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Fourier filtration of XANES as a source of quantitative information of interatomic distances
and coordination numbers in crystalline minerals and amorphous compounds
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The method for quantitative determination of interatomic distances and coordination numbers~CN! in
minerals and amorphous compounds by their x-ray absorption near edge structure~XANES! is proposed. The
generation of the method and the proof of its main points are based on the revealed theoretical description of
XANES for crystalline compounds and minerals as a sum of different photoelectron scattering processes on
two- and approximately linear three-atoms chains, originated at the absorbing atom. The method consists of the
Fourier filtration~FF! of the experimental XANES within the short range of photoelectron’s wave numbers and
the following fitting, with three varied parameters, of the first shell term extracted by the FF procedure. The
accuracy of the obtained local structural parameters is illustrated for the reference crystalline minerals, which
are used also to simulate the XANES formation in glasses. The application of the method to Mg XANES in
diopside-glass and its crystalline equivalent, Diopside, permits one to determine the Mg-O distance and CN for
the first oxygen shell around the Mg atom and to reveal the change of these parameters between the glass and
the crystal with similar chemical composition.

DOI: 10.1103/PhysRevB.65.024105 PACS number~s!: 61.10.Ht
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I. INTRODUCTION

For a great number of poorly crystallized and amorpho
compounds the x-ray absorption near edge struc
~XANES! appears to be the most available source of inf
mation on their local atomic structure, when extended x-
absorption fine structure~EXAFS! oscillations cannot be ob
served. However the analysis of the unknown structures
XANES provides now only indirect and qualitative inform
tion since it is usually performed comparing the XANE
features of the compound studied with that of the refere
ones.1–5 One of the main problems here is to choose
appropriate references and to reveal for them the chara
istic XANES features, which reflect the type of the atom
local environment. Thus, during last years the XANES
low-Z elements~Mg, Al, Si! in crystalline minerals, with
known site symmetry and site occupancy, were stud
extensively6–9 and used as references for the XANES stu
of disordered compounds, such as glasses, clays, gels
similar chemical composition, where Mg, Al, and Si enviro
ments are unknown. The limitations of this approach are
vious and the origin of such a qualitative analysis arises fr
the traditional theoretical description of XANES in terms
the full multiple-scattering method.10–13This method permits
one to reproduce the XANES features in agreement with
experiment for compounds with the known atomic structu
exactly determined by the diffraction methods, but appear
be of small use to solve the inverted problem—quantitat
determination of local structural parameters, when the un
tainties in the diffraction data interpretation occur or the
data are unavailable.

In this paper, to solve the inverted problem, the theoret
description of XANES is proposed, based on the treatmen
0163-1829/2001/65~2!/024105~8!/$20.00 65 0241
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the atom’s absorption cross section in compound as a su
different contributions from photoelectron scattering pr
cesses on the atoms of environment.14 The validity of this
description is proved via XANES calculations for a wid
number of crystalline compounds and minerals, which c
sist of low-Z elements.14,15With its help the frequency sepa
ration of the first shell term from the others is revealed to
sufficient for applying the Fourier-filtration~FF! procedure
to XANES and to extract the first shell term from the expe
mental spectrum. The fitting of the extracted term is p
formed within the short XANES range of photoelectron
wave numbersk to determine the structural parameters
polyhedron, which coordinates the absorbing atom~A! in the
compound:R1, the distance fromA to the polyhedron’s at-
oms andN1, the coordination number~CN! of atomA. The
proposed method for quantitative determination of lo
atomic structure by XANES, as well as the accuracy of
parametersR1 and N1 obtained by it, are illustrated for the
reference crystalline minerals with different coordination
Al and Mg atoms using their Al and Mg XANES spectr
The application of this method to Mg XANES in diopsid
glass (CaO-MgO-2SiO2) with unknown Mg local environ-
ment and in diopside crystal (CaMgSi2O6), permits one to
obtain theR1 and N1 values and to reveal their change
between the glass and its crystalline equivalent.

II. THEORETICAL DESCRIPTION OF Al AND Mg
XANES IN CRYSTALLINE COMPOUNDS AND MINERALS

The inverted problem—determination of structural p
rameters by XANES—can be solved within a method14,15

which considers that the absorption cross sections(«) of an
©2001 The American Physical Society05-1
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atom in compound is constituted of a sum of different ph
toelectron scattering contributions

s~«!5sat~«!@11xSS
(1)~«!1xSS

(MRO)~«!1xMS~«!#, ~1!

where« is the photoelectron energy started from the inter
tial potential~EMT! called muffin-tin~MT! zero in the pho-
ton energyE scale, i.e.,«5E2EMT ; sat(«) is the factorized
part of the absorption cross section, which contains the
trix element for 1s photoionizationu^1su¹u«,p&u2 and the
contribution of the accompanied intrinsic processes wit
the absorbing atom. ThexSS

(1)(«) andxSS
(MRO)(«) are the terms

which correspond to the photoelectron single-scattering~SS!
from the first shell and from the more distant shells@middle-
range order~MRO! term#, respectively.14,15 The multiple
scattering~MS! term xMS(«) consists of the photoelectro
double- and triple-scattering processes on atomic ch
A-F-S originated at the absorbing atomA and chosen unde
the empirical ‘‘selection rules,’’ whereF is the intermediate
atom betweenA andS. The ‘‘selection rules’’14 are obtained
as a result of theoretical spectrum adjustment to the exp
mental one, performed by theSELCOMPcode14 which selects
the scattering contributions from the two- and three-ato
chains, necessary to be considered for experimental spec
description. These ‘‘rules’’ consist in the maximum value
scattering pathway length (Rmax) on atomic chains and in th
minimum value of angle parameterC5ucos(AF, AS)u for
these chains. So the chains, considered for XANES calc
tions must have their C values withinCmin<C<1.0 and the
scattering pathway length on them must be<Rmax. The con-
vergence of different MS terms, which results in the revea
‘‘selection rules,’’ was discussed in Ref. 14.

The phase shifts for photoelectron scattering on atom
the studied compounds were calculated using the metho
Hartree-Fock~HF! MT-potential generation.16 This method
permits one to obtain theoretical XANES and EXAFS sp
tra systematically in agreement with the experimen
ones16–18 as well the high accuracy of structural paramet
for the first shell, obtained from EXAFS data analysis, us
the calculated phase shifts and scattering amplitude19

Within this method the value of interstitial potentialEMT in
the photon energy scale, used as the beginning for the
toelectron energy («) or wave number (k), was obtained,
combining the vacuum level~VL ! positions (EVL) on the
experimental spectrum and in the generated HF MT po
tial. As the result, the comparison of theoretical spectr
with the experimental one is performed under the coincid
values of their VL. TheEVL on the experimental XANES
was obtained according to the prescription of Ref. 16 and
EMT position on the photon energy scale was determi
then asEMT5EVL2«MT , where«MT is the VL position rela-
tively to the MT zero. The value of the photon energyE
which corresponds to the photoelectron energy« was calcu-
lated byE5EMT1«. The accuracy of the obtainedEMT were
tested everywhere comparing the theoretical and experim
tal XANES in the photon energy scale through the agreem
of the main peaks energy positions as well as by the valu
correlation coefficient, obtained within the comparison.
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the following ~Secs. III, IV! the obtainedEMT values are
used also for the Fourier-filtration procedure.

Within the proposed method the accurate knowledge
the function sat(«) in the near edge region («
<30–50 eV) is important especially for the extraction
the first shell termxSS

(1)(«) from the experimental XANES.
However the MT approximation normally used, as well
the accounting for multielectron excitations—intrinsic loss
only by the undetermined energy-dependent reduction fa
S0

2(«) ~Ref. 20!—make unreliable the theoretical functio
sat(«), obtained through the directab initio calculations in
the near edge energy region. Therefore thesat(«) was ob-
tained from the experimental XANES spectrum of the co
pound studied by the generated procedure consists of
two steps. At first, the convolution ofsexper(«) with the
Lorentz function under the large, nonphysical value
its energy width G ~the parameter used to account f
the photoelectron inelastic losses and experimental res
tion! is performed, which suppresses the oscillatedx terms
in Eq. ~1! and converts it into the parity@sexper(«)#convoluted
5@sat(«)#convoluted, i.e., the @sat(«)#convoluted—the convo-
luted or ‘‘smeared’’sat(«) is obtained from the experimenta
XANES spectrum by this step. The final step of the proc
dure is the solution of the inverted problem—the recovery
sat(«) from the @sat(«)#convoluted under the usedG value,
performed by the generated recovery code.21 The accuracy of
the proposed procedure was tested for the studied refer
minerals comparing their theoretical XANES with the e
perimental ones and comparing the values of local struct
parameters, determined bysat(«), with the available diffrac-
tion data~Sec. III!.

The photoelectron extrinsic losses were taken i
account through the traditional exponential for
exp@2R/L(«)#. The photoelectron mean free path leng
L(«) is usually not known exactly, especially for the ne
edge region of spectrum. However, the simulations
XANES, carried out with differentL(«) dependencies, var
ied around the so-called universal curve for monatom
compounds22 did not significantly change the obtained fin
structure of spectrum. Therefore, smooth energy depen
cies for L(«) were chosen for the direct XANES calcula
tions so as to adjust the envelope of the experimental s
trum.

To account for the thermal atomic motion and the stru
ture disorder in the studied compounds, every contribut
into XANES from photoelectron scattering on atomic cha
A-S or A-F-S was multiplied by the Debye-Waller~DW!
factor exp(22s2k2). The XANES calculations were per
formed using the two different values of the DW parame
(s2): DW1 for the first shell~oxygen polyhedron around th
absorbing atom! and DW2 for the more distant shells and M
terms. The validity of this approximation for crystalline min
erals and glasses is justified via the direct calculations
their XANES spectra. These calculations show that under
‘‘reasonable’’ values of the DW1 parameter the obtained fin
structures depend on the value of the ratio DW2 /DW1.
Therefore, considering for the arbitrary units of experimen
intensities, this result permits to choose the value D1
5-2
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FOURIER FILTRATION OF XANES AS A SOURCE OF . . . PHYSICAL REVIEW B 65 024105
50.007 Å2 for the first shell in all crystalline minerals an
diopside glass closely to the DW1 values used for the com
plex oxides.23 The choice of the DW2 values for crystalline
minerals will be discussed below in this section and
glasses in Sec. IV.

The experimental Al and Mg XANES for the referenc
crystalline compounds Al metal, AlN and crystalline mine
als berlinite (AlPO4), K alum @KAl(SO4)212H2O#, pyro-
phyllite @Al2Si4O10(OH)2#, diaspore (a-AlOOH), spinel
(MgAl2O4), pyrope (Mg3AlSi3O12), and diopside
(CaMgSi2O6) are presented in Figs. 1–3. The spectra
minerals exhibit the bright features at the energies«
<20 eV above the absorption threshold and the follow
wide and broadened peaks, which rapidly decrease with
energy. The theoretical spectra, calculated through the
posed approach are compared with the experimental one
the same Figs. 1–3. The comparison justifies the result

FIG. 1. Experimental~curves 1! and theoretical~curves 2! Al-
XANES spectra of~a! Al-metal ~CN512!; ~b! berlinite ~CN54!
and ~c! AlN ~CN54!.
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Refs. 14,15 and shows that the XANES of crystalline m
erals composed of low-Z atoms are formed by the photoele
tron SS processes and the double and triple scattering~MS!
processes on the approximately linear three-atom ch
originated at the absorbing atom, with the total pathw
lengthRmax not exceeding;18–20 Å . The calculations re
vealed the significant effect of thexMS(«) term on the fine
structure of spectrum within«<15–20 eV and show tha
the following features are formed mainly byxSS

(1)(«) and less
by xSS

MRO(«) terms. The comparison of theoretical and e
perimental spectra within the energy region up to;50 eV
shows that their overall agreement is obtained when the D2
parameter for the second and more distant shells exceed
;7 –8 times its value for the first shell (DW1). Therefore
the calculations were carried using the following DW para
eters: DW150.007 Å2 and DW250.05 Å2. This ratio be-
tween the DW parameters for the first and more dist
shells, obtained for the minerals, reflects the signific
structure disorder in them and is expected to be stronger
amorphous compounds and glasses, where the second

FIG. 2. Experimental~curves 1! and theoretical~curves 2! Al-
XANES spectra of~a! K-alum ~CN56!; ~b! pyrophyllite ~CN56!
and ~c! diaspore~CN56!.
5-3
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BUGAEV, SOKOLENKO, DMITRIENKO, AND FLANK PHYSICAL REVIEW B 65 024105
especially more distant shells are poorly formed and can
simulated under the large values of the DW parameters.24

III. THE FOURIER-FILTRATION OF XANES
IN CRYSTALLINE MINERALS AND THE ACCURACY

OF THE OBTAINED STRUCTURAL PARAMETERS

The revealed adequacy of the used XANES descrip
permits one to consider the experimental absorption c
section of an atom in a compound as a sum of termsxSS

(1)(«),
xSS

(MRO)(«), andxMS(«), according to Eq.~1!. The analysis of
corresponding theoretical terms for the structures of re
ence minerals in Ref. 15 and in the present paper shows
the xMS(«) is a high-frequency oscillated term~4–5 oscilla-
tions within the energy interval«<30 eV), while the term
xSS

(1)(«) is the low-oscillated one due to the small first sh
radius R1;1.7–2.2 Å . This frequency separation perm
one to apply the Fourier transformation~FT! procedure to
theoretical termxSS

(1)(«)1xMS(«) within the short XANESk
range: fromkmin51.35 tokmax52.8 Å21. The FT result of
the term xSS

(1)1xMS, calculated with the DW paramete
5 0 for berlinite and pyrophyllite structures, are presented
Fig. 4. TheuF(R)u for both structures are characterized
the presence of the broad first shell peak~up to ;4 –5 Å )
and the following structure, arises from thexMS term. The
last conclusion is justified by theuF(R)u, obtained via FT of
corresponding theoreticalxMS terms only, also shown in Fig

FIG. 3. Experimental~curves 1! and theoretical~curves 2! Mg-
XANES spectra of~a! spinel~CN54!; ~b! diopside~CN56! and~c!
pyrope~CN58!.
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4. As can be seen, the two main peaks in theuF(R)u of xMS,
except their small side lops at lowerR values, are separate
in R space from the first shell peak. Therefore, the ba
Fourier transformation~BFT! procedure, applied to the
uF(R)u of the sumxSS

(1)1xMS, with the window function at
the first shell peak, permits one to extract thexSS

(1) term from
this sum and to compare it with the initial theoretical one
the studied reference compounds. The comparison per
one to conclude that the small side lops of MS signal un
the first shell peak inuF(R)u does not affect significantly the
accuracy of the Fourier filtration and hence can be ignor
The revealed separation inR space for the Fourier peak
which correspond to the termsxSS

(1) andxMS becomes more
distinct when the DW factors are taken into account, es
cially under the obtained ratio between the DW parame
for the first and more distant shells in the studied minerals
this case the affect of thexMS term on the determinedR1 and
N1, within the Fourier-filtration procedure, can be neglecte

At the same time the broad first shell peak inuF(R)u
overlaps theR region for the second and some more dista
shells in spite of the strong enough separation between
radii of the first and the second shells~up to;1 Å ). There-
fore, applying the BFT procedure to theuF(R)u of the total
function

x~«!5xSS
(1)~«!1xSS

(MRO)~«!1xMS~«! ~2!

with the window function up to;4 –5 Å , one must expec
the extracted termxSS

(1) , distorted by the presence of th
xSS

(MRO)-term contribution in thisR region. In Ref. 15 the
procedure for exclusion of thexSS

(MRO) affect on the extracted
xSS

(1) term is proposed for crystalline minerals with uncerta
ties in the local atomic structure, arise from the ambiguity
the diffraction data interpretation. The proposed procedur
based on the approximately continuous distribution of
second and more distant shell’s radii in these compoun
which permits to reproduce theoretically thexSS

(MRO) term for
them. This reproduction can be performed under the un
tainties of ;0.3–0.4 Å in the values of the second an
more distant shell’s radii, using the unambiguous diffracti

FIG. 4. uF(R)u of theoretical functionsxSS
(1)1xMS ~full curves!

andxMS ~dashed curves! for berlinite ~a! and pyrophyllite~b!.
5-4
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FOURIER FILTRATION OF XANES AS A SOURCE OF . . . PHYSICAL REVIEW B 65 024105
data on the cell unit parameters and the type of symme
According to the prescription of Ref. 15 the subtraction
theoretically restored termxSS

(MRO) from the experimental ab
sorption cross sectionsexper(«) by the rewritten Eq.~1!:

xSS
(1)1xMS5sexper/sat212xSS

(MRO) ~3!

permits one to extract the sumxSS
(1)1xMS from the experi-

mental XANES. The Fourier filtration of this function pe
mits then to extract the first shell termxSS

(1) and to determine
the corresponding structure parametersR1 and N1 applying
the fitting procedure to thexSS

(1) .
Simulations of the total theoretical functionx(«) under

the different values of the DW parameter for the second
more distant shells (DW2) and the results of its Fourier fil
tration show that the affect of thexSS

(MRO) term on the ex-
tractedxSS

(1) rapidly decreases with the increasing of the DW2

and becomes negligible when DW2 exceeds by>10 times
DW1—for the first shell. As will be shown in Sec. IV, such
ratio between the DW2 and DW1 must be used for glasses
simulate the poorly formed second and more distant shel
them. At the same time, for crystalline minerals which a
characterized by the smaller difference between the DW2 and
DW1 parameters~Sec. II! the termxSS

(MRO) can be the source
of inaccuracies in the determined values ofR1 andN1, i.e.,
applying the Fourier filtration to the totalx(k), the R1 and
N1 are determined with the errors up to;2 and ;12%,
respectively. Therefore for crystalline minerals the te
xSS

(MRO) is theoretically recovered using the diffraction da
on cell parameters and the type of symmetry and exclu
from sexper according to Eq.~3!. The results of Ref. 15 jus
tified by the simulations ofxSS

(MRO) term for the studied struc
tures show that this recovery can be performed using
second and further shell’s radii which can differ from the
diffraction values by not more then60.2 Å . In other
words, the accuracy ofR1 andN1 determined by the Fourier
filtration of the termx theor2xSS

(MRO) remains the same as th
obtained within the Fourier filtration of the termxSS

(1)

1xMS, if the subtracted oscillationxSS
(MRO) is theoretically

recovered using the approximate values for the second
further shells radii, known with the uncertainty o
<0.3–0.4 Å .15

The steps of the Fourier filtration applied to the expe
mental XANES of crystalline minerals berlinite and pyr
phyllite with different coordination of the absorbing Al ato
are illustrated in parts of Figs. 5~a!–~d! and 6~a!–~d!. In ~a!
of each figure the experimental absorption cross sec
sexper(«) of the atom in the mineral is presented togeth
with the obtained functionsat(«). ~b! shows the total func-
tion x(«) extracted from thesexper(«) by the rewritten Eq.
~1!: x(«)5sexper(«)/sat(«)21. ~c! shows the result of the
Fourier transformationuF(R)u of the termx2xSS

(MRO) . The
final step of the Fourier filtration, the first shell termxSS

(1)

obtained through the BFT ofuF(R)u with the window func-
tion at the first shell peak, is presented in~d! of the figures.

The structural parametersR1 andN1 of the oxygen poly-
hedron, which coordinates the absorbing Mg or Al atoms,
determined through the fitting of the extractedxSS

(1) term. The
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varied parameters for the fitting procedure areR1 , N1, and
G—the parameter for the core hole energy width and
experimental resolution account. The parameterG is varied
within the exponential form exp(20.262532R1G/k) ~Ref.
24! and the fitting is carried within the short range of th
photoelectron wave numbersk from 1.35 to 2.8 Å21. Within
this k interval the DW factor for the first shell exp(22
3DW1k2) remains > 0.9 under the value DW1
50.007 Å2 used for the direct XANES calculation
and therefore the same DW1 value was taken and not varied
Within the fitting the reduction factorS0

251.0 is used for
the affect of intrinsic losses on the local density of ele
tron’s states on the absorbing atom.25 At the same time, the
affect of the intrinsic losses on the amplitude of t
u1s&→u«p& transition is automatically included in the atom
part of the absorption cross sectionsat(«) extracted from the
experimental cross sectionsexper(«). The photoelectron scat
tering amplitudes and phase shifts for the fitting proced
were obtained within the same model of HF MT potentia16

used for the direct XANES calculations of Sec. II. As w
mentioned there, theEMT values used as the beginning fo
the wavenumberk, were determined for the studied com
pounds according to the HF MT potential generating pro
dure and therefore were not varied.

The results of the fitting~with three varied parametersR1 ,
N1, andG) applied to the extracted termxSS

(1) are presented in
Table I, where theR1 and N1 of the oxygen polyhedrons

FIG. 5. The steps of the Fourier-filtration applied to the A
XANES of berlinite: ~a! sexper(«) and the obtainedsat(«); ~b!
x(«)5sexper(«)/sat(«)21; ~c! uF(R)u, the FT ofx2xSS

(MRO) ; ~d!
the extracted first shell termxSS

(1)(k), the result of BFT applied to
uF(R)u.
5-5
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which coordinates the Mg and Al atoms in the studied ref
ence crystalline minerals, are compared with the availa
diffraction data. As can be seen the proposed Fourier fil
tion of experimental XANES and the following fitting pro
cedure of the extracted first shell term permit to determ
the R1 andN1 for metallic atoms environment in crystallin
minerals with inaccuracy to<1% and <3 –5%, respec-

FIG. 6. The steps of the Fourier filtration applied to the A
XANES of pyrophyllite: ~a! sexper(«) and the obtainedsat(«); ~b!
x(«)5sexper(«)/sat(«)21; ~c! uF(R)u the FT of x2xSS

(MRO) ; ~d!
the extracted first shell termxSS

(1)(k), the result of BFT applied to
uF(R)u.

TABLE I. Structural parameters for the first oxygen shell
crystalline minerals, determined from the diffraction data and by
proposed method applied to their XANES.

Compound Source R1 Å N1

Berlinite diffraction ~Ref. 26! 1.74 4
(AlPO4) Al-XANES 1.74 3.9
Pyrophyllite diffraction~Ref. 27! 1.91 6
@Al2Si4O10(OH)2# Al-XANES 1.92 6.1
Diaspore diffraction~Ref. 28! 1.91 6
(a2AlOOH) Al-XANES 1.90 6.1
Spinel diffraction~Ref. 29! 1.92 4
(MgAl2O4) Mg-XANES 1.93 3.9
Diopside diffraction~Ref. 30! 2.07 6
(CaMgSi2O6) Mg-XANES 2.05 5.8
Pyrope diffraction~Ref. 31! 2.19 8
(Mg3AlSi3O12) Mg-XANES 2.17 7.9
02410
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tively, under the values of parameterG within ;1 –2.5 eV
for all the reference compounds.

The structure parametersR1 andN1 presented in Table I
are obtained by the scattering amplitudes which need
liminary information of Al-O and Mg-O distances (R1) used
for their calculation. In the studied crystalline minerals t
R1 values for Al-O are changed by 0.18 from 1.74 Å
berlinite to 1.92 Å in pyrophyllite and for Mg-O by 0.27
from 1.92 Å in spinel to 2.19 Å in pyrope. Therefore th
scattering amplitudes for the fit ofxSS

(1) were calculated for
the averagedR1 values 1.83 Å for Al-O and 2.05 Å for
Mg-O distances. At the same time, to reveal the effect of
inaccuracies in the inputR1 values on the obtained param
etersR1 andN1, the following simulations were performed
~i! the xSS

(1) for berlinite was fitted by the scattering ampl
tudes, obtained atR151.92 Å ~as for pyrophylite! and ~ii !
the xSS

(1) for pyrophyllite was fitted by the scattering ampl
tudes obtained atR151.74 Å ~as for berlinite!. The same
procedure was performed for Mg-O distances between sp
and pyrope. The results of these simulations show that un
the treated variations of the inputR1 values, typical for the
wide row of the studied compounds, the errors in the de
minedR1 andN1 not exceed 1.5 and 5 %, respectively. How
ever, when theR1 values can differ strongly along the stud
ied row of compounds, the effect ofR1 used for the
scattering amplitudes calculation, on the obtained struc
parameters must be studied additionally.

In general, the accuracy of the determinedR1 and N1
depends also upon the choice of the beginning for the p
toelectron wave numbersk—the argument of the scatterin
amplitudes and phase shifts used for the fit. Within the
MT potential the values ofEMT—the beginning fork, were
determined through the procedure16 with the main points de-
scribed in Sec. II. Nevertheless, to reveal the errors inR1 and
N1 which can arise from the ambiguities inEMT determina-
tion, the compulsory shifts of the obtainedEMT values by
DEMT562.5 eV ~more than the typical shift of;1 eV
between theK-edge energy positions for the four- and si
coordinated Al or Mg atoms in the compounds! were made.
The fit of the corresponding two functionsxSS

(1)(k) obtained
under two different valuesEMT62.5 eV for the studied
minerals shows the increase of errors inR1 and N1
determination—up to 3–4 and 10 %, respectively. This
crease of the accuracy justifies the importance of the eff
to propose the approaches which permit one to exclude
EMT from the number of fitting parameters for compoun
with arbitrary chemical composition.

IV. DETERMINATION OF LOCAL STRUCTURE
PARAMETERS IN DIOPSIDE GLASS

In diopside glass (CaO-MgO-2SiO2) the structure param
etersR1 and N1 for the oxygen-polyhedron which coord
nates the Mg atom are unknown. The comparison of
XANES in diopside glass with the Mg XANES in its crys
talline equivalent diopside (CaMgSi2O6) presented in Ref. 9
shows that the glass spectrum retains all the main feature
the crystal’s spectrum, which are, however, strongly bro

e
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ened. This broadening of XANES features between the g
and crystalline phases was also revealed in Ref. 32 for
containing compounds and is induced by the structural
order for the poorly formed second and especially more
tant shells in glasses. As was mentioned in Sec. II, the ef
of structural disorder on XANES can be accounted throu
the Debye-Waller-like damping, using the form exp(22
3DWk2) with the large values of the DW parameters for t
second and more distant shells, DW2. The simulations of
XANES for the studied crystalline minerals with the varie
DW2 values for these shells and the fixed value of the D1
parameter for the first shell, reveal that the glasslike XAN
structure is obtained under the ratio DW2 /DW1>15. At the
same time the Fourier filtration of the theoretical XANE
and the values of the parametersR1 andN1 determined by it,
show that beginning from the ratio DW2 /DW1>10 ~see Sec.
III !, the single scattering on the second and more dis
shells—the termxSS

(MRO) in x(«)—weakly affect the obtained
R1 and N1 values. Therefore one can conclude that
Fourier-filtration procedure can be applied directly to t
XANES spectrum of amorphous compound providing t
accurateR1 andN1 values, without the preliminary subtrac
tion of thexSS

(MRO) term from experimentalx(«) as for crys-
talline ones.

The steps of the Fourier filtration of Mg XANES spe
trum in diopside glass are presented in Figs. 7~a!–7~d!. The

FIG. 7. The steps of the Fourier filtration applied to the M
XANES of diopside glass:~a! sexper(«) and the obtainedsat(«);
~b! x(«)5sexper(«)/sat(«)21; ~c! uF(R)u, the FT of x; ~d! the
extracted first shell termxSS

(1)(k), the result of BFT applied to
uF(R)u.
02410
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fitting with the three varied parameters (R1 , N1, andG) of
the extracted first shell termxSS

(1)(k) permits one to obtain the
Mg-O distanceR152.12 Å withN154.8 oxygen neighbors
around the absorbing Mg atom. This result is in agreem
with molecular dynamics calculations33 which predict mainly
four- and five-coordinated Mg in a MgSiO3 glass and with
the estimations of Ref. 9 which indicate that Mg atoms
diopside glass are five-coordinated to oxygen atoms. At
same time, the obtainedR1 differ from the value R1
52.01 Å derived from the poorly formed EXAFS of diop
side glass.9 The performed quantitative determination of l
cal structural parameters using the Mg XANES spectra
diopside crystal and glass reveals hence the increase o
Mg-O distance from 2.07 Å in crystal to 2.12 Å in glass a
finds the coordination number of Mg to be different in gla
~CN55! and in crystal~CN56!.

V. SUMMARY AND CONCLUSIONS

The proposed method for quantitative determination
structural parameters by XANES and the obtained res
can be summarized as follows.

~i! The XANES of atom in crystalline minerals whic
consist of low-Z atoms (Z<20) can be expanded in the su
of three terms: the photoelectron single scattering on the
shell (xSS

(1)), the single scattering on the more distant she
(xSS

(MRO)), and the MS processes (xMS) on approximately lin-
ear three-atoms chains, originated at the absorbing atom

~ii ! The Fourier filtration of experimental XANES, pe
formed for the short range of photoelectron’s wave numb
k from 1.35 to 2.8 Å21, permits one to extract the first she
term xSS

(1)(k) distorted for crystalline minerals by the effe
of the xSS

(MRO) term within the first shell’s Fourier peak. Thi
distortion can appear to be the source of inaccuracies in
determined values of interatomic distancesR1 and coordina-
tion numbersN1.

~iii ! The preliminary subtraction of the termxSS
(MRO) , theo-

retically recovered according to the prescription of Ref. 1
from the experimentalx of crystalline minerals before its
Fourier filtration, permits one to increase the accuracy of
obtained structural parametersR1 andN1.

~iv! For the studied reference minerals the interatomic d
tanceR1 and coordination numberN1 for the first shell, ob-
tained through the fitting~with three varied parametersR1 ,
N1, and G) of the termxSS

(1)(k) within the short XANES
range of photoelectron wave numbers, are determined w
inaccuracy to<1% for R1 and <3 –5% for N1 under the
values ofG within ;1 –2.5 eV.

~v! The experimentally observed broadening of t
XANES features for glass compared to that for the rela
crystal can be described through the DW-like damping in
form exp(223DWk2) under the following ratio between
the DW parameters for the first shell (DW1) and for the
poorly formed more distant shells and MS processes (DW2):
DW2 /DW1>15.

~vi! The simulations of XANES for the reference crysta
line minerals revealed that under these values of
5-7



er
of
ra

g
va

om
a-

a-

BUGAEV, SOKOLENKO, DMITRIENKO, AND FLANK PHYSICAL REVIEW B 65 024105
DW2 /DW1 ratio, the effect ofxSS
(MRO) term on the deter-

minedR1 andN1 becomes negligible and hence the Fouri
filtration procedure can be applied directly to XANES
glass, providing the accurate values of its local structu
parameters.

~vii ! the application of the proposed method to M
XANES spectra in diopside glass and its crystalline equi
te
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lent diopside revealed the increase of Mg-O distance fr
2.07 Å in crystal to 2.12 Å in glass and found the coordin
tion number of Mg to be different in glass~CN55! and in
crystal ~CN56!.
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