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XAFS spectroscopy; fundamental principles and data analysis
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1. Introduction

XAFS spectroscopy is the only spectroscopic technique
that provides information on the electronic and structural
properties of catalysts under reaction conditions and in the
presence of reactants. This is true, because XAFS is one of
only a few probes that utilises photons exclusively (i.e.,
photons in and using transmission or fluorescence yield
photons out). X-ray diffraction (XRD) is similar in this
regard, but it requires long-range order and provides only
geometric information. X-ray photoelectron spectroscopy
(XPS), as well as any other electron spectroscopy such as
Auger, provides electronic information but requires ultra-
high vacuum conditions. XAFS has been limited until re-
cently to providing geometric information on systems with
short-range order. However, recent advances to be dis-
cussed in this volume, have extended XAFS to also provide
electronic structure. Thus XAFS is ideal for the study of
catalysts, both under realistic reaction conditions, as well
as in vacuum.

This paper describes the physical principles of XAFS
spectroscopy at a suffiently basic level to allow scientists
working in the field of catalysis to critically evaluate recent
articles in the literature dealing with the application of the
XAFS technique in catalysis research. The data-analysis
methods given here form the basic tools to unravel the elec-
tronic and structural properties of homogeneous and hetero-
geneous catalysts, which consist of metal particles, metal
sulfides or metal oxides dispersed onto different supports.
The basic tools include: (a) fitting in R-space, (b) applica-
tion of the difference file technique and (c) control of the
fit procedure with k1 and k3 weighting with the help of
phase- and amplitude-corrected Fourier transforms. These
basic tools provide the possibility to study not only the
structure of the supported catalysts, but also the interaction
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between the catalysts and the support. The use of calibrated
theoretical references makes it possible to analyse EXAFS
data down to very low values of k. This allows for a more
accurate determination of the low Z scatterers present in the
EXAFS data. Moreover, it is then also possible to isolate
the atomic XAFS contribution from the first-shell EXAFS
contributions.

2. Physical principles

2.1. Absorption and scattering of X-rays

When a beam of X-ray photons passes through a mater-
ial, the incident intensity I will be decreased by an amount
that is determined by the absorption characteristics of the
material being irradiated. For a path length dx of the radi-
ation through the material the decrease dI is given by

dI = −µ(E)I dx (1)

with the linear absorption coefficient µ(E) a function of
the photon energy. Integrating equation (1) over the total
thickness x yields Lambert’s law,

It = I0e−µ(E)x. (2)

The X-ray absorption spectrum exhibits a generally
smooth decreasing intensity to higher energy. When the
energy of the incoming photons is large enough to excite
an electron from a deeper core level to a vacant excited
state or to the continuum (e.g., after the absorption edge),
a sharp rise in the absorption intensity appears. This sharp
rise is denoted as the threshold energy or absorption edge.
At the absorption edge, Eedge, the kinetic energy of the
electron (Ek) is defined to be equal to E0, often referred
to as the zero-point energy or “inner potential”. For any
energy above this, the photoelectron kinetic energy is given
by

Ek = hν −Ebinding. (3)
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Figure 1. (a) Schematic illustration of the photoelectric effect in terms of excitation of the different orbital (top) or different energy levels (bottom),
(b) illustration of neighbouring shells of atoms about the absorber (top) and constructive (in phase) or destructive (out of phase) interference between

out going photoelectron wave and backscattered off this shell of neighbouring atoms (bottom).

Quantum mechanically the outgoing photoelectron can
be represented as a spherical wave with wavelength λ de-
fined as

λ = 2π/k,

and

k =

√(
8π2m

h2

)
(hν +E0 −Eedge), (4)

with k the wave-vector, m the electron mass and h Planck’s
constant.

The linear absorption coefficient µ(E) is proportional to
the transition probability of the photoelectric event. Ac-
cording to Fermi’s Golden Rule the transition probability is
(within the dipole approximation) a function of the initial-
state and final-state wave functions [1]:

µ(E) = C
∣∣〈ψf

∣∣êr|ψi
〉∣∣2δ(Ef −Ei − hν

)
. (5)

Here ê is the electric field polarisation vector of the photon,
and r the coordinate vector of the electron. The dipole ap-
proximation is only valid when the wavelength of the pho-
tons is larger than the size of the absorbing atom. The final
state wave function ψf consists of two main parts, namely
the outgoing electron wave and a backscattered electron
wave

ψf = ψoutgoing + ψbackscattered. (6)

Interference between these two final-state wave functions
causes the observed fine structure in X-ray absorption spec-
tra. Figure 1(a) shows a schematic representation of the

photoelectric effect, that is, the interaction of an X-ray pho-
ton with matter producing a photoelectron with a kinetic
energy given by (3). Figure 1(b) makes clear that the outgo-
ing electron can be viewed as a spherical wave that scatters
off neighbouring atoms (e.g., electron density), producing a
backscattered wave. The outgoing and backscattered waves
interfere, causing an interference pattern varying between
total construction (the two waves are fully in phase) or total
destruction (the two waves are exactly out of phase). Since
the path lengths of both waves define their final phase, it
can be seen that the distance to the neighbouring atoms de-
termines the interference pattern. Equation (5) shows that
the absorption coefficient is proportional to the transition
probability defined by the matrix element.

The absorption coefficient exhibits a fine structure be-
cause the final wave state function is modulated due to the
interference pattern. As a result, the absorption coefficient
above the absorption edge is defined as

µtotal = µ0
[
1 + χEX

]
, (7)

with µ0 representing the atomic background. χEX forms
the oscillatory part of the total absorption, describing the
scattering of the outgoing electron against the neighbour-
ing atoms. It is called the EXAFS function. Since the
oscillatory part is created by the interference between the
outgoing and backscattered waves, χEX contains informa-
tion about the local structure around the absorber atom.
The fact that a specific photon energy is needed to excite
electrons, makes X-ray absorption spectroscopy an element
specific technique. It will be shown in a subsequent pa-
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per [2] that in fact µ0 can be written as µ0 = µfree(1+χAX)
with µfree the free atomic background and χAX the atomic
XAFS function representing the scattering of the outgoing
electron against the periphery of the X-ray absorber atom
itself.

2.2. The EXAFS equation

Several authors have given derivations for the EXAFS
theory [3–6]. The simplest theory is based on the single-
scattering plane-wave approximation. In this approximation
the electron wave is viewed as a plane wave, rather than
a spherical wave to simplify the mathematical derivation.
The plane-wave approximation assumes that the atomic
radii are much smaller than the inter-atomic distances, and
is valid only for higher k-values (k > 3 Å) (see equa-
tion (4)). At lower k-values the curved wave, or spherical
wave, theory has to be used, to give reasonable agreement
with experiment.

Here only the equations obtained from the plane-wave
approximation will be given. In the single-scattering event,
the electron is assumed to be scattered only once before it
returns to the absorber atom. This simplification is suffi-
cient to describe and analyse the EXAFS signals in most
experimental data. The χ function can be given as a sum-
mation over all interference patterns (sine waves) scattered
off of all neighbouring atoms:

χ(k) =
Shells∑
j=1

Aj(k) sin Φj(k). (8)

A coordination shell is defined by the identity of the
scattering atom and the distance from the absorber atom.
The fact that χ(k) is a summation over all coordination
shells around a specific absorbing element, emphasises that
X-ray absorption is a bulk technique, sampling all atoms
of a particular absorber element equally; this element is
determined by the photon energy region examined. The
EXAFS function will give information about the average
coordination around the absorbing element.

Equation (8) shows that the EXAFS formula consists of
two main parts, the amplitude Aj(k) and a sine function
describing the interference pattern. The argument of the
sine function Φj(k) consists of the inter-atomic distance
between the absorber and scatterer atoms and a phase factor,

sin Φ(k) = sin
[
2kRj − φj(k)

]
with

φj(k) = 2φabsorber(k) + φscatterer(k). (9)

The “sin” function accounts for the oscillations seen in
the EXAFS. The argument inside the sin function can be
thought of as being related to the time for the electron to
travel to the neighboring atom and return. In figure 2, 2kR
would represent this time if the kinetic electron were con-
stant across the entire R-range. However, it is altered by
an amount, φscatterer, resulting in part from the increase in

Figure 2. Schematic illustration of the contributions to the total phase in
the EXAFS sine function. The thickness of the arrows is suggestive of
the relative speeds of the photoelectron. (a) The phase delay is equal to
2kR, reflecting the time required for the photoelectron to travel out to the
scatterer atom and return, (b) this phase is decreased by an amount φs

because near the scatterer the kinetic energy of the electron is increased
thereby decreasing the time required to transverse the 2R distance (rep-
resented by thick arrow at the scatterer) and (c) the phase is decreased
by the additional term 2φa because near the absorber core the photo-
electron kinetic energy is also larger (represented by thick arrows at the

absorber).

velocity of the photoelectron as it approaches the neigh-
bouring atom and then slows again as it returns. A similar
phase shift, 2φabsorber, results from the absorber atom itself.
The velocity increases as it approaches an atom because
as shown in figure 2, the potential that an electron expe-
riences decreases to more negative values as the electron
is attracted more by the nucleus, and hence its kinetic en-
ergy increases. For convenience, this atomic potential is
“squared off” in figure 2.

The amplitude Aj(k) contains the coordination number
(N ) and disorder (σ), which is the fluctuation in Rj due to
thermal motion or structural disorder:

Aj(k) =
Nj
kR2

j

S2
0Fj(k)e−2k2σ2

j e−2Rj/λk, (10)

where Fj (k) is the backscattering amplitude, which is el-
ement specific. S2

0 is an amplitude reduction factor repre-
senting many-body effects such as central atom shake-up
and shake-off due to relaxation processes after the photo-
ionisation event [6,7]. The exponential term containing the
mean-free path, λ, of the photoelectrons accounts for the
finite lifetime of the excited state.

The outgoing electron wave is scattered primarily off the
bound electrons of the neighbouring atoms. Backscattering
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is resonant in nature; thus the backscattering amplitude is
enhanced at those energy values of the photoelectron that
are equal to the orbital energies in the backscattering atom
(see also figure 3). As each atom has its unique electron
configuration, it will have a unique backscattering pattern
as a function of k [6,7]. Figure 4 shows the backscatter-
ing amplitudes F ′(k) as a function of k as calculated with
the FEFF7.02 code for Pt–Pt, Pt–O and Pt–H absorber–
scattering pairs. To reveal the resonant nature of scatter-
ing, the binding energies of some bound electrons in the
scattering atoms are also shown in figure 4. The binding
energy Eb is converted to k according to the equation noted
in the caption of figure 4. It can clearly be seen that the
backscattering intensity enhances at those energy values of
the photoelectron that are equal to the orbital energies of
the respective atoms. Thus, for hydrogen as scatterer only
one maximum is observed in the backscattering amplitude
at low k (∼2 Å−1), after which the scattering dies out

Figure 3. Schematic illustration of resonant scattering where the kinetic
energy of the photoelectron is equal to the orbital kinetic energy of the
electron causing the scattering. This is indicated by the roughly equal

wavelength in the waves.

fast. For oxygen as scatterer two maxima are visible, one
caused by scattering off the 2p orbital electrons, and the
second by scattering off the 2s. Around k = 11 Å−1 a
small shoulder is visible due to scattering off the 1s elec-
trons of oxygen. The backscattering amplitude for Pt shows
four maxima caused by, respectively, 5d, 5p-4f-5s, 4d and
4p-4s electrons. This figure clearly shows the resonant na-
ture of the scattering, i.e., the outgoing photoelectron and
the bound electrons off which the photoelectron is scattered
tend to have equal kinetic energies. The data for Pt–Pt also
reveal the dramatic increase in the backscattering cross-
section with increasing k-values (or energy).

The above equations are given for a LII or LIII transition,
in which only the p to d electron transition is taken into ac-
count, as the p to s transition is much weaker [8]. For
K-edges the same formula with an overall minus sign can
be used. In the derivation of the EXAFS equation multiple
scattering paths are neglected as they only contribute a few
percent to the total scattering off neighbouring atoms. How-
ever, just after the absorption edge, where the photoelectron
has a long mean-free path multiple scattering becomes very
significant (XANES region).

3. Data analysis

3.1. Isolating χ(k) from experimental data

The extraction of χ(k) from the experimentally obtained
µtotal follows several consecutive steps, that are visualised
in figure 5. As defined in equation (7), χ can be ob-
tained once the atomic absorption is known, by calculat-
ing

χ =
µtotal − µatomic

µatomic
. (11)

Figure 4. Backscattering amplitude F ′(k) as a function of k for Pt–Pt, Pt–O and Pt–H EXAFS. Ebinding is converted to k-space according to

k =
√

(2m/~2)Ebinding.
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Figure 5. The different steps for extraction of the oscillatory part of an X-ray absorption spectrum, shown here at the L3 edge for platinum foil: (a) pre-
edge background removal (- - -); (b) edge position determination, typically chosen at the inflection point; (c) post-edge background removal (- - -) and

normalisation; (d) transforming of the EXAFS spectrum to k scale through equation (4) after normalisation (not shown).

Before µatomic can be determined, the pre-edge (X-ray
absorption before the actual absorption edge occurs) has
to be subtracted (figure 5(a)). The pre-edge is normally
approximated by a modified Victoreen [6] and calculated
by extrapolation of the pre-edge region in the data.

After the pre-edge subtraction the edge energy (e.g.,
Eedge) has to be defined (figure 5(b)). The value of the
edge energy is used to calculate k (Å−1) as given in (4).
The choice for this energy is rather arbitrary. The inflec-
tion point (i.e., the maximum in the first derivative of the
absorption edge) is generally considered as a systematic
choice. However, the presence of resonances or electronic
excitations can cover up the exact position of Eedge. To
avoid this complexity, the position of the half height (0.5–
0.6) of the normalised edge is often chosen as Eedge. The
inner potential, E0, is often chosen to be zero.

The atomic background (µatomic) after the absorption
edge has to be determined (figure 5(c)), normally using
a cubic spline [9]:

NPTS∑
i=1

(µxi −BCKi)2

e−WEk2
i

6 SM. (12)

The cubic spline consists of four parameters that define the
spline function: SM (smoothing parameter), W (weight-
ing factor) and the start and end energy that determine the
number of points. The more data points available, the bet-
ter the spline will be defined. The background is optimised
using several criteria, of which the most important is not to

remove any of the oscillating information from your data.
Since it has been shown recently [2,10,11] that important
information can be obtained from the atomic XAFS con-
tribution, both χEX and χAX have to be separated from the
free atomic background. This can be accomplished by a
procedure, described in detail in the following paper of this
volume [2].

Before χ(k) can be obtained, the total absorption as ob-
tained from experiment has to be normalised per absorber
atom. Generally, spectra are normalised by division of the
absorption data by the edge-step at 50 eV after the absorp-
tion edge (figure 5(c)). Finally, χ(k) is calculated according
to (11) (figure 5(d)).

3.2. Fourier transformation

Sayers et al. [5] have shown in 1971 that Fourier trans-
formation of χ(k) results in a radial distribution function
(figure 6). The Fourier transformation is defined by

FT(R) =
1√
2π

∫ kmax

kmin

knχ(k)ei2kR dk. (13)

The radial distribution function is defined in R-space
(e.g., distance from the absorber atom). The distance found
in the Fourier transformation is about 0.2–0.5 Å shorter than
the actual distance due to the energy dependence of the
phase factors in the sine function (see equation (9)). The
Fourier transform can be taken with different k weightings
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Figure 6. Radial distribution function (0 < R < 4 Å) after Fourier
transformation (k1, ∆k = 2.6–18.6 Å−1) of χ(k) of Pt foil. Absolute

part (—–) and imaginary part (- - -).

(multiplication by kn). This can be used to distinguish
between high and low Z scatterers around the absorber
atom. An element with low mass (like oxygen) will scatter
mainly at lower k-values, while platinum (high mass) will
scatter significantly at higher k-values as shown in figure 4.
Weighting of the Fourier transformation will, therefore, em-
phasise the important scatterer in a specific region.

Since the Fourier transform is a complex function, both
real and imaginary parts are obtained. The envelope (ab-
solute part) of the Fourier transform is defined by

absolute part =
√

Im2 + Re2. (14)

Figure 6 shows both the absolute and imaginary part of the
Fourier transform for Pt foil. The absolute part is deter-
mined mainly by the number of neighbours and disorder.
The imaginary part is very useful in the analysis of EXAFS
data for an accurate determination of the absorber–scatterer
distance and for the discovery of unknown contributions
when analysing EXAFS data.

3.3. Fourier filtering

In addition to forward Fourier transformation, coordi-
nation shells can be isolated (filtered) using the inverse
Fourier transformation, which results in a χj(k) function
for that specific shell. This method can be very useful in
analysing data or obtaining standards for phase shifts and
backscattering amplitudes from reference compounds that
are needed in EXAFS data analysis. Figure 7(a) demon-
strates the Fourier filtering of the first Pt–Pt shell of Pt foil.
The forward Fourier transform is taken with a k3 weight-
ing from k = 1.9 to 18.6 Å−1. The first-shell Pt–Pt peak is
Fourier filtered from R = 1.6 to 3.2 Å. The isolated first-
shell Pt–Pt EXAFS is plotted in figure 7(b) with a dotted
line superimposed onto the original EXAFS function (solid
line). Some Fourier filtering errors occur over a region of
about ∆k = 1 Å−1 at the start and the end of the isolated
first-shell Pt–Pt EXAFS [12]. This region should be avoided
in analysing Fourier filtered data. The Fourier transforms
(k3, ∆k = 2.6–17.8 Å−1) of the raw EXAFS data and the
isolated first-shell data are shown in figure 7(c) with a solid

Figure 7. Isolation of one coordination shell and back-transformation to
k-space (i.e., Fourier filtering). (a) Fourier transform (k3, ∆k = 1.9–
18.6 Å−1) of data; arrows indicate R-space window used for filtering.
(b) Experimental EXAFS data (—–) and isolated first-shell Pt–Pt (- - -)
by Fourier filtering using window as defined with arrows in (a). (c) For-
ward transform (k3, ∆k = 2.6–17.8 Å−1) of experimental data (—–) and

Fourier filtered signal (- - -).

and dotted lines, respectively. There are no differences ob-
served between the first shell in both Fourier transforms,
which proves that Fourier filtering errors can be completely
avoided by using a slightly shorter range in k space than
applied in the original forward Fourier transformation used
in the filtering procedure.
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3.4. Phase shifts and backscattering amplitudes derived
from EXAFS data obtained from reference compounds

From equations (8)–(10) it can be seen that many para-
meters determine the final χ(k) function. In addition to the
coordination number, distance and disorder, the backscat-
tering amplitudes and phase shifts have to be known. On
first sight, this seems to make data analysis rather com-
plicated as so many parameters are unknown. However,
it was found that the backscattering amplitude and phase
shifts are transferable from one compound to the other, if
the same absorber–backscatterer pair is involved [13]. Thus
if a supported platinum catalysts is studied, a Pt foil can
be used as a reference compound for Pt–Pt scattering am-
plitude and phase shifts. A compound can only be used as
a reference if it has a uniform structure which is exactly
known, for example from X-ray diffraction. The X-ray ab-
sorption spectrum is taken for this compound, and χ(k) is
isolated according to the above described procedure. Then
the Fourier transform of the data is taken and one coordina-
tion shell is specified to be isolated (see figure 7(a)). This
will lead to

χref(k) = Aref (k) sin
[
Φref (k)

]
(15)

with Aref (k) and Φref (k) as known functions of k. As shown
earlier and discussed before (12), the reliability range in k-
space of Aref(k) and Φref (k) is mainly determined by the k
interval (from kmin to kmax) of the forward Fourier transform
used in the Fourier filtering produre. The reliability range
of Aref (k) and Φref (k) can generally be taken from kmin,rel =
kmin + 1 to kmax,rel = kmax − 1.

Since the coordination number and distance are precisely
known (for example NPt–Pt = 12 at 2.77 Å in a Pt foil)
these can be used to extract a semi-backscattering amplitude
(F ′(k)) and total phase shift for the reference compound.
The obtained F ′(k) is not the real backscattering amplitude
F (k), as it also contains the S2

0 , Debye–Waller factor (σ)
and electron mean free path (λ). S2

0 and λ are also consid-
ered to be transferable from a reference compound. One
can define

F ′(k) = S2
0e−2R/λe−2k2σ2

F (k),

leading to

F ′ref (k) =
Aref (k)kR2

ref

Nref
. (16)

Equation (15) leads also to

ϕref(k) = 2kRref −Φref (k). (17)

The phase shift ϕref(k) and the backscattering amplitude
F ′ref (k) can now be determined using the experimentally
determined functions Aref(k) and Φref (k) and the known
values of Nref and Rref . They can be used to analyse the
EXAFS function of a sample with unknown structure. In
practice, the reliability range for ϕref (k) and F ′ref (k) ob-
tained from reference EXAFS data of good signal to noise
ratio is from kmin = 3.5/4 to kmax = 12/15 Å−1.

3.5. Data analysis, obtaining R, N and ∆σ2, k-space and
R-space fitting

Consistent with equations (16) and (17), the function
that has to be minimised in the data analysis is

χexp(k)−
shells∑
j=1

Nj
k′jR

2
j

e−2k′j∆σ2
jF ′ref

(
k′j
)

× sin
[
2k′jRj + ϕref,j

(
k′j
)]

, (18)

where ∆σ2 is the Debye–Waller factor relative to that of the
reference compound. Further, k′ is a corrected wave vector
to account for the difference in inner potential between the
sample and the reference compound (∆E0):

k′ =

√
k2 +

2me

~
∆E0. (19)

Several papers [14–16] have been published discussing
the number of parameters that can be extracted from an
EXAFS spectrum. The available data-range determines the
number of free parameters that may be optimised according
to the Nyquist theorem [16]:

number of free parameters =
2∆k∆R
π

+ 2. (20)

When fitting the full EXAFS spectrum (full ∆k and ∆R
range), the maximum number of independent parameters
indicated from equation (20) can be less than the number of
parameters needed to fit the total structure. This is because
one has to include all shells in the data analysis, as well as
all multiple scattering paths. One can avoid this problem
by analysing only one or two particular co-ordination shells
(i.e., choosing a small range of ∆R where it is known that
just one or two shells contribute). Of course, equation (20)
indicates that the number of free parameters must be re-
duced when limiting ∆R, however, the number of parame-
ters required to fit just one or two shells is now also very
much smaller.

The least squares fitting can be done in either k-space
or in R-space [17]. When fitting in k-space one minimizes
the variance:

kn variance =

∫
[kn(χmodel(k)− χexp(k))]2 dk∫

[knχexp(k)]2 dk
×100, (21)

where the χexp(k) in equation (20) is in most cases the χ
obtained from the reverse transform of the chosen ∆R re-
gion of the full FTexp(R). This process is known as Fourier
filtering to eliminate the extra shells from the χ(k) as dis-
cussed above. In R-space the variance between model and
experiment are calculated for the imaginary and absolute
parts by the expression

kn variance =

∫
[kn(FTmodel(R)− FTexp(R))]2 dR∫

[knFTexp(R)]2 dR
× 100,

(22)

where the integral over R is over just the limited chosen
∆R region. The variance or fit index should be below 1%
to have a good fit of the experimental data in either case.
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The difference between fitting in k-space and R-space
is rather subtle, but very important, and the advantages lie
with the R-space fitting. In k-space one has to reverse
Fourier transform the experimental χ(k) over the chosen
∆R region in the Fourier filtering process. This introduces
truncation errors at the outer regions of the data as discussed
above, thereby reducing the reliable ∆k-range. Taking the
Fourier transform in either direction (forward or reverse) in-
troduces truncation errors, but this truncation effect is not a
problem in R-space fitting, because the chosen ∆R region
is much smaller than the total R range anyway. Secondly,
the noise build up problem is minimized in R-space fitting,
since the model function has no noise in it. However, in
k-space fitting, one has to forward, then reverse the Fourier
transform process on the experimental data. Although this
eliminates the high-frequency noise and higher shells, it can
increase the relative magnitude of the low-frequency noise.
Thirdly, and perhaps most important, in k-space fitting the
variance defined in equation (20) has many maxima and
minima. This is because the χ(k) function is an oscilla-
tory function so that if the wavelength of the model and
experimental χ are not very similar, the two functions go
in and out of phase, introducing many hills and valley in
the variance function. Of course the FT(R) in the chosen
∆R range has normally just one maximum in it. Thus the
least-squares iterative process is much more stable and the
problem of converging to a relative minimum rather than
the true minimum is much less probable in R-space fitting.

There are several ways to judge the quality of the fit af-
ter achieving convergence. One should always compare the
model fit and the experimental data both in R- and k-space.
In R-space, both the imaginary part and the amplitude of
the Fourier transform is used in fitting the spectra. The
amplitude depends on the co-ordination number and disor-
der, whereas the imaginary part is mainly determined by
the interatomic distance and the inner potential correction.
Thus the imaginary part is very sensitive for judging the
quality of the fit, since a misfit shows up immediately in
the appearance of wrong nodes in the imaginary part of the
Fourier transform. Moreover, comparison in R-space eas-
ily reveals the effect of overlapping shells. Comparison in
k-space even more dramatically reveals errors in the fit if
the wavelength or amplitude of the model χ(k) is not the
same as the experimental one.

The fit quality can also be examined mathematically as
defined by the Goodness of Fit [21] function:

Goodness of Fit =

ε2
ν =

P

NPTS(P − p)

NPTS∑
i

(
χiexp − χimodel

σiexp

)2

. (23)

Here P is the total number of free parameters [21], p the
number of free parameters that have been refined, and
NPTS is the actual number of points in the k-range used for
analysis, σexp is the standard deviation for each data point,
obtained by averaging several scans of one experiment,
which improves the signal to noise ratio of the final χ(k).

Often the standard deviation in the experimental data
is very small, as it only represents statistical errors. As
a result, the ε2

ν values are extremely high. In that case
systematic errors (e.g., experimental uncertainty) should be
added to those standard deviations obtained by averaging
scans [22]. When the structural error is not known, vari-
ances in both k- and R-space less than 1% are indicative
of model spectra that fit the experimental data closely.

To check whether one model describes the data bet-
ter than a second model, a so-called F -test can be ap-
plied [23,24]. In this way, a probability percentage can
be obtained for the likelihood of a model. However, when
data analysis is performed in R-space, without using the
complete R-range, no useful information can be obtained
from the F -test, as it is calculated in k-space over the whole
available range.

The XDAP-program also provides a possibility to cal-
culate statistical errors in and correlation between parame-
ters [23]. The calculations are based on the experimen-
tal standard deviation, which in many cases is too low to
account for systematic errors. This results in estimated
or calculated (mathematical) errors in the parameters that
are too small (often less than 0.1%). Recently, a study
was published on the reliability of parameters obtained by
XAFS data-analysis [25]. Based on their results, the errors
in many instances are estimated to be 5% in coordination
number (N ), 1% in distance (R), 5% in Debye–Waller fac-
tor (∆σ2) and 10% in inner potential correction (E0).

3.6. The use of theoretical references

The scattering amplitude of the low Z atoms decays
rapidly with increasing values of k as shown in figure 4.
For an accurate analysis of the low Z contributions in the
EXAFS data, phase shifts and backscattering amplitudes
have to be reliable down to low values of k. Moreover, re-
cent papers [10,11,26–28] have shown and in this issue [2]
it is further demonstrated that very important electronic in-
formation can be obtained from atomic XAFS data. Atomic
XAFS features have low frequency oscillations and a rapid
decaying amplitude with increasing values of k. Thus, the
AXAFS oscillations have amplitudes comparable to nor-
mal EXAFS only at very low values of k (k 6 4 Å−1).
In order to separate the AXAFS oscillations from the regu-
lar EXAFS, the calculated first-shell EXAFS contributions
are subtracted from the experimental data. It is of crucial
importance that the first-shell EXAFS contributions be de-
termined accurately down to very low values of k to ensure
that the AXAFS resulting from the subtraction procedure
is also reliable at very low values of k.

As already mentioned above, the phase shifts and
backscattering amplitudes derived from EXAFS data ob-
tained from reference compounds are not reliable for val-
ues of k lower than 3.5 Å−1. Spherical-wave multiple-
scattering codes are available to calculate the phase shifts
and backscattering amplitudes, which are reliable down to
k = 2–2.5 Å−1. It is now possible to calibrate the ab ini-
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tio results with the experimental EXAFS data obtained from
reference compounds and using R-space fitting as discussed
above.

This general procedure is demonstrated here for deter-
mining the Pt–Pt and Pt–O phase shifts and backscattering
amplitudes from Pt foil [29] and Na2Pt(OH)6 [30], respec-
tively. Theoretical phase and backscattering amplitudes for
the Pt–Pt and Pt–O absorber–scattering pairs were gener-
ated utilising the FEFF7 code [31]. Figure 8 (a) and (b)
show the Fourier transforms (k-weighted, k = 2.5–15 Å−1

and k = 2.5–13 Å−1 for Pt foil and Na2Pt(OH)6, respec-
tively) of the measured EXAFS spectra for the Pt foil and
Na2Pt(OH)6 after normalisation and background removal.

The XDAP [23] program was used for the data fitting.
In this code the Debye–Waller factor is given as an off-
set with respect to the reference (see equation (18)). The
first-shell contributions have been fitted using the theoret-
ical references. The theoretical references as generated
were optimised so that the offset in the Debye–Waller fac-
tor is approximately zero. The value of S2

0 was deter-
mined by assuring that the first-shell fit results in the cor-

Figure 8. (a) Fourier transform (k1, ∆k = 2.5–15 Å−1) of the experimen-
tal EXAFS (—–) and first-shell fit (- - -) for Pt foil; (b) Fourier transform
(k1, ∆k = 2.5–13 Å−1) of the experimental EXAFS (—–) and first-shell
fit (- - -) for Na2Pt(OH)6. In both cases multiple electron excitations were
removed from the EXAFS spectrum. Theoretical references were used for

phase shifts and backscattering amplitudes.

rect co-ordination number for both samples with the offset
in the Debye–Waller factor set to zero. Also, the poten-
tial used and the parameters Vr and Vi are chosen so that
the backscattering amplitudes and phase shifts reproduce
as much as possible the experimental references [23]. The
imaginary part of the potential, Vi, takes into account the
experimental broadening, and the real part, Vr, the offset in
the zero position of the energy with respect to the absorp-
tion edge. Changing Vr mainly affects the intensity of the
calculated white line, and the value of ∆E0 found in the fit
procedure.

The best agreement between experimental and calcu-
lated results for Pt–Pt and Pt–O scattering was found when
the Dirac–Hara exchange correlation potential was used, in
contrast to Zabinsky et al. [31], who concluded over all that
the Hedin–Lundquist model was better. However, we have
concentrated exclusively on the first-shell data in the ref-
erence calculations. Similarly, Ankudinov [32] found for
a simulation of Cu foil, that when calculating the single
scattering phase shift and allowing for a correction to E0,
better agreement between experiment and calculation could
be obtained with the Dirac–Hara self-energy model rather
than with the Hedin–Lundquist model. In FEFF7, the para-
meter Vr is used for this E0 correction. For both the Pt–Pt
and Pt–O references, an additional 3 eV had to be added to
the core-hole lifetime to account for instrumental broaden-
ing. This is in good agreement with the estimated 3.5 eV
energy resolution of the experimental setup. The final input
parameters for FEFF7 are given in table 1.

The fits in R-space (k-weighted, ∆k = 2.5–15 Å−1

and ∆R = 1.5–3.2 Å for Pt foil; ∆k = 2.5–13 Å−1 and
∆R = 1.3–1.9 Å for Na2Pt(OH)6) using the optimised
theoretical phase shifts and backscattering amplitudes are
shown in figure 8 (a) and (b) (dotted lines) for Pt foil
and Na2Pt(OH)6, respectively. The results of the fit are
given in table 2. It can be seen that the fitted EXAFS co-
ordination parameters correspond with the crystallographic

Table 1
Parameters used in the calculations for the generation of the theoretical

references.

Atom pair Potential σ2 S2
0 Vr Vi

(Å2) (eV) (eV)

Pt–Pt Dirac–Hara 0.00234 0.82 −4.2 3.0
Pt–O Dirac–Hara 0.00342 0.90 0.0 3.0

Table 2
Best fit result for the experimental data using the theoretical references.
Two different background procedures were used, in which the double
electron excitation (DE) was either kept in the oscillatory part of the
spectrum or extracted with the background. Fit was performed in R-space,
k-weighted; ∆k = 2.5–15 Å−1, ∆R = 1.5–3.2 Å for Pt foil and ∆k =

2.5–13 Å−1, ∆R = 1.3–1.9 Å for Na2Pt(OH)6, respectively.

Atom pair N R ∆σ2 E0

(Å) (Å2) (eV)

Pt–Pt 11.68 2.766 −0.00004 0.08
Pt–O 6.14 1.997 −0.00004 4.80
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values. However, the obtained Pt–O distance of 2.00 is
0.05 shorter than the crystallographic average, which is be-
yond the above mentioned limits of accuracy of 0.02 Å.
Obviously, the theoretical Pt–O phase shifts are somewhat
less accurate in this case. However, the generated theoret-
ical Pt–Pt and Pt–O references are now calibrated and can
be used to a significantly lower k-value than the previously
used experimental references. We were able to fit the χEX

down to a lower limit of about 2.5 Å−1. The previously
extracted and used experimental references were only good
for k > 3.5 Å−1 due to Fourier filtering errors. The gain at
low k, as already discussed above, is especially important
for the analysis of the AXAFS phenomenon. The result is
a better isolation of the AXAFS peak at low R (see fur-
ther [2]).

3.7. Detection of low Z scatterers, use of k1 and k3

weighting

One has to realise that both high Z (e.g., metal–metal)
and low Z (e.g., metal–oxygen) contributions are present
in the EXAFS data collected on metal particles dispersed
on high surface area supports. The low Z contributions
may arise from the support or from adsorbates present on
the surface of the metal particles. It is tempting to apply a
k2 or k3 weighting to the EXAFS spectrum to compensate
for the decay in amplitude of the spectrum with k. A func-
tion, which has an equalised amplitude over the entire k-
range results gives narrower peaks in the Fourier transform,
which are easier to separate. This weighting by k2 or k3

emphasises the high Z contributions to the spectrum since
high Z elements have more scattering power at high values
of k than low Z elements. Therefore, the use of a k2 or
k3 weighted EXAFS spectrum or Fourier transform makes
the analysis much less sensitive to the presence of low Z
contributions in the EXAFS data.

An example is given in figure 9. Figure 9(a) (solid
line) shows the k3-weighted Fourier transform of χexp(k)
for a Pt/γ-Al2O3 catalyst reduced at 573 K, evacuated
at the same temperature and measured at 100 K [33].
The best-fit Pt–Pt contribution, indicated with the dotted
line, corresponds especially well to the imaginary part
of the k3-weighted Fourier transform of the experimen-
tal data in the range 2 < R < 3 Å. The best-fit Pt–Pt
contribution and experimental k1-weighted Fourier trans-
forms (figure 9(b)) show much larger differences (both
in magnitude and imaginary part). These differences are
due to the presence of low Z contributions (O) from
the support and atomic XAFS [2]. From figure 9 it is
obvious that for a proper analysis of the low Z con-
tributions, which might be present in the EXAFS spec-
tra, k1-weighted fits and/or Fourier transforms should be
utilised.

3.8. Phase- and amplitude-corrected Fourier transforms

The phase factor Φ(k) and the backscattering amplitude
F (k) are both functions of k. This implies that the Fourier

Figure 9. (a) k3 and (b) k1 Fourier transform (∆k = 2.5–11 Å−1) of
the experimental EXAFS (—-) of a Pt/γ-Al2O3 catalysts [33] (reduced at
573 K, evacuated at the same temperature and measured at 100 K) and

first-shell Pt–Pt fit (- - -).

transformation of the EXAFS function does not lead to an
optical transform (i.e., a transform with constant phase and
amplitude). Generally, the peaks of the Fourier transform of
an EXAFS function are asymmetric. For high Z elements,
the k-dependence of the phase and the backscattering am-
plitude may even lead to the appearance of multiple or
satellite peaks in the Fourier transform of an EXAFS func-
tion describing a single absorber–backscatterer pair. This
can clearly be seen in the k1-weighted Fourier transform
of the Pt–Pt first-shell data extracted from Pt foil and the
Pt/γ-Al2O3 catalysts in figures 8(a) and 9(b). First-shell
Pt–Pt peaks appear at three different values of R. This has
led in the past to much confusion in analysing EXAFS data
containing contributions of high Z elements, since these
shoulders were interpreted as physically important peaks
arising from other scatterers. However, for the Pt/γ-Al2O3

catalysts, contributions from other scatterers in the support
cannot be completely excluded. It can be seen in figure 9(b)
that indeed the Fourier transform of χ(k) for the Pt cata-
lysts is more asymmetric at lower values of R than that of
the pure Pt–Pt scattering due to the presence of the low Z
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scatterers. To investigate this further, optical Fourier trans-
forms can be used.

A normal Fourier transform can be converted to an
optical transform by removing the phase function and
the backscattering amplitude. A phase- and amplitude-
corrected (optical) Fourier transform can be obtained by
transformation of the following function [34,35]:

χ(k)
e−iϕ(k)

F (k)
. (24)

Application of a phase- and amplitude-corrected Fourier
transform leads to a single peak with a symmetrical imag-
inary part, having its maximum at the top of the absolute
magnitude and at the right coordination distance. The use
of optical Fourier transforms can be of great help [36] in
the identification of different types of neighbours by ap-
plication of different phase and/or amplitude corrections.
A phase- and amplitude-corrected Fourier transform for
an X–Y absorber–backscatterer pair must have a positive
imaginary part peaking around the maximum of its magni-
tude if the EXAFS function indeed originates from an X–Y
pair. This can be seen in figure 10(a), which displays the
Pt–Pt phase- and amplitude-corrected Fourier transform (k1,
∆k = 3–11 Å−1) of the first-shell region of Pt foil. Both
the magnitude as well as the imaginary part are symmet-
ric. A phase- and amplitude-corrected Fourier transform,
which is still not symmetrical, can be a strong indication
that more than one contribution is present. This is demon-
strated in figure 10(b), which shows the Pt–Pt phase- and
amplitude-corrected Fourier transform of the Pt/γ-Al2O3

catalysts (solid line). Both the magnitude and the imag-
inary part are now not symmetric. The Fourier transform
of the fitted Pt–Pt contribution is also given (dotted line).
A small inner potential correction of 1.4 eV, which was
necessary to fit the Pt–Pt contribution, makes the imagi-
nary part slightly asymmetric.

3.9. Difference file technique

Another useful tool is the difference file technique
[12,34]. In general, the experimental χEXP(k) data can be
described by summation of different model EXAFS func-
tions χMOD,j(k), describing each co-ordination shell:

χEXP(k) =
Shells∑
j=1

χMOD,j(k). (25)

When fitting shell m, one can derive the following ex-
pression between the sum of the remaining model EXAFS
functions and the experimental EXAFS:

χm = χEXP −
j∑

i=1;i6=m
χMOD,j , (26)

where the right side of equation (25) defines the differ-
ence spectrum. By comparing the contribution χm with
the difference spectrum, the fit quality can be determined

Figure 10. (a) Fourier transform (k1, ∆k = 3.0–11 Å−1, Pt–Pt phase and
amplitude corrected) of EXAFS data of Pt foil; (b) Fourier transform of
(k1, ∆k = 3.0–11 Å−1, Pt–Pt phase and amplitude corrected) of EXAFS

data the Pt/γ-Al2O3 catalysts [33] (—–) and first-shell Pt–Pt fit (- - -).

for this one contribution. This is an important analysis
procedure when analysing an experimental EXAFS spec-
trum for which the different contributions have very dif-
ferent magnitudes. Examples include the EXAFS data
obtained from catalysts, which consist of metal particles,
metal sulfides and metal oxides dispersed onto different
supports. Often, the first peak in the Fourier transform
of the EXAFS data measured on supported metal particles
will be due to a metal–metal contribution highly overlapped
with a metal–support oxygen contribution. The peaks over-
lap even though the metal–metal and metal–oxygen dis-
tances are different due to the different energy dependence
of the phase shifts for the absorber–backscatterer pairs. For
medium sized metal particles, the metal–metal contribu-
tion will be much larger in intensity than the metal–support
oxygen contribution. By using different k weightings and
phase and amplitude corrections, it is now possible to sep-
arate both contributions from each other and from higher
order contributions. An example of the difference file tech-
nique is shown in figure 11. In figure 11(a) the total fit
(Pt–Pt + Pt–O) in R-space (k1, ∆k = 3–11 Å−1) is plotted
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Figure 11. (a) Fourier transform (k1, ∆k = 3.0–11 Å−1) of EXAFS
data of the Pt/γ-Al2O3 catalysts [33] (—–) and total fit (Pt–Pt + Pt–O)
(- - -). (b) Fourier transform (k1, ∆k = 3.0–11 Å−1, Pt–O phase cor-
rected) of difference spectrum (raw EXAFS minus fitted Pt–Pt contribu-

tion) and fitted Pt–O contribution.

with a dotted line. The Fourier transform of the difference
file (χEXP−χPt–Pt) is displayed in figure 11(b) with a solid
line. The Fourier transform of the best-fit Pt–O contribu-
tion describes the difference file for 1.5 < R < 2.5 Å. The
differences at lower values of R are due to the AXAFS
part of the spectrum [2]. The difference file technique is a
very powerful method. Small errors in the model EXAFS
functions of the larger contribution to the total EXAFS will
immediately show up in the difference file.

The assignment of the weak EXAFS contributions as
arising from the metal–support interface and the inner po-
tential values for the metal–oxygen support contribution, as
used in some of our articles, was questioned recently [37].
In [38] we show by using the difference file technique, that
the presumptions stated in [37] by these authors in fact
are not valid, so that we believe the analysis we originally
reported is still correct.

3.10. Correlation between N and ∆σ2. Use of both k1-
and k3-weighted Fourier transforms

The determination of a unique set of co-ordination pa-
rameters for a particular contribution to an EXAFS spec-
trum is often difficult due to the high correlation between
the value of the co-ordination number N and the Debye–

Figure 12. (a) k1 and (b) k3 Fourier transform (∆k = 3.0–11 Å−1, Pt–Pt
phase and amplitude corrected) of difference spectrum (raw EXAFS minus

fitted Pt–O contribution) and fitted Pt–Pt contribution.

Waller factor ∆σ2 (i.e., different combinations of N and
∆σ2 can lead to similar quality fits). However, this set of
combinations depends on the k weight factor, which has
been used for the Fourier transform [12]. In [12,36], it
has been shown that by simultaneous minimisation of the
variance, equation (18), in a k1- and k3-weighted Fourier
transform, a unique set of parameters can be found, and
further, that a good fit is required with both weightings be-
fore one can trust the final results. It is essential to use
phase- and amplitude-corrected Fourier transforms when
applying this method, because otherwise the asymmetry of
the peaks will obscure the results. An example of this ap-
proach is given in figure 12. Figure 12(a) (solid line) gives
the Pt–Pt phase- and amplitude-corrected Fourier transform
(k1, ∆k = 3–11 Å−1) of the difference file (χEXP − χPt–O)
of the Pt/γ-Al2O3 catalysts discussed above, together with
the fitted Pt–Pt contribution (dotted line). In figure 12(b)
the comparable data for the k3-weighted case is shown. It
can be seen that good agreement exists with both weight-
ings. This demonstrates that the Pt–Pt contribution is fit
with a unique combination of N and ∆σ2.

4. Conclusions

In this paper an intuitive picture of the physical prin-
ciples of electron scattering that produce the contributions



D.C. Koningsberger et al. / XAFS physical principles and data analysis 155

to the phase and the scattering amplitude is given. Some
of the more innovative tools of EXAFS data analysis are
presented such as: (a) fitting in R-space, (b) application
of the difference file technique, (c) control of the fit pro-
cedure with k1 and k3 weighting with the help of phase-
and amplitude-corrected Fourier transforms, (d) the use of
theoretical references, and (e) the detection of low Z scat-
terers. Illustrations have been given to show that these
basic analysis tools can provide information on not only
the structure of the supported metal particles, but also the
interaction between the metal particles and the support.
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