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Abstract—Development of the specialized synchrotron radiation (SR) sources of high brightness affords considerable advancement in using absorption-spectroscopy methods for determining the local atomic and electronic structure of absorbing centers in materials science, physics, chemistry, and biology. This review presents
the basic theoretical principles of extended x-ray absorption fine structure (EXAFS) spectroscopy, which is one
of the mainstream directions of absorption spectroscopy and allows high-accuracy determination of the parameters of the short-range order in multicomponent amorphous and quasicrystalline substances. Methods of analyzing EXAFS spectra with allowance for multiple-scattering effects are described along with experimental
procedures implementing EXAFS spectroscopy at SR beams and requirements to the monochromatization of
the radiation beam. An energy-dispersive spectrometer, which can provide the time resolution 3-5 ms, is under
development at the SR beam at Kurchatov Institute for studying phase transitions and external actions to an object.
The EXAFS-spectroscopy results for oxide compounds of tungsten and molybdenum, whose valence varies in
dependence of external actions, are presented. One of the structural problems of the physics of fullerenes-temperature dependence of the position of metal atoms-is successfully solved by using EXAFS spectroscopy.
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bution functions for the local environment of each elements of the material under investigation; (ii) sensitivity to the partial densities of vacant states near the
Fermi level; (iii) high density sensitivity (10–100 particles per mole) and relatively short times (from milliseconds to tens of minutes) of detecting experimental
spectra when the synchrotron radiation is used; and
(iv) a small required sample volume (usually, an amount
less than 30 mg/cm2 is enough). Due to these advantages, the employment of XAS is especially attractive
for studying the crystalline and disordered (amorphous,
glassy, liquid, and gaseous) multicomponent materials,
as well as for carrying out in situ investigations of
dynamical processes (phase transitions and chemical
reactions).
When x-rays of energies close to the electron binding energies are absorbed, features known as absorption edges are observed. The typical x-ray absorption
spectrum for the nickel K edge in a NiO polycrystal is
shown in Fig. 1. It exhibits an oscillating fine structure,
which extends far from the absorption edge. For convenient interpretation, two regions are often separated:
(i) the x-ray absorption near-edge structure (XANES),
and (ii) the extended x-ray absorption fine structure
(EXAFS).
It is agreed that the XANES region extends for 50100 eV beyond an absorption edge and is determined
by the local density of vacant states in an absorbing
atom, as well as by multiple-scattering effects, i.e.,
scattering of an excited photoelectron on several atoms.
The farther EXAFS region is dominated by the single
scattering processes and extends up to 400-2000 eV
from an edge. Its upper bound is determined by the signal-to-noise ratio and/or another absorption edge. Note
that this division of an x-ray absorption spectrum into

1. INTRODUCTION
During the last 15 years, x-ray absorption spectroscopy (XAS) has found extensive application in determining the local atomic and electronic structure of the
absorbing centers (atoms) in the materials science,
physics, chemistry, biology, and geophysics. Rapid
advance in the XAS method is caused by appearance of
synchrotron sources all over the world, as well as by
considerable achievement in the theory and its practical
realization in convenient and easily available software
packages [1]. XAS can provide information that substantially complements the results of other experimental methods, such as the diffraction (scattering) of x-rays
and neutrons, photoelectron, and emission x-ray spectroscopy. The basic XAS advantages are (i) selectivity
in the chemical-element type (in some cases, also in the
location of an element in a material), which enables one
to acquire information on pair and multiatomic distri1
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Fig. 1. The x-ray nickel K edge absorption spectrum from
NiO [31].

two regions is conventional and the intervals of these
regions can vary for various compounds. For this reason, the term x-ray absorption fine structure (XAFS) is
now often used for the whole oscillating component
beyond an absorption edge.
A fine structure beyond an absorption edge was first
observed about 70 years ago [2-8]. However, it took
more than 40 years to interpret this phenomenon. In
1931, Kronig [9] was the first who attempted to explain
XAFS by the long-range order in a system. Later, this
mechanism broke down. One year later, Kronig [10]
proposed another theory, which was based on the substantial importance of short-range order and attributed
XAFS to the modulation of the final-state wave function
of a photoelectron scattered on the neighboring atoms.
This approach was later further developed [11-15] and
provides the basis of the current concept of the XAFS.
The fundamental development in x-ray absorption
spectroscopy occurred in the early 1970s, when Sayers,
Stern, and Lytle [16] demonstrated that the Fourier
transform of the EXAFS oscillations gives a pattern
close to the radial atomic density distribution. This circumstance testified to the crystallographic origin of
information contained in the EXAFS oscillations.

Moreover, the spectroscopic measurements in the
XANES region with soft x-rays from 300 eV to 10 keV
were shown to provide information on vacant states near
the Fermi level with high energy resolution [17, 18]. The
use of synchrotron radiation (SR) as a source of a continuous spectrum significantly stimulated the development of EXAFS spectroscopy and its various applications. The SR sources are many orders of magnitude
brighter than x-ray tubes and ensure quick (as short as
several milliseconds) EXAFS-spectrum measurement
for low densities of an element [19].
The first SR sources were designed at the storage
rings VEPP-3, Russia, in 1971; ADONE, Italy, 1979;
ACO, France, 1970; and SPEAR, Stanford University,
California, USA, 1973 [20]. At present, the third-generation SR sources ESRF, France; ALS and APS, USA;
ELETTRA, Italy; and SPRING8, Japan with radiation
brightness up to ~1019 photons are in operation. More
than 50 sources are now in operation and more than 10
are being designed [20]. Having high brightness and
distinct linear or circular polarization, SR provides
unique research possibilities. In particular, new XAS
methods, which were developed for studying atomic
and electronic structures in both the bulk and the surface layers of various thickness values, are as follows:
(i) fluorescent EXAFS (FEXAFS) spectroscopy;
(ii) surface EXAFS (SEXAFS) spectroscopy by
measuring Auger electrons, the total or partial yield of
the photoelectron current, the yield of the photoinduced
ion desorption, and the total internal reflection;
(iii) EXAFS spectroscopy of x-ray excited optical
luminescence (XEOL);
(iv) the method of measuring the circular magnetic
x-ray dichroism (CMXD) applicable to the investigation of the magnetic properties of materials [21]; and
(v) EXAFS spectroscopy by measuring the intensities of Bragg peaks-diffraction anomalous fine structure (DAFS).
This paper reviews the experimental possibilities of
EXAFS spectroscopy for the physics of condensed
matter in view of the commissioning by JINR of the
energy-dispersive spectrometer in the SR beam at Kurchatov Institute, as well as the designing of the specialized third-generation SR source DELSI at JINR. Since
this review is intended for specialists in solid state physics, it does not include the biological aspect of XAS.
2. BASIC THEORETICAL PRINCIPLES
OF X-RAY ABSORPTION SPECTROSCOPY.
METHOD FOR ANALYZING EXAFS SPECTRA
X-ray absorption spectroscopy is based on the interaction of incident radiation with a solid. Figure 2 shows
the basic elementary processes induced by the passage
of radiation through a substance. The processes attenuate the intensity of x-rays traversing a sample as Ix =
I0 exp(– µx), where the absorption coefficient µ is determined by various elementary processes, such as photo-
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Ei – ω), where the operator Ŵ of the dipole transition
induced by incident electromagnetic radiation is represented as Ŵ = er · E, where E is the electric field vector
in the incident wave and er is the atomic dipole moment
[24], and Ef and Ei are the energies of the atom in the
final and initial states, respectively.
In terms of the polarization vector e = E/|E |, the
absorption cross section for the dipole and quadrupole
transitions has the form [24]
σ ( ω ) = 4πα ω
2

Fig. 2. The elementary processes of interaction of x-rays
with a substance.

electron absorption, Compton scattering, elastic scattering, and pair production [22].
For photon energies ω below 100 keV, photoelectron absorption, which is accompanied by emission of
a photoelectron of the energy E = ω – E0, where E0 is
the binding energy of electrons in an absorbing atom,
has a maximal cross section. For incident photon energies 300–30000 eV, the photoelectron energy E is 1–
1000 eV.
The absorption of an x-ray photon by an atom leads
to excitation, which is relaxed either through emission
of individual photons (fluorescence) or ejection of
Auger electrons with definite energies corresponding to
the levels of the atomic system. Figure 3 shows the diagram of relaxation of the exited atomic state. The probability of various decay channels (Auger process and
fluorescence) depends on the charge of the nucleus and
is shown in Fig. 4 as the charge dependence of the level
width [23]. The level widths determine the experimental resolution necessary for their separation.
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Fig. 3. Diagram of relaxation of an atomic state [25] exited by the absorbed x-ray photon.
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respectively.
These formulas indicate that the process has the following features:
(i) excitation selectivity governed by the photon
energy ω;
(ii) dichroism determined by the dipole-transition
operator e · r with the components e × z or (εx – iεy)(εx +
iεy);
(iii) selection rules ∆l = ±1; and
(iv) the effect of final-state relaxation on the total
transition probability.
The energy dependence of the excitation cross section for neutral atoms, which do not interact with each
other, is determined by the selection rule ∆l = ±1 in the
orbital angular momentum and the energy conservation
law δ(Ef – Ei – ω). Figure 5 shows the photoabsorption
cross sections for neon atoms whose initial and final
states are |i 〉 = |1s22s22p6〉 and | f 〉 = |1s'…np1〉, respec-
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Fig. 4. The K-shell level width [25] as a function of the
charge of a nucleus.

tively, as functions of the energy of an x-ray photon
[25], and demonstrates that the photoabsorption cross
section is completely determined by the energy levels
of an individual atom.
The interaction pattern gets considerably more complicated when a photon is absorbed by an atom surrounded by neighboring atoms. Figure 6 illustrates the
absorption of photons by an atom in a solid. At photon
energies higher than the electron binding energy in the
atom, an electron of the energy E and wave vector k is
excited. This electron is scattered on the atoms of the
nearest environment including the absorbing atom. For
low photoelectron energies and correspondingly long
de Broglie wavelengths commensurate with the interatomic distance R0 in a crystal lattice, which corresponds to the XANES region, the multiple-scattering
contribution usually far exceeds the single-scattering
one. For high photoelectron energies, the de Broglie
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Fig. 5. The photoabsorption cross section σ for neon as a function of the energy of x-ray photons (a) in a wide energy range and (b)
near the K edge and (c) diagram of the energy levels of neon.
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tial and scattered waves arise and interfere with each
other. The phase differences is determined by the interatomic distance and electron wave number k. Figure 6
shows the schemes of all processes accompanying the
absorption of a photon whose energy ω is above the
threshold E0 of photoelectron ejection in the solid. As
was mentioned above, the cross section for interaction
between the photon and an atom is determined by
Eq. (1) that takes the form

wavelengths are very short and, therefore, single scattering dominates.
The XANES region includes information on the
electronic state of the absorbing atom (valence and
vacant-state density) [25, 26]. Figure 7 shows the
XANES spectra measured at various angles for pure
metals, powders, and single crystals [25]. The angular
dependence of the spectra indicates that polarized synchrotron radiation efficiently interacts with various
configuration electrons: photons that are incident on
single crystals La2CuO4 at θ = 0° interact with the (ab)plane electrons in the 4px, y orbitals. This corresponds
to the peaks M and N. For θ ≥ 54°, the interaction with
4pz-orbital electrons occurs (BE transitions).
The EXAFS model serves to represent the transition
probabilities from the initial atomic state to an excited
final state, which is described by the wave function of a
free electron emitted due to the absorption of an ω photon. The electron is scattered on an atom if such an atom
is located near the absorbing atom. As a result, the iniVol. 32

0

Fig. 7. The XANES spectra measured at various angles of
x-ray incidence on the crystal surface plane [25].

Fig. 6. (a) Diagram of electron energy levels in a crystal lattice for various excitation energies corresponding to the
(EXAFS) single and (XANES) multiple scattering processes; (b) outgoing wave corresponding to a free electron
and interference of outgoing scattered wave: (A) the atom
absorbing an x-ray photon, (B) a neighboring atom; and
(C) energy dependence of the x-ray absorption coefficient µ
if the scattering by neighboring atoms is disregarded (left)
and taken into account (right).
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3
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⋅ r ⋅ ϕi f

2

× δ ( E i – E f , R – ω + ε f ),

(3)

where M = 〈 Ψ i | Ψ f , R 〉 is the matrix element of the
monopole transition from the initial state of the (N – 1)electron system excluding the excited electron of the
energy εf to the state of completely relaxing N – 1 electrons.
The final state wave function of the electron moving
in the potential of remaining N – 1 electrons in the
ground state is calculated with allowance for the interaction of this electron with neighboring atoms including vacancies formed in the core.
In the single scattering approximation, the wave
function has the general form
N–1

N–1

ϕε f ( x ) = ϕε ( x ) +
abs

∑ϕ
Rj

2001
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where ϕ ε

abs

is the wave function of the free electron

emitted in photon absorption, and ϕ ε (x – Rj ) is the
wave function of the electron scattered by an atom
located at the distance Rj away from the atom absorbing
the photon. Substituting Eq. (4) into Eq. (3), we obtain
the cross section for interaction of the photon with the
atom accounting for the nearest environment:
scat

σ ( ω ) = σ ( ω ) ( 1 + χ ( ω ) ).
abs

(5)

∫

∑ 2R ∫ d xϕ *
3

j

ires ( x )e

⋅ x ⋅ ϕ ε, lm
abs

(6)

Rj

* ( x' )e ⋅ x ⋅ ϕ ε lm R j ( x' ),
× d x'ϕ ires
3

scat

where ϕ εlm is the wave function of the electron emitted
with the energy ε and orbital angular momentum l from
scat
the atom, and ϕ εlm R j is the wave scattered from the
neighboring atom located at the point Rj . The quantum
numbers of the outgoing wave are determined by the
selection rule for the l = 1 dipole transition for the K and
L absorption.
abs

In the EXAFS region, where the photoelectron wave
2π
number ke is higher than the wave number kd = ------ cord
responding to the first Brillouin zone (see Fig. 6), the
scattered wave function at the distance |x – Rj | from the
scattering atom can be represented in the asymptotic
form
ϕ εlm ( x ) = ϕ εlm ( R j ) f ( Ω k )e
scat

= Y lm ( Ω R j )e

abs

i ( k R j + δ1 )

f ( Ω k )e

i k x –µ ( R j + x )

e

i k x –µ ( R j +

e

1
----x
(7)
x)
1
-----------------,
k Rj x

where δ1 is the phase shift of the wave in the absorbing
atom, Ωk is the scattering solid angle with respect to the
scattering atom, Ω R j (θ, ϕ) is the solid angle with
respect to the straight line connecting the absorbing and
scattering atoms, and f(Ωk ) is the scattering length for
the angle Ωk .
Calculation of the matrix element χ(ω) for the distribution versus {Rj} yields
χ(ω({ R j })) =

eR j

-Im { f ( π )e
∑ -----------kR
2

j

j

2ik R j

e

2iδ e

}e

– 2µ R j

, (8)

∑

where f(π) =

–µ ( R j + x )

scattering amplitude and the exponential e
determines the electron mean free path in the substance.
Because environment atoms undergo thermal vibrations in a solid, the expression for χ(ω; {Rj}) should be
averaged over the distribution g(Rj ) of the vibration
amplitudes:

Here, σabs(ω) is the classical cross section for photon
scattering and the EXAFS modulation χ(ω) of the
atomic cross section by the nearest environment is represented as
1
χ ( ω ) = ----------------abs
σ (ω)

2iδ e'

–1
e
------------------- (2l' + 1)(–1)l' is the backward
l'
2ik

χ(ω) =

∑ ∫ d R g ( R )χ ( ω; { R } ).
3

j

j

(9)

j

j

For a simple crystal, this averaging depends on the
relative direction between the incident-wave polarization vector e and the crystallographic axis. For a polycrystal sample, averaging is performed over all directions and only variations in magnitude of |R| are of
importance.
The simplest approximation in {Rj} is the Gaussian
dependence with the variance σ2. The EXAFS factor
χ(ω) is expressed in terms of the mean quantities as
χ(ω) =

∑
j

2 2
f (π)
– k σ – 2µ R j
-------------2 sin ( 2 k R j + α ( k ) )e
e
, (10)
k Rj

where the phase shift α(k) depends on temperature and
has the form
2

2
2kσ
α j ( k ) =  2δ e + arg f ( π ) – ------------ – 2kµσ  .


Rj
2

–k σ

(11)

2

The Debye-Waller factor e
in Eq. (10) reflects
the contribution of the rms deviation of the interatomic
distance from the mean value in thermal vibrations. It
should be emphasized that the parameter σ differs from
the rms atomic deviation, which is used in the correction of the Bragg scattering: the latter determines the
displacement of an atom from its equilibrium position,
whereas the parameter σ in the EXAFS spectroscopy
specifies variation in the absorber-scatterer distance Rj .
The phase shift δe , which is determined by the central atom, is a function of the Coulomb atomic potential
defined by the effective charge Zeff of an ion [24] as
δe = δ e + Z eff log (R j /aB)/(aB k), where aB is the Bohr
radius.
0

2

Taking into account that the local environment
atoms are described by the pair correlation function
gj (r), where r is the distance between the absorbing and
probe atoms, we can represent the EXAFS formula in
the form
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∞

∫

× drg j ( r ) sin ( 2kr j + α j ( k ) )e

2

–k σ

2

e

– 2µ ( k )r j

.

–10

Two basic factors strongly depending on the state
under investigation have to be taken into account each
time Eq. (12) is applied: (i) errors caused by neglecting
multiple scattering of an excited electron on atoms and
(ii) the coordination-disorder degree determined by the
origin of the distribution gj (r).
For discrete distribution of the scattering atoms in
the number Nj of atoms in the jth coordination sphere
and in the distance Rj to the jth coordination sphere, the
EXAFS distribution function χ(k) has the form
χ(k ) =

∑ A ( k ) sin ( 2k R
j

j

+ α j ( k ) ),
(13)

2 2
N
– 2k σ
A j ( k ) = --------j-2 F j ( k )e
.
kRj

– 2 R j /λ

Here, Fj (k) = f(k) e
, where λ is the mean free path
of electrons, and the scattering phase shift is represented as
α j ( k ) = 2k R j + δ j ( k ) + Θ j ( k ),
where δj (k) is the phase shift determined by the scattering atom, θj is the phase shift related to the complex
part of the backward scattering amplitude fj (k, π) =
| fj (k, π)|exp{iθj (k)} of electrons. Figure 8 shows the
quantities δj and θj calculated according to [27]. The
backward scattering amplitude f(k) is similarly calculated on the basis of the results obtained in [27].
The energy dependence of the mean free path λ of a
photoelectron with the energy E is given as λ =
π
2E 1/2
--------------  ------- , where Γh is the hole-level width. This
Γh ( E )  m 
quantity determines the effective number of the coordination spheres that are seen in the EXAFS process and
is shown in Fig. 9 [28].
We now discuss the behavior of the backward scattering amplitude f(k, π). In the modulation part χ(ω) of
the absorption amplitude, the component of the backward scattering of a photoelectron by the nearest atom
depends on its Coulomb potential Vscat f(π, k) =

∫ d rV
3

ikr
scat (r)e .

Using the shielded Coulomb potential
– µr

e
Vscat(r) = Zeff e2 --------- , we obtain the scattering amplitude
r
2

4πe Z eff
-.
in the form f(π, k) = -------------------2
2
(µ + k )
Figure 10 shows the theoretical dependence of the
backward scattering amplitude for various elements
PHYSICS OF PARTICLES AND NUCLEI

Vol. 32

δi(rad)
10
d
Cu
p
5
s

No. 6

Pd

0

–5

0

7

0

5

–5
15 0
k(A–1)
θj(rad)
10
8 Pd
6
4
2 Cu
10

0

5

10

5

10

15
k(A–1)

15
k(A–1)
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and demonstrates that f(π, k) rapidly decreases with the
electron momentum for small-Z atoms and has a large
value for large-Z atoms. This difference in the scattering amplitudes can be used to separate various contributions to the EXAFS spectra.
Thus, we have analyzed the formation of the fine
structure originating in the x-ray absorption spectrum
from interfering with the electron wave scattered from
the absorbing atom and electron waves scattered on the
nearest environment atoms. This interpretation distinctly corroborates the local sensitivity of the method
and its applicability for both crystalline and disordered
substances.
The Fourier transform of the EXAFS function χ(k)
makes it possible to determine the density quasidistribution F(R) in the coordinate space as F(R) =
1 k
------ k max W (k)χ(k)e2ikRdk, where kmin and kmax are the
2π min
minimum and maximum values of the photoelectron
2m
momentum k = ------2- ( E – E 0 ) , where E is the incident
h
photon energy, and E0 is the threshold of photoelectron
emission from the corresponding absorbing-atom level.
The window function W(k) [W(k)
0 at k
±∞]
is used to extend the limits of integration to k
±∞,
which is necessary to correctly calculate the Fourier
transform.

∫

We now discuss the Debye-Waller factor σ, which,
for EXAFS spectroscopy, governs the variance of the
distance between the absorbing and scattering atoms
σ2 = 〈|Rab |ub – ua |〉, where Rab is the vector connecting
the atoms a and b and ua , and ub are the vectors of deviation of the positions of respective atoms a and b from
the crystal center. From this expression, we obtain σ2 =
2001
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Table 1. Parameters of crystals at room temperature [30]
Z

Atomic mass M

Crystal

Structure

Debye temperature θ, K

ux , Å

Lattice
constant, Å

6
13
14
23
24
26
29
32
41
47
74
79
82

12.01
26.96
28.09
50.94
52
55.85
63.54
72.59
92.91
107.87
183.85
196.97
207.19

C
Al
Si
V
Cr
Fe
Cu
Ge
Ne
Ag
W
Au
Pb

fcc (diamond)
fcc
fcc
bcc
bcc
bcc
fcc
fcc (diamond)
bcc
fcc
bcc
fcc
fcc

2000
390
543
360
485
420
315
290
275
215
310
170
88

0.04
0.105
0.075
0.082
0.061
0.068
0.084
0.085
0.079
0.093
0.050
0.087
0.16

3.567
4.050
5.431
3.024
2.884
2.867
3.615
5.657
3.300
4.086
3.116
4.078
4.951

2

2 u x – 2DCF, where the deviation correlation function
DCF = 〈ua · ub 〉 is determined by the structural features
of the object and can be found in [29]. The rms deviation
ux is expressed in terms of the temperature T as [24]
2
3h  Φ ( Θ/T ) 1 
2
u x = ---------------  -------------------- + --- ,
k B MΘ  Θ/T
4

where h and kB are the Planck and Boltzmann constants, respectively; M is the atomic mass, Θ is the
Debye temperature, and the Debye function has the
form

1/2

Substituting the values of the constants into the
2
2
above formula for the function u x (Å2), we obtain u x =
439  Φ ( x ) 1 
---------  ------------ + ---  (Å2).
MΘ  x
4
Table 1 presents the parameters of crystals at room
temperature [30].
Thermal vibrations are responsible for the temperature dependence of the diffracted radiation. The intensity of diffraction maxima decreases with increasing
temperature as I = I0 exp{–2D}. For x-ray diffraction,
2

1 ux
D = --- -------, where ∆k = 2π/λsinθ is the value of the
3 ∆k 2
momentum transfer in x-ray quantum scattering.
Figure 11 shows the EXAFS functions χ(k) measured for various temperatures at the rhenium L3 edge
in the ReO3 polycrystal [31, 32]. Figure 12 shows their
Fourier transforms F(r), which exhibit peaks corresponding to the coordination spheres around the central
rhenium atom. It should be noted that the position and
shape of the peaks of the function F(r) are always distorted because of the presence of the phase shift α(k)
and the amplitude modulation f(k), which is the fundamental difference between the Fourier transform F(r)
of the EXAFS function and the actual pair correlation
function g(r) [see Eq. (12)].

x

1
y dy
Φ ( x ) = --- ---------------------------.
4 exp { y } – 1

∫
0

λ (Å)
1000

100

10

1

10

100

1000

10000
Energy, eV

Fig. 9. Universal curve describing energy dependence of the
mean free path λ of photoelectrons [28].

2.1. Method for Analyzing EXAFS Spectra
As was mentioned above in Section 2, information
on the local structure is carried by the EXAFS, which
has oscillating behavior and is extended beyond an
atomic absorption edge. The EXAFS oscillations are
usually observed in the 400–2000 eV range above an
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Fig. 10. Backward electron scattering amplitude as a function of the wave number k for various elements [24].

absorption edge, and this range is restricted by the
noise pollution of the experimental signal and/or the
presence of another absorption edge. Being developed
in the last two decades, the general approach [33–35] to
an analysis of EXAFS spectra implies the intensive use
of modern computers for fast calculations and graphic
representation of the results in the interactive regime.
Below, we will briefly describe the method for processing of EXAFS spectra by using the EDA (EXAFS Data
EXAFS χ(k) k2
10
8

668

6

643

4

563

2

463

0

296

Analysis) software package, which was developed by
one of us (A.Y.K.) at the Institute of Solid State Physics, University of Latvia, Riga, Latvia in 1988-1998
[36-38].
The EDA package is written for IBM PC compatible
computers with MS DOS and, in the 5.1 version, consists
of eight interactive codes (EDAFORM, EDAXANES,
EDAEES, EDAFIT, EDARDF, FTEST, and EDAPLOT),
which completely realize both the standard procedure
of the processing and calculation of EXAFS spectra
[33-35] and some original approaches used for selecting and simulating the EXAFS component [36-38]. The
package has an open architecture and, therefore, can
easily be extended. The procedure of the analysis of the
EXAFS spectra realized in the EDA package is shown
schematically in Fig. 13.
The EDAFORM code calculates the x-ray absorption coefficient µ(E) from measured x-ray intensities
before, I0(E), and after, I(E), interaction with a sample.
According to the most extensively used transmission
measurement procedure, these intensities correspond to
the intensities of the radiations incident on the sample
and passing through it, respectively, and the absorption
coefficient of the sample with the thickness x is determined as µ(E) = (1/x)ln[I0(E)/I(E)].
The shape of the coefficient of x-ray absorption near
the edge structure (XANES) is often of practical interest. This part of the spectrum is primarily determined
by the local electronic structure, and its analysis
remains a difficult problem. It requires, e.g., application of
the theory of full multiple scattering (FMS) and quantum
chemical cluster or band calculations [34, 35, 39], which
are beyond the scope of this review. The EDA package
cannot simulate the XANES, but the EDAXANES code
enables one to separate the absorption coefficient µ(E)
F(R) χ(k) k2
2.5

T, ä

9
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T, ä
296
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668
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Fig. 11. The EXAFS spectra χ(k)k2 as a function of the wave
number k for various temperatures near the rhenium L3
absorption edge in ReO3 [32].
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Fig. 12. The Fourier transforms F(R) of the EXAFS spectra
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Amplitude: A(k)={(Re[BFT(k)])2 + (Im[BFT(k)]2}1/2
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f backward scattering
Fig. 13. Diagram of the EXAFS spectra analysis realized in the EDA software package [36-38].

near the edge structure and to analyze it differentially,
e.g., to calculate the first, dµ(E)/dE, and the second,
d 2µ(E)/dE 2, derivatives. This procedure considerably
simplifies the qualitative analysis of the XANES and
determination of the exact absorption-edge position,
which is often used as the origin of the photoelectron
kinetic energy in EXAFS spectra [33-35].
At the next stage of the x-ray absorption spectrum
analysis, we isolate the EXAFS component χ(k), which
is determined as [33–35]

χ ( k ) = ( µ ( k ) – µ 0 ( k ) – µ b ( k ) )/µ 0 ( k ),
where µb (k) is the absorption coefficient related to all
processes excluding the photoionization of the atomic
shell under investigation; µ0(k) is the absorption coefficient for the case of the absence of atoms surrounding
the absorbing one; k = [(2me /2)( ω – E0)]1/2 is the photoelectron wave number, where me is the electron mass;
 is Planck’s constant; E is the energy of incident photons; and E0 is the ionization potential of the photon
absorption.
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3

At present, there are several software packages,
EXCURE [40, 41], FEFF [42-45], and GNXAS [46-49],
for ab initio simulation of the absorption spectrum
without separation of the EXAFS signal. However, in
many practical cases; e.g., when preliminary information on the compound structure is entirely or partially
absent or the experimental signal is distorted, the application of the above-listed packages is strongly hampered. For this reason, the procedures of the isolation
and analysis of the EXAFS component in most studies
are separated, which considerably simplifies the problem. In the EDA package, the EDAEES code separates
the EXAFS signal χ(k) by the original method [36, 38],
whose advantage is in determining µ0(k) by means of
the procedure described below. The criterion of the correctness of µ0(k) determination is the absence of any
contribution besides the structural-origin oscillations in
the EXAFS signal χ(k). For this reason, µ0(k) is sometimes referred to as “zero line” of the EXAFS signal,
i.e., the line around which the oscillating fine structure
lies. Note that errors in µ0(k) determination can result in
substantial distortions in the EXAFS signal from the
atoms of the first coordination sphere and, therefore, in
the structure parameter values.
The absorption coefficient µb(E) is first approximated
by the modified Viktorin polynomial µb(E) = A + B/E 3,
whose parameters A and B are determined by least
squares fitting to the pre-edge part of the experimental
absorption coefficient µ(E). Then, µb(E) is extrapolated to
the entire range and is subtracted from µ(E) (see Fig. 14).
The resulting function µ1(E) = µ(E) – µb(E) is used at
the first stage of determining µ0, which is approximated
I
µ0

by the polynomial (E) of degree m1, which is usually
taken from 1 to 4, and is subtracted from the function
µ1(E) (see Fig. 14). The new function µI(E) = µ1(E) –
µ 0 (E) is transformed to the k space and is multiplied by
the factor k n, where the power n is chosen to be equal to
or larger than the value that will be used in further Fourier analysis and/or simulation; usually, n = 1, 2, or 3.
II
At the second stage, we search for the function µ 0 (k)
that is specified by the polynomial of degree m2, which
is usually taken from 0 to 9, and is the zero line for
µI(k). This operation corrects crude errors that are introduced to the behavior of the function µI(E) when it is
transformed to k space and multiplied by the factor k n.
Thus, at the first two stages, we obtain the function
II
µII(k) = µI(k) – µ 0 (k) that is well oscillating around
I

zero. At the third stage, we find the zero line µ 0 (k) of the
function µII(k) by cubic smoothing spline (see Fig. 15).
It compensates for all remaining inaccuracies in the
zero line. As a result, the desired function µ0 is the sum
III

of µ 0 , µ 0 , and µ 0 . Figure 15b demonstrates the effect
I

II

III

of the µ 0 and µ 0 corrections on the EXAFS signal.
II

III
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second correction µ 0 to µ0 and (b) the experimental x-ray
rhenium L3 absorption spectrum in ReO3 (µ) before and
(µ1) after the subtraction of the µb contribution and the first
I

approximation µ 0 to µ0.

This effect is most pronounced in the Fourier transforms of the EXAFS signals (see Fig. 16); inaccuracies
in the determination of the function µ0 lead to the peak
in the short-distance region R < 1 Å, which can distort
the signal from the first coordination sphere (the principal peak near 1.4 Å).
In the most practical cases, the separated EXAFS
signal is subjected to Fourier filtration, i.e., to direct
and inverse Fourier transforms in the specified k and R
ranges, to separate the contributions of individual coordination spheres, which considerably simplifies the signal simulation. In the EDA package, the Fourier filtration is implemented in the EDAFT code [38]. To perform the Fourier transform without introducing
distortion to the EXAFS signal, because of its boundedness in the k space, the sharp shape of the EXAFS
oscillations at the lowest and highest values of the wave
number k is smoothed by the window function W(k). In
practice, the window function W(k) is taken in the fol2001

12

AKSENOV et al.
EXAFS χ(k)k2
3

χ(k)k2
1.2

2

0.8

1

0.4

0

0
–0.4

–1

–0.8
–2
Absorption, k2
3

–1.2

1

2

3

4

5

6

3

µII

2

2
µ0ΙΙΙ

1

1

0

0

–1
–2

0

–1
0

3

6

9

12

15
k(Å–1)

–2

0

1

2

3

4

5

6

II

Fig. 15. (a) The function µII = µI – µ 0 and the third correcIII

tion µ 0 obtained to µ0 by cubic smoothing spline, and
(b) the solid and dashed lines are the EXAFS signals calculated by the formulas χ(k) = [µ(k) – µ0(k) – µb(k)]/µ0(k) and
χ(k) = [µ(k) –

I
µ0

(k) –

I
µb(k)]/ µ 0

(k), respectively.

7 8
R (Å)
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I
µ0

lowing forms: rectangular, Hamming, Gaussian, Kayser-Bessel, etc. [33-35, 38]. Experience shows that the
Gaussian and Kayser-Bessel window functions introduce the least distortion to the Fourier-transform procedure [38]. Note that, in the inverse Fourier transform, in
addition to the EXAFS component χ(k), its total amplitude A(k) and phase Φ(k) are calculated (see Fig. 13).
These quantities can be used for evaluation of the
amplitude F(k) and phase Ψ(k) of backward scattering
with known structure parameters or for determining the
relative change in the latter quantities by the method of
comparison of the phases and amplitude ratio [33-35].
The Fourier transform of the EXAFS signal (see
Fig. 16) is sometimes incorrectly treated, because it
resembles the pair radial distribution function (RDF) of
atoms. The Fourier transform fundamentally differs
from the pair RDF because, first, the Fourier transform
carries information on both the pair and multiatomic
distribution functions [47, 48, 50, 51], second, the peak
position does not correspond to the actual interatomic
distances owing to the phase shift Ψ(k) related to the backward scattering of a photoelectron on atoms [33-35], and
third, the peak shape is distorted because of the contribution from the nonlinear backward-scattering ampli-

were extracted by the three-stage method
µ0 =
described in the main body of the text and by the standard
method, respectively.

tude F(k) [33-35]. Moreover, each peak does not necessarily correspond to the specific group of atoms. In particular, the complex form of the amplitude and phase
shift of the backward scattering on heavy elements
results in two-hump peaks in the Fourier transform,
where the hump heights depend strongly on the Fourier-transform interval [50]. Thus, the Fourier transform can provide only a rough measure of the distribution of atoms surrounding the absorbing center, and this
distribution can be comprehensively interpreted only
by simulation [50, 52-55].
At present, the structure parameters are determined
from the EXAFS component χ(k), which is selected by
Fourier filtering, by means of a number of approaches,
whose success depends on the applicability of the
approximations used in the simulation. The methods
discussed below are implemented in the EDA package
[36-38] and are intended to analyze the EXAFS signals
from the first coordination sphere. Their applicability to
analysis of remote coordination spheres is restricted by
the multiple scattering effects (MSEs) determined by
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Fig. 17. Calculation of multiple scattering effects for the octahedral cluster ZnO6; N is the number of identical scattering paths, R is
the half-length of the path, and k is the wave number.

the contributions from the multiatomic distribution
functions.
It is well known [50-52] that MSEs are always
present beyond the first structural peak in the Fourier
transform. The basic contribution in strongly disordered systems originates from the MSEs in the first
coordination sphere, whereas the MSEs in the second
and next spheres can additionally be manifested in
ordered systems. Prominent examples of systems
exhibiting MSEs are the compounds ReO3, NaxWO3,
and FeF3 with a perovskite structure and aqueous solutions of some transition elements [50–52, 55–59]. The
feature of these systems is the presence of linear, or
close to linear atomic chains, which enhance the MSEs
because of the so-called focusing effect. This effect is
related to anisotropy in the atomic scattering amplitude
and considerably increases the amplitude of the forward photoelectron scattering and, respectively, the
EXAFS oscillation amplitude [50, 56].
The ab initio calculations of the EXAFS near the
rhenium LI and LIII edges in ReO3 by the multiple scattering method [50, 52] demonstrated that the contributions from the multiple scattering in the linear chains
O–Re0–O and Re0–O–Re (the subscript 0 corresponds
to the absorbing atom) are quite considerable and are
substantially responsible for the heights of the 2.5- and
3.5-Å peaks in the Fourier transform (see Fig. 16). It
was also found that the large amplitude of the EXAFS
signal above the LII edge and the closeness between the
LII and LI edges [E(ReLI) – E(ReLII) = 568 eV] lead to
overlapping between the LI and LII EXAFS oscillations
above the LII edge. A similar pattern was observed in
some tungsten oxides [56, 58]. The analysis of the
EXAFS spectrum from the iron K edge in FeF3, which
has the rhombohedral distorted ReO3-type structure
revealed a contribution that comes from remote iron
atoms spaced at 7.5 Å from the absorbing atom and is
visible due to the MSEs [57, 58]. In this case, multiple
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scattering occurs in the Fe0–F–Fe–F–Fe chain and the
effect is called superfocusing [56].
In disordered systems (glasses [60], amorphous
films [61-63], and solutions [55]), the MSEs in the first
coordination sphere dominate. For octahedral coordination of the absorbing atom, as well as in the aboveconsidered case, the basic contribution originates from
the signals of multiple scattering in the almost linear
atomic chains O–W0–O [31, 32], O–Mo0–O [31, 32],
O–Ir0–O [31, 32], and O–Zn0–O [55]. The MSE contribution from remote coordination spheres is suppressed
owing to the structural and dynamical disorder. Figure 17
shows an example of the calculation of the MSEs for
the octahedral cluster ZnO6 and demonstrates that,
besides the single scattering signal SS1, noticeable contribution comes from the signals of double (DS1 and
DS2) and triple (TS1 and TS4) scattering processes,
which are responsible for the peaks in the Fourier transform of the EXAFS signal near the zinc K edge in the
aqueous solution [55].
Thus, the possible presence of the multiple scattering contributions in the region of remote coordination
spheres significantly complicates analysis of their
EXAFS signals. Therefore, the correct application of
the methods described below requires careful estimation of possible errors introduced by neglecting the
MSEs.
In the most cases, the EXAFS signal from the first
coordination sphere of the absorbing atom can be
attributed to the mechanism of the single scattering of
spherical waves [33-35]. Although this model is simple,
an unambiguous analysis procedure for acquiring reliable structural information on the RDF of the first coordination sphere in an arbitrary compound does not
exist.
At present, the following approaches are extensively
used to analyze EXAFS signals: (i) the model dependent technique based on the parametrization of the
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Fig. 18. The radial distribution function (RDF) obtained by
the (dashed lines) splice method and (solid lines) model
independent method at kmin = 0 for various values of the
upper limit kmax of the EXAFS signal. The dotted line is the
model RDF.

RDF in an analytical form, e.g., Gaussian curve, or in
the form of cumulative expansion [65-68]; (ii) model
independent methods for ab initio reconstruction of the
RDF such as the regularization method [69-71], freestyle Monte Carlo method [72], inverse Monte Carlo
method [73], and nonlinear conditional fitting [36-38];
and (iii) the splice method [74, 75].
The splice method stands out because it is based on
the model independent procedure for inverting the
EXFAS signal. But it uses the restricted cumulative
expansion to reconstruct the EXAFS signal in the range
from zero to the lowest experimentally accessible value
of the wave number. All three groups of methods are
presented in Fig. 13 and are implemented in the EDA
package [36-38].
The first group is represented by the EDAFIT code,
which is based on the fast algorithm of conditional
least-squares nonlinear fitting [36, 38] and on the multicomponent Gaussian/cumulative model in the singlescattering approximation [33–35]:
χ(k ) =

∑ ( N S )/ ( k R )F ( π, k, R )
2
i 0

2
i

i

i

i

× exp [ – 2σ i k + ( 2/3 )C 4i k – ( 4/45 )C 6i k ]
2 2

4

× exp [ – 2R i /λ ( k ) ] sin [ 2k R i – ( 4/3 )C 3i k

6

3

+ ( 4/15 )C 5i k + Ψ i ( π, k, R i ) ],
5

where Ni is the number of atoms in the ith group spaced
at the distance Ri from the absorbing atom; σi is the

standard deviation of the distance; C3i , C4i , C5i , and C6i
are the distribution cumulants providing approximation
of the contribution from the anharmonic vibrations
and/or non-Gaussian disorder; Fi (π, k, Ri ) is the amplitude of the backward scattering from the ith-group
atoms; the phase shift Ψi (π, k, Ri ) = ψi (π, k, Ri ) +
2δl (k) – lπ, where the photoelectron orbital angular
momentum l is equal to 1 for K and LI edges and to 2 or
0 for LII, III edges, includes the contributions 2δl (k) and
ψi (π, k, Ri ) from the absorbing and scattering atoms,
respectively; λ(k) is the mean free path of the photo2
electron; and the factor S 0 = 0.6–0.95 specifies that
change in the wave function of n – 1 electrons, which
accompanies excitation of the nth electron. The model
contains free structure parameters Ni , Ri , σi , C3i , C4i ,
C5i , and C6i . The amplitude Fi (π, k, Ri ) and phase shift
Ψi (π, k, Ri ) can be taken from tables in [76, 77], calculated by the available codes EXCURE [40, 41], FEFF
[42-45], GNXAS [46-49], MSCALC [78], or MSXAS
[79, 80], or extracted from the EXAFS spectrum of the
standard compound [81]. The last two approaches are
preferable. The best result can be achieved by fitting the
calculated amplitude and phase shift for the standard
compound, which makes it possible to simultaneously
obtain accurate and noiseless functions Fi (π, k, Ri ) and
Ψi (π, k, Ri ). Note that the amplitude and phase shift that
are calculated with the complex exchange-correlation
potential, e.g., the Hedin-Lundquist potential [42, 78]
automatically involves the contribution from inelastic
photoelectron scattering, which determines the mean
free path λ(k) of the photoelectron. In this case, the factor exp[–2Ri /λ(k)] should be excluded from the model.
This model is applicable only to compounds whose
RDFs can be represented as several Gaussian or Gaussian-like peaks.
The splice method [74, 75] is based on determining
the RDF G(R) by inverting the reduced EXAFS function χ'(k) by taking the Fourier transform:
G ( Ri ) =

∫ χ' ( k ) exp ( –2ik R ) dk,
i

where χ'(k) = χ(k)k R i exp[iΨ(π, k, Ri )]/{ S 0 F(π, k,
Ri )exp[–2Ri /λ(k)]} and integration is performed from
zero to infinity. Because the experimental EXAFS signal
is usually determined from kmin > 0 to kmax ≈ 10–20 Å–1,
and its amplitude decreases with increasing the wave
number k, we set χ(k > kmax) = 0 in the integral. The
χ(k < kmin) values are extrapolated by using the cumulative model, whose parameters are found from the best
fit to experimental data from kmin to kmax . The accuracy
of determining the RDF is restricted by (i) the applicability of the cumulative approximation in the range 0 <
k < kmin and (ii) the magnitude of the experimental
EXAFS signal at k = kmax. Indeed, if |χ(kmax)|  0, the
cutoff of the function χ(k) at k = kmax results in distortion of the desired RDF in integration. Figure 18 illus2

PHYSICS OF PARTICLES AND NUCLEI

2

Vol. 32

No. 6

2001

EXAFS SPECTROSCOPY AT SYNCHROTRON-RADIATION BEAMS
RDF G (R)
60

RDF G (R)
80

20

(b)

(a)

60
40

15

40
%
0.16
0.25
0.31

20

%
0.10
1.42
0.28

0
0
1.5 1.6 1.7 1.8 1.9 2.0 2.1
1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2
60
60
(c)

(d)

40

40

%
0.16
20 24.8

%
2.88
20
1.22

0
1.5

0.57

1.7

1.9

2.1

2.3
R (Å)

0
1.5

0.25

1.7

1.9

2.1

2.3
R (Å)

Fig. 19. The radial distribution functions (RDFs) extracted from the EXAFS signal by employing the model RDF (dotted line), the
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The numbers near the lines are the values of the quantity
2

∑ ( ΦPPcal – ΦPPmod ) ε = 100% ---------------------------------------------------------2
∑ ( ΦPPmod )
characterizing the agreement between the corresponding RDF and model one.

trates this effect by the example of the model RDF in
the form of two Gaussian peaks with the parameters
N1 = 2, R1 = 1.8 Å, σ1 = 0.05 Å, N2 = 1, R2 = 2.1 Å, and
σ2 = 0.06 Å. It is seen that a decrease in the upper integration limit kmax, which is equivalent to an increase in
the EXAFS-signal amplitude at k = kmax , leads to an
increase in the deviation of the resulting RDF from the
model one. In the EDA package, the splice method is
implemented in EDAFT and EDAPLOT codes.
The model independent methods of ab initio reconstruction of RDF is realized in the EDAEDF code of
conditional nonlinear fitting [36-38]. For arbitrary
RDF, the EXAFS signal is represented as [82, 83]

∫

χ ( k ) = S 0 [ G ( R )/ ( k R ) ]F ( π, k, R )
2

2

× sin [ 2kR + Ψ ( π, k, R ) ]dR,
where an arbitrary input RDF G(R) = 4πR2ρ0g(R) corresponds to the number of atoms in the spherical layer
from R to R + dR around the absorbing atom and is
specified from Rmin to Rmax with the step ∆R ≤ 1/(2kmax ).
The iteration procedure is used to determine the desired
RDF by minimizing the quantity
S =

∑ [χ

mod ( k )

– χ exp ( k ) ]

2

k

with additional constrants (i) G(R) ≥ 0 and (ii) G(R)
should be a differentiable function. If it is necessary,
PHYSICS OF PARTICLES AND NUCLEI

Vol. 32

No. 6

extra conditions can be imposed on the G(R) area magnitude, i.e., on the total coordination number. In the
most practical cases, the RDF of the first coordination
sphere vanishes at the ends of the interval [Rmin, Rmax],
which allows correct integration. This method imposes
no restrictions on the RDF form.
Below, we will present several examples of applying
the above methods for reconstructing the RDF in model
and real systems. Figure 18 shows the results of the
model independent method and the splice method. It is
seen that the boundedness of the EXAFS signal affects
the first method considerably less. In fact, it broadens
the RDF peaks, which is related to a decrease in the resolution in the R space because of the shortening of the
EXAFS signal.
Figure 19 shows the results of the Gaussian and
cumulative models, as well as of the model independent
method. The model RDFs were chosen so as to reproduce the G(R) forms frequently presented in actual
compounds: a single Gaussian peak (N = 1, R = 1.8 Å,
and σ = 0.06 Å); two nonresolved Gaussian lines (N1 = 2,
R1 = 1.8 Å, N2 = 1, R2 = 1.9 Å, and σ1 = σ2 = 0.06 Å);
two Gaussian peaks (N1 = 2, R1 = 1.8 Å, σ1 = 0.05 Å,
N2 = 1, R2 = 2.1 Å, and σ2 = 0.06 Å); and an asymmetric
RDF similar to that observed in superionic materials.
Figure 19 demonstrates that, when the distribution form
differs from the analytical model, discrepancies in the
position, intensity, and width of RDF peaks are
observed: the Gaussian model fails to reproduce the
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Fig. 20. (a) Model independent EXAFS signals (solid lines) χ(k)k2 from the first coordination sphere of rhenium in ReO3 (rhenium
L3 edge), tungsten in WO3 (tungsten L3 edge), and molybdenum in α-MoO3 (molybdenum K edge) compared to the corresponding
experimental data (dashed lines), (b)-(d) the radial distribution functions (RDFs) of the first coordination sphere obtained by the
(dotted lines) splice method, (solid lines) model independent method, and (dashed lines) using x-ray and neutron diffraction data.

asymmetric RDF, whereas the cumulative model
poorly reproduces the two-Gaussian distributions.
Only the model independent method reproduces all
RDF types equally well.
Figure 20 shows the application of the splice
method and the model independent approach to three
actual crystalline compounds-trioxides of rhenium,
tungsten, and molybdenum. The structural RDF peaks
that are reconstructed by both methods agree well with
each other and with the RDFs reconstructed from the xray and neutron diffraction data. Moreover, the resulting RDFs for tungsten trioxide enable us to unambiguously distinguish the triclinic (tricl-WO3) and monoclinic (m-WO3) modifications, which can coexist at
room temperature in an experiment. Experimental data
and model independent calculation of the EXAFS signals from the first coordination sphere are in very good
agreement with each other. Nonstructural peaks in the
short-distance range in the RDF (see Fig. 20) reflect
errors in experimental EXAFS signals. The splicemethod RDFs in some ranges have negative values
originating in the Fourier transform, because the experimental-spectrum interval is too short.
Several models of the EXAFS signals often provide
close agreement with experimental data, which leads to
inconclusive interpretation. Moreover, employment of
the multicomponent Gaussian or cumulative models
brings about the problem of choosing the minimum
number of components providing the adequate repro-

duction of an experimental signal. To resolve this problem, it is convenient to employ the Nyquist and Fisher
criteria [38, 84]. The Nyquist theorem restricts the
maximum number of model parameters that can be
used to analyze an experimental signal specified in the
intervals ∆k and ∆R:
M max = ( 2∆k∆R )/π + 2.
In particular, for the EXAFS signal from the first
coordination sphere of the rhenium trioxide, we have
∆k = (13 – 1) Å–1 = 12 Å–1 (see Fig. 37) and ∆R = (1.9 –
0.7) Å = 1.2 Å (see the first-peak range in Fig. 16) and,
therefore, Mmax ≈ 11. This number is obviously greater
than the actual number (three) of the parameters (N, R,
and σ) needed for describing the first rhenium coordination sphere consisting of six equidistant oxygen
atoms. The application of the Fischer criterion to the
dispersive analysis makes it possible to find the model
that matches the experimental data with the minimum
number of parameters. Let M1 and M2 (M2 > M1) be the
numbers of parameters of models χ1(k) and χ2(k),
respectively. In this case, the variances D1 and D2 are
D j = [ M max / ( n ( M max – M j ) ) ]

∑ [χ(k ) – χ (k )] ,
2

i

j

i

i

j = 1, 2,

i = 1, …, n,

and, according to the Fisher F0.95% criterion, the model
χ2(k) is accepted when D1/D2 > F0.95% . The F0.95% quan-
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tity is tabulated [84]. In the EDA package, the dispersive analysis is implemented in the FTEST code.
Numerous experiments give the following averaged
estimates for the accuracy of the basic structure parameters in the first coordination sphere: ∆R ≈ 0.01 Å for
∆N
the interatomic distances Rj , -------- ≥ 10% for the number
N
∆σ
of atoms, and ------- ≥ 20% for the Debye-Waller factor.
σ
For the next spheres, the accuracy sharply deteriorates
and is substantially determined by the structure type
and approximations in use. In the most cases, the
EXAFS function provides the most accurate description of the microscopic structure of a condensed state
near the absorbing atoms up to the distances 4–6 Å and
not greater than 10–15 Å.
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3. BASIC EXAFS-SPECTROMETER SCHEMES
AT THE SYNCHROTRON RADIATION BEAM
We describe the experimental procedures of measuring the EXAFS function with fixing various channels of excitation of a solid by incident x-ray radiation.
(i) Measurement of the transmission function when
the total transmission coefficient T(Eγ) for radiation
with the specified energy Eγ = ω through an object of
thickness Lx is obtained. Then, the function T(Eγ) is
used to reconstruct the absorption coefficient µ as a
function of the photon energy by the formula Lx µ =
I 0 ( E γ ) 1/ x
ln  -------------, where I0(Eγ) and I(Eγ) are radiation
 I ( Eγ ) 
intensities with and without a sample. Figure 21 shows
the transmission scheme of measurement of the
EXAFS spectrum [27].
(ii) Determination of the EXAFS function by detecting the decay channels of the state excited by the
absorbed photon (fluorescence, yield of the secondary
electrons, and photoluminescence).
In the transmission measurement of the EXAFS
function, the absorption coefficient µx of the sample
under investigation is determined with the accuracy
3.223
(∆µx )2 = ------------- (µx + µm)2 [24], where I0 is the incident
( I0)
radiation intensity in kilowatts per second, and µm is the
absorption coefficient of the matrix in which the sample
is placed. The absorption coefficients are µm = Nmσm
and µx = Nxσx , where Nm and Nx are the numbers of
atoms in the matrix and sample, respectively; and σm
and σx are the cross sections for absorption of photons
by the matrix and sample, respectively.
The formula for ∆µx was derived under the assumption that the sample thickness Lx is chosen so that the
∆µ
2.557
error ---------x is minimal, which gives Lx = ------------- . For the
µx
µx
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Fig. 21. Block diagram of an experimental EXAFS spectroscopy station: (2) and (3) collimators, (3) monochromator, (5) monitor, (6) sample, (7) detector, (8) step-by-step
motor, (9) amplifier, (10) display, (11) terminal, (12) plotter
printer.

second measurement scheme, when one determines the
secondary-particle yield accompanying the absorption
of x-ray radiation [24], we have
1 2µ
2
( ∆µ x ) = ---------  --------x- ,
( I 0 )  FL x
where F is the total efficiency of detecting secondary
particles, F ≤ 1 and Lx is the sample thickness.
For the exploration of biological samples consisting
of an absorber and the object under investigation with
the absorption coefficients µm and µx , respectively,
µx  µm , and in the transmission-scheme measurement,
the signal-to-noise ratio is
( S/N ) = ( I 0 t )

1/2

–1 µ
× 2e -----xµm

for the optimal sample thickness so that µmLx = 2.
In particular, for the incident radiation intensity I0 ≈
1011 kW/s, t = 1 s, and S/N = 3, the equation yields
µx(ω)
-------------- = 1.3 × 10–5. This means that this regime proµm
vides measurements for atoms whose content is 10–3%
of the basic component.
For measurements in the fluorescence mode, when
the fluorescence signal of the energy ωF is recorded by
a narrow-band detector, the signal-to-noise ratio is [24]
I 0 fFµ x ( ω )Ω
S/N = ---------------------------------------------------------,
( µ m ( ω ) + µ m ( ω F ) ) × 4π
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Fig. 22. The spectral brightness N of the two SR sources:
(1) DCI (France) with Ee = 1.8 GeV and critical photon energy
Ec = 2.9 keV and (2) Siberia-2 (Russia) with Ee = 2.5 GeV and
Ec = 7.1 keV.

where f is the fluorescence yield, F is the detector sensitivity, and Ω is the solid angle in which secondary
radiation is detected.
For I0 = 1011 photons/s, t = 1 s, FΩ/4π = 0.01, and
f = 0.1, estimation for the fluorescence mode yields
µ
-----x- = 4 × 10–8, which is three orders of magnitude as
µm
large as the value obtained for transmission measurements. As follows from the formulas for statistical
accuracy, the radiation source intensity is primarily
responsible for the time required for accumulating the
Table 2. The Darwin width Ωx of the Bragg reflexes, energy
resolution ∆E/E, the integral reflectance I of perfect crystals
of silicon, germanium, and α quartz for λ = 1.5 Å [33]
Crystal
Silicon

Germanium

α quartz

hkl
111
220
311
400
111
230
311
400
100
101
110
200

Ωx second
∆E/E × 105
of arc
7.395
5.459
3.192
3.6
16.338
12.44
7.23
7.95
3.798
7.453
2.512
2.252

14.1
6.04
2.9
2.53
32.6
14.46
6.92
5.94
10.0
15.26
3.69
2.81

I × 106
39
29.7
16.5
19.3
85.9
67
37.4
25.4
18.8
40.9
12.2
11.5

necessary statistics. For laboratory EXAFS spectrometers used with radiation from x-ray tubes of the intensity of about 105 kW/s per line with the resolution δE =
5–6 eV, the time of accumulating the EXFAS spectrum
is 10–12 h [27].
Considerable advancement in EXAFS spectroscopy
have been achieved by using SR with spectral brightness far exceeding that of continuous-operation sources
based on x-ray tubes. Figure 22 shows the parameters of
brightness for two SR sources: DCI, France, E = 1.8 GeV,
Ie = 200 mA and Siberia-2, Russia, Ee = 2.5 GeV and
Ie = 200 mA. Radiation from these sources allows the
measurement of the EXAFS spectra with the accumulation time from 10 to 10–3 s depending upon the spectrometer scheme.
To measure the EXAFS function χ(Eγ) in both the
transmission and fluorescence schemes, it is necessary
to monochromatize Eγ radiation incident on a sample
with the energy resolution ∆E0, which is determined by
the dimension Rj of the first coordination sphere. The
necessary resolution for most objects under investigation should be 5 ≤ ∆E0 ≤ 12 eV.
To monochromatize the continuous SR spectrum,
the Bragg reflection of x-ray radiation from crystals
with various interplanar spacings 2dhkl is used. The
wavelength and reflection angle θ are related as 2dsinθ =
nλx , where n is the order of reflection. The energy
spread ∆E is determined by the angle of the cone of
reflected and incident radiations [27]:
∆E
------- = cot θ∆θ,
E
where ∆θ is the angular dispersion of radiation reflected
from a crystal.
For a monochromator, ∆θ is the sum of the three
terms: the angular spread ∆θs of incident radiation with
respect to the Bragg angle (θs is determined by the
channel acceptance and the dimension of the radiation
source); the angular spread ∆θm determined by the
input monochromator aperture; and the angular width
of the reflected radiation (Darwin width) Ωx (λx ) =
2 r0 λ x
- F , where F@ is the structure factor of the
----------- --------sin θ πv @
crystal, v is the crystal-cell volume, and r0 is the classical electron radius. The Darwin curve determines the
∆E
limiting monochromator resolution ------- = Ωx cot θ .
E
2

Table 2 presents the intrinsic widths of the Bragg
reflexes, energy resolution ∆E/E, the integral reflectance I of perfect crystals of silicon, germanium, and α
quartz for λ = 1.5 Å [33].
To reduce the Darwin width of a reflex, asymmetric
diffraction is used; i.e., the plane on which radiation is
incident is at the angle α to reflecting planes. In this
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case, the reflex width is Ωα = Ωx b , where b =
sin ( θ – α )
------------------------- .
sin ( θ + α )
In actual experiments, the dispersive plane is vertical and the angular width of SR governs the monochromator resolution. In particular, for the Siberia-2 storage
ring with electron energy E = 2.5 GeV, the half width of
1
the angular distribution of SR is ∆θSR = --- ≈ 2 × 10–4 rad
γ
for the wavelength λ ≈ λcr . Thus, the angular width of
the incident radiation is about one order of magnitude
as large as the Darwin width for an Si (111) crystal.
Therefore, to increase resolution, the incident SR beam
should be collimated by input monochromator slits.
A two-crystal monochromator scheme is extensively used in EXAFS spectroscopy. The first crystal
serves as a direct monochromator and the second crystal filters higher harmonics at small angular rotation
about the first crystal within the Darwin width of the
reflection curve, because the reflection curve for the
second and third orders is shifted by several seconds of
arc. Figure 23 shows the reflection spectra in the first
and second orders [23] and demonstrates that higher
harmonics exhibit both the shift of the rocking curves
and a decrease in the reflection width. These features
enable one to use mirrors for grazing incidence angles
for separating higher orders of the Bragg reflection.
As was mentioned above, the monochromator resolution of absorption spectroscopy in the XANES and
EXAFS regions are governed by different physical processes.
(i) For XANES, the resolution should be no worse
than the intrinsic line width determined by the half life
of the core hole level, ∆Eτ = 2 × 10–4EBE , where EBE is
the binding energy of the level B; ∆E = 1.4–2 eV for the
energies 7-10 keV.
(ii) For EXAFS, the monochromator resolution ∆E0
should be better than the fine-structure energy scale
2
2
 π k min
 ∆k
- , where kmin is the wave
∆EEXAFS = --------------- = -------------------m
2mR j
number of an electron with minimal energy 2 Å–1, Rj is the
radius of the first coordination sphere; 5 eV ≤ ∆EEXAFS ≤
12 eV for 2 Å ≤ Rj ≤ 5 Å.
Figure 21 shows the block diagram of the experimental set for EXAFS spectroscopy at the SR beam
from the DCI storage ring with the energy Ee = 1.8 GeV
[50]. This set was employed for examining the structure
of oxide compounds. The set is based on a two-crystal
parallel-installed monochromator and the resolution
∆E/E ≈ 10–4 in the range 5–15 keV. The transmission
measurement of the EXAFS function is carried out by
two proportional chambers, which detect the radiation
fluxes I0 and Ix in front of and behind the sample,
respectively. The absorption coefficient is determined
by the formula
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Fig. 23. The x-ray reflection spectra from Si(220) silicon for
various reflection orders at λ = 1.5 Å.

L x µ x ( E ) = ln ( I 0 /I x ).
The measurement of the entire EXAFS spectrum
requires about 10 min and is carried out by sequential
energy scanning.
The original scheme of the EXAFS spectrometer
without mechanical scanning in the wavelengths
(EXAFS energy-dispersive spectrometer) was first presented in [85]. It is based on the focusing of x-ray radiation at the sample in the energy range ∆E by using a
bent monochromator crystal. In this case, the spectrum
of passing radiation is spatially decomposed near the
point of energy focusing and is recorded by a detector
with spatial resolution.
The energy-dispersive EXAFS spectrometer has the
following advantages over the classical one.
(i) The absence of mechanical scanning; measurement of the energy dependence of the absorption spectrum is reduced to the measurement of the spatial distribution of x-ray radiation passing through a sample.
(ii) At the minimal measurement time t ≈ 3 ms,
which is ensured by current position-sensitive solid
detectors, this scheme makes it possible to expose the
structure of solids in situ to various external fields.
(iii) The possibility of focusing radiation at a sample
to hundreds of micrometers enables one to place the
sample within the high-pressure chamber and to
explore the pressure effect on the short-range order.
At present, many SR research centers are equipped
with energy-dispersive EXAFS spectrometers [86, 87],
which are employed for numerous investigations on
physics and chemistry of catalysts, electrochemical
processes, cryogenic crystals, magnetic structures, and
phase transitions [88-90].
4. ENERGY-DISPERSIVE EXAFS
SPECTROMETER
At present, a specialized SR source was commissioned by the Kurchatov Institute. The parameters of
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Fig. 24. The optical scheme of the energy-dispersive EXAFS spectrometer.

SR from its bending magnet are the following: the critical photon energy Ec = 7.1 keV; maximum brightness
B = 2 × 1014 photons/(s mm2 mrad2) into the band
∆λ/λ = 10–3 at the accumulated-electron current Ie =
100 mA; and its spectral brightness is shown in Fig. 22.
A set for energy-dispersive EXAFS spectroscopy is
under construction at one of the source channels [87].
Figure 24 shows the optical scheme of the energy-dispersive spectrometer whose basic units are as follows:
(i) a bent-crystal monochromator with the length l
and the varying radius of curvature R;
(ii) an optical bench with the rotation axis coaxial
with the monochromator axis; and
(iii) a one- or two-dimensional (depending upon the
problem under investigation position-sensitive detector).
The beam dimension at the entrance to the channel
is S = 6 mm and the length of the beam transport channel to the monochromator is p = 20 m. An x-ray beam
incident on a crystal is formed by a horizontal slit situated ahead of the monochromator entrance. The operating energy range of x-rays is determined by the parameters of the silicon and germanium crystals used in the
spectrometer.
Table 3 presents the parameters of the crystals,
energy range, and energy resolution for the Bragg
scheme. The energy resolution δE of the spectrometer
Table 3
Crystal
Si(111)
Si(311)
Asymmetric
Si(311), a = –12

Energy range, keV Resolution δE/E
5–15
7–30
7–30

≅10–4
≅10–4
<10–4

is determined by the formula δE = δθE cot θ , where the
total angular resolution δθ of the entire optical scheme
is the sum of following three terms [85]. First, the angular resolution δθ1 determined by the spatial resolution ρ
of the detector located at the distance d from the polychromatic focus (PF) is represented as
ρ q 1 sin θ
δθ 1 = ----------- ---  --- – ----------- = Q ( ρ/d ),
sin θ d  R
p 
1 1 – b/ p
Q = --- --------------------,
2 1 – b/2 p
where q is the distance from the crystal center to the PF.
Second, the angular resolution δθ2 corresponding to the
finite size S of the radiation source is calculated as
b–q
δθ 2 = Qα  1 – ----------- .

d 
Here, α = S/(p – Rsinθ) = S/(p – b), where θ is the
Bragg angle, p is the distance from the radiation source
to the crystal, and R is the radius of curvature of the
crystal. Third, the angular resolution δθ3 originating
from the finite thickness δ of the crystal is determined
by the formula
b–θ
1 – -----------δ cos θ sin θ
p
δθ 3 = Q -------------------------- --------------------- .
d
b
1 – --p
The total angular resolution also includes the Darwin angular width Ω of the rocking curve. As a result,
we have
δθ = δθ 1 + δθ 2 + δθ 3 + Ω ,
2

2
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Fig. 25. Block diagram of the energy-dispersive EXAFS spectrometer: (1) input forming optics, (2) monochromator with triangular
Si crystal and bending device, (3) optical bench on aerostatic supports, (4) cryostat and high-pressure chamber, (5) mirror unit,
(6) cryogenic two-dimensional position-sensitive detector.

δθ = [ ρ + ( αδb ) + ( δ sin θ cos θ ) ]
2

2

2

2

Q 2
1
2
b – δb 2
×  1 – --------------- ------------------------2  ---- + Ω ,

p  ( 1 – b/ p )  d 
where δb = d – (b – q) is the deviation of the detector
position for various photon energies.
The angular resolution is minimal at δbmin =
ρ2/{α2(b – q)}, which is achieved at (d + q)min = b +
ρ2/[α2(b – q)]. For the parameters α = 3 × 10–4 for a
given optical channel, the detector resolution ρ = 50 µm,
b – q ≅ sinθR/2 for CuKα energies and Si(111) crystal,
θ = 13°, and R = 697 cm, we obtain δbmin ≅ 3–4 cm. In
particular, for the CuKα energy, monochromator-detector distance L = (d + q)min , and Si(111) crystal, we
obtain the optimal resolution δE = 2 eV. For the Si(311)
crystal and energy E = 10.3 keV, the measured resolution is δE ≅ 1.2 eV.
An analysis of the energy-resolution expression
demonstrates that the determining factor is the horizontal radiating-region dimension S, which should be
reduced. For an energy-dispersive EXAFS spectrometer, an important parameter is the energy range ∆E of
measurement by the EXAFS spectrometer:
∆E = ( l/R – l sin θ/ p ) cot θ,
where l is the monochromator-crystal length exposed to
the x-ray radiation. The Bragg angle changes along the
bent crystal and the radiation of the above-indicated
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range is focused at the PF. The ∆E value can vary from
200 to 800 eV for various radii of curvature. The region
where energy focusing is performed has the dimension
∆L = ∆θ(d + q)min ≅ Rsinθ(l/R – lsinθ/p), ∆L = lsinθ =
4 cm for ∆E = 700 eV.
For the EXAFS spectroscopy of radiation passing
through a sample, the spectral measurements reduce to
measuring the spatial distribution of the x-ray intensity
at the focusing point, i.e., at the distance (d + q)min from
the monochromator. When a photodiode rule with 1024
elements and a 20-mm detection-region length is used,
the intensity 0.4 eV/ps falls by at one detecting element.
Behind the PF, x-rays are dispersed in the horizontal
plane along the radii of the circle with the center at the
PF point O. If the optical bench with the rotation axis is
equipped at the point O with the slit, which rotates
about the point O, the slit will let the radiation of energy
Eϕ and spectral width δE = ∂E/∂ϕδϕ, where δϕ is the
angular width of the slit, pass for the angle ϕ.
The energy-dispersive optical scheme can be implemented in two variants of an EXAFS spectrometer [87].
Figure 25 shows the block diagram of the first variant, which is a transmission EXAFS spectrometer with
time resolution. A sample is placed at the PF point O on
the rotating optical bench. The sample unit can include
the following devices:
(i) a circulated optical cryostat for the temperature
range 4.7–300 K;
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Fig. 26. Block diagram of the energy-dispersive EXAFS spectrometer with the fluorescence mode for measuring surface layers:
(1) radiation source, (2) slit, (3) opening mechanism, (4) table rotating mechanism, (5) monitor chamber, (6) sample, (7) Ge (Li)
detector, (8) counter of electrons, (9) lens, (10) x-ray guide, (11) monochromator, (12) photoelectric multiplier.

(ii) a high-pressure chamber with diamond anvils;
(iii) a magnetic-field chamber for measuring the
magnetic dichroism;
(iv) a chamber for exploring the formation and
growth of solid-phase species in aqueous and nonaqueous media; and
(v) a heating chamber for studying the structuralchemical transformations of solids in the range 20–
600°C in isothermal and nonisothermal regimes.
Higher orders of x-ray radiation reflected from the
monochromator are separated by a reflecting goldplated mirror.
Figure 26 shows the block diagram of the second
variant, which implies the surface EXAFS-spectrum
measurements in the fluorescence mode. It is realized
in an EXAFS spectrometer with energy variation by
scanning in the angle ϕ through rotating the second
optical bench along the arc corresponding to the energy
range ∆E. In addition, the unit of measuring the optical
radiation excited by x-ray radiation is mounted, which
makes it possible to examine the structure and structural transformation of amorphous silicon films, as well
as amorphous and poorly crystallized films of other
substances-semiconductors, ferromagnets, ferroelectrics, etc.
Experiments at LURE, France, with the energy-dispersive spectrometer [86] demonstrated that the angular and energy spectra of scattering can simultaneously
be measured in the scheme shown in Fig. 27. Investigations indicate that the resolution in the wave number
q = 2πsinθ/λ is δq ≅ 1.5 × 10–3 Å–1.
In summary, the energy-dispersive scheme allows
measurements of the following spectra:

(i) EXAFS spectra with time resolution for observing the effect of various external actions on a sample
with the energy resolution 2-4 eV in the energy range
5-25 keV;
(ii) EXAFS spectra and scattering spectra with the
wave-number resolution q ≅ 10–1–10–3 Å–1; and
(iii) EXAFS spectra in the fluorescence and optical
modes of the surface layers.
4.1. Basic Units
of the EXAFS Energy-Dispersive Station
To form an x-ray beam, the channel is equipped with
a number of diaphragms and an exit slit varying from 1
to 30 mm. In addition, a focusing monochromator with
a bent triangular crystal was designed for the EXAFS
station and is shown in Fig. 28. The basic parameters of
the spectrometer units are presented in Table 4.
To exploit the fully experimental advantages of the
EXAFS energy-dispersive spectrometer with focusing of
radiation at a sample with the dimensions 0.3 × 0.3 mm2,
a high-pressure chamber with diamond anvils is being
constructed. Figure 29 shows the high-pressure cell and
equipment necessary for its operation. The pressure
Pmax on a sample can vary with the diamond-anvil
diameter, e.g., Pmax ~ 100 kbar and = 1.6 Mbar for diamond ∅ = 0.8 and 0.2 mm, respectively.
For measurements of EXAFS spectra in the transmission and surface-reflection regimes, an x-ray position-sensitive detector with cryogenic cooling [91] was
engineered on the basis of the multielement photodiode
rule. Figure 30 shows the CuKα and Kβ spectra measured by this position-sensitive detector placed in the
focal plane of the monochromator with a bent LiF crys-
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Fig. 27. Diagram of the energy-dispersive measurements of the angular and energy characteristic of scattered x-rays: (1) incoming
SR beam, (2) output slit, (3) monochromator crystal, (4) beryllium window, (5) shutter, (6) sample unit, (7) mirror unit, (8) twodimensional position-sensitive detector.

tal. The radiation source was an x-ray tube with a copper anode. Figure 31 shows the Cu K α1 and K α2 part of
the spectrum.
At present, the basic units of the EXAFS energydispersive spectrometer are being mounted in the SR
beam of the Siberia-2 storage ring at Kurchatov Institute.
5. LOCAL STRUCTURE OF THE OXIDES
OF TUNGSTEN AND MOLYBDENUM
In this section, we discuss the application of the
EXAFS method to explore the local structure of oxide
compounds (crystals, glasses) and thin amorphous

tungsten and molybdenum films. This class of materials
is of considerable fundamental and applied interest.
Tungsten and molybdenum are transition elements
whose physical properties are determined by the number of valence d electrons and the degree of their localization. The specific features of the oxides of tungsten
and molybdenum are (i) the possibility of changing the
valence of the metal ion under external action, which
leads to a change in the optical and electrical properties
of the compound containing these oxides, and (ii) the
existence of mixed-valence compounds. In addition,
these oxides can play the role of both a modifier and a
frame-former in disordered structures (glasses and
amorphous films). We emphasize that, in contrast to the
classical frame-former oxides such as SiO2, P2O5, and

Table 4. Parameters of the units of the EXAFS energy-dispersive spectrometer
Unit

Basic parameters
X-ray monochromator
width 50 mm, length up to 250 mm, thickness 1 mm
Range 0–1 mm, discreteness 0.15 µm
without torsion: range –5–60°, discreteness 0.03°; with torsion: range 7′,
discreteness 0.4′
Movable, granite optical bench on aerostatic supports
bench length 3.5 m, bench width 150 mm, angular rotation range 0–45°,
rotation discreteness 20′, mismatch of the axes of the monochromator and
the optical bench is less than 0.01 mm
opening range 0–40 mm, discreteness 0.1 mm
angular rotation ±10′, discreteness ±10′

Crystal Si(111), Si(311):
Crystal bending unit
Unit of crystal rotation about the Z-axis

Units for forming an SR beam

Horizontal slit, vertical slit
X-ray mirror unit
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Fig. 28. Drawing of the focusing monochromator with a triangular crystal.

B2O3, whose structure is based on polyhedrons where
no more than four oxygen atoms are in coordination,
the coordination of tungsten and molybdenum ions
playing the role of a frame-former is often as high as
octahedral. The listed properties motivate the use of the
oxides of tungsten and molybdenum in electrochromic
systems, catalysts, and sensors [92]. For this reason,
deep insight into the relation between the physical
properties and structure of the compound under investigation is of great importance. Application of the
EXAFS method to this problem is justified by the fact
that the majority of important practical properties of the
oxide compounds of tungsten and molybdenum are
governed by changes in the local atomic and electronic
structures of metal ions.
In most of the compounds that will be considered
below, the metal ion has the maximum degree of oxidation and the electronic configuration d 0. The basic
structural element of these compounds, excluding
CaWO4, is the metal-oxygen octahedron [MeO6],
where Me means W or Mo. It is well known [93] that
d 0 transition-metal ions coordinated in an octahedron
are usually displaced from the octahedron center; i.e.,
they occupy off-center positions. Comparison of the
local environments of various d 0 ions (Ti4+, Zr4+, V5+,
Nb5+, Ta5+, Mo6+, and W6+) indicates that a distortion in
the coordination octahedron [MeO6] increases with an
increase in the formal ion charge and with a decrease in

Fig. 29. (a) Membrane-type high-pressure cell with diamond anvils: (1) capillary for compressed-gas feed, (2) 0.2–
0.3-mm membrane, (3) tungsten carbide supports for diamonds, (4) diamond anvils, (5) gasket with a sample; (b) gas
unit for exerting pressure in the high-pressure chamber and
filling the chamber with He: (1) clearing unit, (2) pumping
unit NSVD-2500, (3) ball compressor, (4) unit for filling the
high-pressure chamber with condensed helium, (5) the
high-pressure chamber inside the cryostat.

the ion radius [94]. The four causes of distortion were
previously indicated [94].
The basic contribution, which is attributed to the
second-order Jahn-Teller effect, comes from the electronic structure of a transition-metal ion. THe mixing
of vacant d orbitals of cation and occupied p orbitals of
ligands in a solid leads to the appearance of a set of various electronic configurations with closely spaced
quasidegenerate energy levels, whose order is determined by the cation environment. Therefore, displacement of the cation from the octahedron center can
remove degeneration and reduce the total energy of the
system. The displacement of the metal ion from the
octahedron center can be caused, besides the electronic
second-order Jahn-Teller effect, by three structural factors [94]: (i) the type and number of chemical bonds
with the nearest-neighbor atoms, (ii) structural incommensurability manifested as lattice stresses whose
relaxation leads to the deformation of interatomic
bonds, and (iii) the direct cation-cation repulsive interaction when two octahedrons are connected through a
link or face.

PHYSICS OF PARTICLES AND NUCLEI

Vol. 32

No. 6

2001

EXAFS SPECTROSCOPY AT SYNCHROTRON-RADIATION BEAMS

ADC count

Counts
10000

25

Kα1 = 8047 eV
Kα2 = 8027 eV

8000
6000

Kβ1 = 8904 eV
Kβ2 = 8976 eV

4000
2000
0

200

400

600

800
1000
Element number

Pixel

Fig. 30. Spectrum of a small-size x-ray tube with a copper anode. The operating voltage is 30 kV, the current is 25 mkA, and dispersing agent is SiO2 (1340), R = 100 mm.

In each specific case, the degree of distortion of the
coordination octahedron [MeO6] depends both on the
electronic effect magnitude and on the ability of the
structure to accumulate distortions. The electronic and
structural causes of distortion supplement each other
and are not always easily separable. In conclusion, we
note that the electronic effect alone does not determine
the displacement direction of the metal ion from the
octahedron center. This direction is governed by the
structural causes of distortion or, in their absence, corresponds to one of the possible directions and, therefore, reduces the symmetry of the entire structure [94].
As the oxidation degree of the metal ion decreases
to 5+, the d orbitals of this ion are filled to the configuration d 1, which results in a considerable change in the
local structure. If a d electron is localized, the firstorder Jahn-Teller effect [95] removes the degeneration
and the local symmetry rises compared to the d 0 configuration up to tetragonal. For a nonlocalized d electron,
the octahedrons [MeO6] are completely symmetrized
and the d electrons participate in the metallic conductivity. In both cases, the metal ion is at the octahedron
center.
Thus, it is of considerable interest to determine the
sensitivity of the EXAFS method to various types of
distortion of the coordination octahedron [MeO6]. To
this end, the local structure of tungsten and molybdenum ions was examined in the tungsten-phosphorus
(40% BaO + 40% P2O5 + 20% WO3, 30% BaO + 30%
P2O5 + 40% WO3, 20% BaO + 20% P2O5 + 60% WO3,
and 34% P2O5 + 66% WO3) and molybdenum-phosphorus (45% CaO + 45% P2O5 + 10% MoO3, 40% CaO +
40% P2O5 + 20% MoO3, 30% CaO + 30% P2O5 +
40% MoO3, and 20% CaO + 29% P2O5 + 60% MoO3)
glasses, in polycrystalline compounds (monoclinic
m-WO3, cubic Na0.6WO3, CaWO4, and α-MoO3), and
in polycrystalline β-MoO3 and amorphous a-WO3 and
a-MoO3 thin films [95, 96].
Experimental spectra were measured at the tungsten
L1, 3 absorption edges and the molybdenum K absorption edge by using SR from the ADONE (Italy) and
DCI LURE (France) storage rings [96, 97]. The meaPHYSICS OF PARTICLES AND NUCLEI
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surements were carried out by the standard transmission method at room temperature. The x-rays were
monochromatized by single Si(220) or double Si(311)
monochromator crystals. The x-ray intensity was measured by two ionization chambers filled with krypton or
argon.
Figure 32 shows the x-ray absorption spectra in the
near-edge region. The tungsten L3 absorption edge
exhibits a pronounced intense peak, white line, corresponding to the allowed dipole transition from the
2p3/2(W) level to the quasibound mixed state 5d(W) +
2p(O) formed as a result of the hybridization of 5d
orbitals of tungsten and 2p orbitals of oxygen. At the
same time, the dipole transition from the tungsten 2s
level at the L1 edge is forbidden and its intensity
depends strongly on the p-d mixing magnitude, i.e., on
the covalence of the tungsten-oxygen bond and the distortion degree of the [WO6] octahedron. A similar transition 1s(Mo)
4d(Mo) + 2p(O) is observed at the
molybdenum K edge. Its intensity is governed by the
same factors as the intensity at the tungsten L1 absorp8000 Counts
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Fig. 31. The Cu K α and K α x-ray spectrum from a tube
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with a copper anode. The operating voltage and current are
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Mo6+) electronic configuration of metal ions and with
structure data that were obtained by analyzing EXAFS
signals and will be presented below.

Normalized absorption spectrum
6

4

66% WO3
60% WO3
40% WO3
20% WO3
WO3
CaWO4

2

0
–40 –20 0

Figure 33 shows some of the EXAFS components
extracted as described above and their Fourier transforms. The first peak, which is situated in the range
from 0.8 to 2 Å, corresponds to the first coordination
sphere and makes the dominant contribution, which is
manifested as a dominant low-frequency signal in the
experimental EXAFS component. More distant (>2 Å)
peaks correspond to the contributions from the multiparticle distribution functions in the first coordination
sphere and from the next coordination spheres. Quantitative analysis is virtually impossible because the contributions are numerous and their Fourier transforms
strongly overlap. For this reason, only the contribution
from the first coordination sphere of tungsten (molybdenum) will be discussed below.
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For describing the displacement direction of a metal
atom from the octahedron center, we use the following
notation: 〈100〉, 〈110〉, and 〈111〉 are the displacements
toward the vertex, link, and the center of the face of the
[MeO6] octahedron, respectively. This notation coincides with the crystallographic directions for cubic perovskite-like structure.
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Fig. 32. The normalized XANES spectra of the tungsten
(a) L1 and (b) L3 absorption edges and (c) molybdenum K
absorption edge in barium-tungsten-phosphorus and calcium-molybdenum-phosphorus glasses, respectively. The
vertical arrows are the white-line positions. The intensity of
the white line at the L1 and K edges increases with increasing distortion of the [MeO6] octahedrons (Me stands for W
or Mo).

tion edge. Thus, the intensity of the white line at the K
and L1 absorption edges can provide a qualitative conclusion on the distortion degree of the first coordination
sphere of tungsten and molybdenum. As is seen from
Fig. 32, comparison of the XANES signals from
glassed and crystalline oxides of known structures suggests the distorted octahedral coordination of the tungsten (molybdenum) ions in glasses and amorphous
films. This conclusion agrees well with the d 0 (W6+,

To obtain accurate structural data, the EXAFS signal from the first coordination sphere is analyzed
within the framework of the convenient multicomponent Gaussian model and by the model independent
method described above. Figure 40 shows the resulting
RDFs and clearly demonstrates that the nearest oxygen
atoms surrounding the tungsten atoms in the bariumtungsten-phosphorus glasses are divided into two
groups, each of three atoms (3 : 3 division) at the distances 1.7 and 2.0 Å (see Fig. 34a). The wide peak at a
distance of 1.3 Å is false (non-structure) contribution
and is likely related to the oscillating component of the
atomic absorption coefficient, i.e., the so-called atomic
EXAFS signal (atomic XAFS) [98]. The observed division of the first coordination sphere of a tungsten atom
corresponds to the displacement of the atom along the
〈111〉 direction toward the octahedron face. As the
tungsten oxide WO3 content in a glass becomes equal
to or higher than 60%, the ratio of the intensities of two
peaks in the RDF changes so that the more distant peak
(at 2.0 Å) decreases. This change can be attributed to
the fact that some tungsten atoms begin to displace
along the 〈110〉 direction. In this case, the first coordination sphere of tungsten is divided into two parts containing four close and two distant oxygen atoms (4 : 2
division). We note that this distortion of the octahedron
is similar to that observed in the crystalline WO3. Under
the assumption that two types of centers exist in the
60%-WO3 glass, the ratio of the intensities of the peaks
in the RDF indicates that 70% and 30% of [WO6] octahedrons must be with the 3 : 3 and 4 : 2 distortions,
respectively (see Table 5).
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Fig. 33. (a) The EXAFS signals from the tungsten L3 edge and molybdenum K edge in barium-tungsten-phosphorus and calciummolybdenum-phosphorus glasses, respectively; (b) corresponding Fourier transforms F(R). The first coordination sphere region is
indicated in the Fourier transforms.

In the 66%-WO3 tungsten-phosphorus glass free of
the barium oxide, the first coordination sphere of tungsten is divided into two parts consisting of two and four
oxygen atoms at distances of 1.7 and 2.0 Å, respectively. This distortion differs somewhat from that
observed in glasses including barium oxide and can be
explained by the double role of the tungsten oxide that
participates both in formation of a glass frame and as a
modifier oxide.
The distortion of [WO6] octahedrons in the a-WO3
amorphous film is larger than that in the crystalline
WO3. However, this distortion is similar to the latter in
the type of division of W–O bonds into groups, which
is consistent with the nanocrystalline structure of the
films, and strongly differs from that in glasses with low
tungsten-oxide content.
The results obtained for the calcium-molybdenumphosphorus glasses (see Fig. 34c) attest to distortion
similar to that in the barium-tungsten-phosphorus
glasses. Nevertheless, the first coordination sphere of
molybdenum is somewhat more strongly distorted in
this case, which is manifested in the asymmetric shape
of the distant peak in the RDF. For this reason, one can
approximately regard that the local environment of
molybdenum ions is divided into three atomic groups
consisting of three, two, and one oxygen atoms at distances of 1.7, 2.0, and 2.1 Å, respectively.
As well as in tungsten-phosphorus glasses, the distortion of [MoO6] octahedrons in glass differs from that
in the crystalline, α-MoO3 and β-MoO3, and amorphous, a-MoO3, films, where molybdenum atoms are
displaced from the center along the 〈110〉 direction. In
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conclusion, we note that the type of distortion in the
first coordination sphere of tungsten and molybdenum
in glasses coincides with that found in the monophosphorus tungsten bronzes [98].
Table 5. Distortion ∆ (with the accuracy ±0.001 Å) of the
first coordination sphere of tungsten and molybdenum in the
crystals of the corresponding oxides. The directions 〈110〉
and 〈111〉 correspond to the ion displacements from the octahedron center toward a link and the center of a face of the
octahedron, respectively
Compound
CaWO4
Na0.66WO3
WO3
a-WO3
20% WO3
40% WO3
60% WO3
66% WO3
α-MoO3
β-MoO3
a-MoO3#1
a-MoO3#2
10% MoO3
20% MoO3
40% MoO3
60% MoO3
2001

Distortion
type
4
6
4:2
4:1:1
3:3
3:3
3 : 3 (~70%)
4 : 2 (~30%)
2:4
2:2:2
4:2
4:1:1
4:1:1
3:2:1
3:2:1
3:2:1
3:2:1

Displacement
direction of W
or Mo ion

∆, Å

〈110〉
〈110〉
〈111〉
〈111〉
〈111〉
〈110〉

0.045
0.048
0.143
0.154
0.160
0.156
0.143

〈110〉
〈110〉
〈110〉
〈110〉
〈111〉
〈111〉
〈111〉
〈111〉

0.145
0.204
0.171
0.187
0.184
0.181
0.176
0.172
0.164
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Fig. 34. The radial distribution functions (RDFs) around
tungsten and molybdenum ions in BaO–P2O5–WO3, P2O5–
WO3, and CaO–P2O5–MoO3 glasses, in a-WO3 and aMoO3 amorphous thin films, and in CaWO4, NaWO3, mWO3, α-MoO3, and β-MoO3 oxide crystalline compounds
as calculated (solid lines) by model independent method and
(dashed lines) in the framework of the multicomponent
Gaussian model.
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Fig. 35. The [MeO6] octahedron distortion degree ∆ (Me
stands for W or Mo) as a function of (a) metal oxide concentration and (b) tungsten valence.

The degree of distortion of the [MeO6] octahedron
is quantitatively estimated by the formula ∆ = 〈|R – 〈R〉|〉
from the RDF. Table 5 presents the results. Figure 35b
shows the dependence of the octahedron distortion
degree on the tungsten ion valence [99]. The distortion
degree ∆ that is obtained by analyzing the EXAFS
spectra for crystalline and amorphous W6+O3 agrees
well with the observed dependence. For tungsten-phosphorus glasses, the calculated ∆ value implies that most
tungsten ions in the glasses are 6+ valent. Moreover,
correlation between the octahedron distortion degree
and the content of the metal oxide in the glass matrix
was observed (see Fig. 35a). This indicates that the distortion of the metal-oxygen octahedron is determined not
only by the electronic structure of the metal ion, but also
by interactions caused by the matrix of a material [93].
Thus, considering the specific structure investigations of the oxide compounds of tungsten and molybdenum, we demonstrated that the method of the EXAFS
spectroscopy at SR beams is highly efficient for studying the local electronic and atomic structures of absorbing centers.
6. INVESTIGATION OF THE STRUCTURAL
FEATURES OF FULLERENES
Investigations of metal-doped fullerenes (fullerides)
result in the appearance of a new field of physics. The
phases Ax C60, where A = Na, K, Rb, Cs and x = 1, 2, 3,
4, 6, were discovered. Special interest in the investigation of the physical properties of fullerene crystals was
stimulated by the report about the observation of Tc =
10 K superconductivity in fullerene samples exposed
within potassium vapors (K3C60). This phenomenon is
related to the intercalation of potassium atoms to interstitial sites in the crystal lattice of a fullerene in complete analogy with graphite. Further investigations with
various intercalated alkali metals lead to a change in Tc
from 10 K for Na2CsC60 to 31 K for Rb2CsC60. The
occurrence of superconductivity in fullerene crystals is,
in a certain sense, very interesting and exotic. Although
the superconductivity mechanism is classical, there are
certain peculiarities of the conduction band and vibrational modes.
Another class of fullerides AC60 with stoichiometric
phases also exhibits a number of interesting properties.
At high temperatures above 380 K, AC60 crystallizes
into the fcc lattice of rock salt. Below 380 K, AC60 has two
phases-stable polymer orthorhombic phase (Pnnm) [100]
and metastable dimer monoclinic phase (P21/a) [101].
The polymer phase consisting of linear chains of C60
molecules, arises when a sample is slowly cooled, and
is stable and conductive. On the other hand, the dimer
phase arises from the high-temperature fcc phase when
a sample is rapidly cooled and is nonconductive. The
stable polymer phase exhibits a number of interesting
physical properties. It has specific magnetic features
and, at low temperatures, is unstable with regard to the
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appearance of the spin (or charge) density wave. Rapidly cooling CsC60 and RbC60 to T = 150 and 125 K,
respectively, Oszlanyi et al. [101] observed several
metastable phases, one of which has a simple cubic
structure with an unknown spatial group.
The SR x-ray diffraction results [100] unambiguously indicate that the second-order symmetry axis in
the C60 molecule is directed along a direction in the
crystal with the lattice constant a = 9.13 Å, and the C60
molecules are strongly deformed in the a direction,
which leads to the appearance of the covalent-coupled
structure. The specific π character of the intermolecular
bonds in polymer chains is consistent with the conclusion that this material is a one-dimensional metal.
Another important problem of the structural analysis is to determine metal atom positions.
6.1. Subsystem of Alkali Metal Atoms
Below, we will consider the phase-transition structure changes induced in the subsystem of alkali metal
atoms [102, 103].
Experimental data [100] indicate that a metal atom
is in an octahedral environment of C60 molecules (see
Fig. 36). The small radius of the alkali metal ion compared to the size of the octahedron consisting of large
C60 molecules and strongly anisotropic Debye-Waller
factors for a metal atom suggest that the true position of
the metal atom differs from the central position shown
in Fig. 36. In the general case, in the Fm3m phase, the
metal atom can take the following positions in the octahedral environment [104]: the central position 1b with
the coordinate (111) and local Oh symmetry, the sextuple position 6e with the characteristic coordinate (00z)
and C4ν symmetry, position 8f with (xxx) and C3ν , position 12i with (xx1) and C2ν , position 24j with (xy0) and
Cs , and position 24k with (xxz) and Cs .
The metal atom in the 1b position can only oscillate
around its equilibrium position. These displacements
with the wave vector k = 0 are transformed under the
three-dimensional irreducible representation F1u and,
therefore, cannot be related with the secondary order
parameters of the Eg or F2g symmetry. Similar displacements with the wave vector (001) are transformed
under the irreducible representations τ4 and τ10 and also
cannot be related with the order parameter ξ1 ≠ 0 of the
τ9 symmetry. Thus, any structural change with the
metal atom at the octahedron center is absent in the
phase transition.
When a metal atom takes the off-center position, the
phase transition is accompanied by partial ordering in
the positions shown in Figs. 36b, 36c, and 36d. The
only secondary order parameter θ2 ≠ 0 of the Eg symmetry in the 6e position describes the partial ordering
of metal atoms either in the horizontal plane (closed
circles) or in two positions above and below the plane
(shaded circles). The secondary order parameters for
positions 8f and 12i (Figs. 36c and 36d, respectively)
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Fig. 36. Possible types of the positions of (small circles)
metal atoms in the octahedral environment of (large circles)
C60 molecules: (a) central 1b, (b) 6e, (c) 8f, and (d) 12i positions.

are η1 ≠ 0, ξ1 ≠ 0 and η2 ≠ 0, ξ2 ≠ 0, respectively. The
closed circles are the occupied positions. Low-symmetry positions 24j and 24k arise from the positions 12i
and 8f, respectively. The ordering of metal atoms in
these positions is described by three secondary order
parameters.
Therefore, we can assume that, with further
decrease in temperature, the complete ordering of
metal atoms can occur and the ordering phase transition
leads to a lower crystal symmetry, which is completely
determined by the position type. In particular, one of
three possible variants of the complete ordering of
metal atoms in the 8f position with the wave vector k = 0
7
leads to the spatial group C 2ν .
6.2. EXAFS Investigations of the Orthorhombic Phase
in RbC60
We consider the EXAFS-spectroscopy results for
the metal atom positions in the RbC60 compound [105].
These measurements were carried out at the DESY SR
source, Hamburg, by G. Wortmann et al. from Universität-GH Paderborn, Germany, with the participation of
Yu.S. Grushko from the PNPI, Russia, to verify the theoretical predictions presented in the preceding section.
A RbC60-fulleride sample was preliminarily certified
by using neutron and x-ray diffraction [106]. The lattice
constant were found to be a = 14.262 Å, b = 9.109 Å,
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Fig. 37. The Rb K absorption edge spectrum from o-RbC60
and from superconductors Rb2CsC60 and K2RbC60.

6 (a)

Rb central

4
2
0
First shell

Second shell

- uncentral

2
0

3.0

3.5

4.0

1

2

4.5
5.0
Distance from Rb(A)

3

4

5

6

7

8

9

10
r2(A)
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Fig. 39. Dash diagram of the Rb-C distances when Rb is (a)
at the center of the octahedral interstitial sites and (b) in the
off-center position (0.5, ε, ε), where ε = –0.07.

and c = 10.120 Å. We were interested in the exact position of the Rb atom in the o phase. The possible off-center positions in this phase were mentioned in the x-ray
diffraction measurements [106]. In corresponding
cubic and superconducting systems A3C60 and A2BC60,
where A means K or Rb and B means Rb or Cs, systematic EXAFS studies determined the off-center positions
of ions A and B in the octahedral environment [107].
The experiments were carried out with the ROMO-II
beam in the temperature range from 15 to 300 K.
Figure 37 shows the typical Rb K edge absorption spectrum for o-RbC60 in comparison with Rb2CsC60, where
Rb takes exclusively tetrahedral (T) interstitial sites,
and with K2RbC60, where Rb takes octahedral (O)
interstitial sites. Both the edge structure and weak
EXAFS oscillations attest to the Rb position with a low
local symmetry for o-RbC60 and that the distribution of
the nearest carbon atoms is similar to that for the Rb

Fig. 40. Variances (triangles, circles, and squares) σ 1, 2, 3 of
the radii of the nearest coordination spheres Rb-C1, 2, 3 ,
respectively, as a function of temperature T. The Debyemodel is used for the approximation of the data.

position in K2RbC60 [17]. Figure 38 shows the Fourier
transforms (FTs) of the Rb EXAFS oscillations for various temperatures along with the theoretical calculation
of FTs with Rb-C distances obtained for the central Rb
position in the O site by using theoretical scattering
amplitudes and phase shifts [17]. The Rb-C distances
are shown as a dash diagram in Fig. 39. Theoretical line
distinctly differs from the experimental data in the maximum of the radial distribution function. This situation is
similar to that in the o-site analysis [17]. The measured
FT spectra was reasonably approximated with the offcenter position (0.5, ε, ε), where ε = –0.07, and with the
Rb-C distance distribution shown in Fig. 39b.
In previous EXAFS analysis, the inversely transformed spectra were approximated with three coordination spheres of carbon, which leads to the Rb-C distance distribution shown in 39b. Good approximation
was obtained with Rb-C1 = 3.08(2) Å, Rb-C2 = 3.54(3) Å,
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and Rb-C1 = 3.90(5) Å. These distances were found to
be almost temperature independent. The obtained distances were used as the input at the second stage of the
analysis, which determined the variances of the distances. Figure 40 shows the variances σ2(T) of the RbC distances. The fitted Debye temperature of 140 K in
the EXAFS method for the first coordination sphere
well reproduces the strong temperature dependence of
the EXAFS signal in Fig. 38. The relatively large static
contributions σ2(T) reflect the Rb-C distance distribution shown in Fig. 39.
7. CONCLUSION
Because of the development of SR sources, the
EXAFS spectroscopy method has become one of the
basic methods for exploring the structure in amorphous
quasicrystalline substances of various origins. This
method is of great importance in application to nanostructures, such as quantum points, nanotubes, and
fine-grained semiconductor structures. We emphasize
the great demand for new materials for creating new
medications. All these applications stimulate the development of precise analytical methods for studying
microscopic amounts of substances.
The further advancement of EXAFS spectroscopy
methods in application to kinetic processes in condensed matter is related to the use of third-generation
high-intense SR sources, development of x-ray optics
for obtaining x-ray beams of micron dimensions, and
construction of two-dimensional detectors with high
spatial resolution. Owing to the high cost of construction of spectrometers in SR beams, success can be
achieved through wide cooperation between numerous
research centers of various directions, from fundamental to industrial.
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