactory in the present systems we
have analyzed other systems where serious problems
can occur. In fact, if a peak in a Fourier spectrum
contains more than two contributions it is difficult to
separate them. Three contributions can be untangled
only if the contributing backscatters have substantial-
ly different backscattering power. We were able to
analyze the first peak in the Fourier spectrum of 6
(Fig. 14) because the backscattering powers of the Cu
and Al are sufficiently different from one another.
On the other hand in a CuFe alloy with 3 at. % of Fe,
Cu shells (Z =29), and Fe shells (Z =26) with
similar distances could not be separated from one
another.
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