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Combined XANES and EXAFS analysis of Co2¿, Ni2¿, and Zn2¿ aqueous solutions
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A combined x-ray-absorption near edge structure~XANES! and extended x-ray-absorption fine-structure
~EXAFS! quantitative analysis of Co21, Ni21, and Zn21 in water solutions based on fitting procedures of both
low- and high-energy ranges has been carried out. The hydrogen contribution has been accounted for in both
analyses and the effect of its inclusion on the structural parameters has been highlighted. The structural results
obtained from the XANES and EXAFS analyses are in good agreement, confirming the validity of the appli-
cation of the multiple-scattering theory in the low-energy range of the x-ray-absorption spectra. A systematic
shortening of the ion-water first shell distance of about 0.03 Å is obtained from the XANES analyses, as
compared to the EXAFS one. The origin of this systematic effect has been deeply investigated and it has been
found to be due to the low-energy behavior of the real part of the Hedin-Lundqvist potential used in the
calculations.
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or
in
l e

th
ic

ot

ne

m
te

ar
un
tio
-
, i
e
n
uc
se

e
ea
th

ab-
S
far
ts
the
uc-
a-

or

FS

ture

ruc-
us
e-
ical
m-

uta-
the
a

the
n is

he

s,
nd
I. INTRODUCTION

X-ray-absorption spectroscopy~XAS! is one of the most
powerful methods to obtain structural and electronic inf
mation on the local environment of an excited atom. Dur
the past ten years, much theoretical and computationa
forts have led to the development ofab initio methods for
XAS calculations in arbitrary systems. Over 50 eV above
rising edge an important approximation can be made wh
leads to the reduction of the many-body process in a ph
electron scattering in an effective potential. This allows
quantitative analysis of the extended x-ray-absorption fi
structure~EXAFS! region of the XAS spectra. The EXAFS
technique has found many applications ranging from che
istry to molecular biology, including liquid and solid-sta
problems in condensed-matter physics.

The situation is different concerning the low-energy p
of the x-ray-absorption cross section extending up to aro
50 eV above the threshold, the so-called x-ray-absorp
near-edge structure~XANES! region. This part is very sen
sitive to the structural details of the absorbing site and
principle, an almost complete recovery of the thre
dimensional structure can be achieved from the experime
data. However, the analysis of the low-energy region is m
more difficult to perform as several non-negligible proces
@many-body effects, multiple-scattering~MS! effects of any
order, and so on# contribute to this part of the spectrum. Th
quantitative analysis of XANES requires an adequate tr
ment of the potential, a proper many-body theory, and
0163-1829/2002/66~6!/064209~7!/$20.00 66 0642
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use of heavy time-consuming algorithms to calculate the
sorption cross section in the framework of the full M
approach.1,2 For this reason this technique has been so
used as a ‘‘qualitative’’ method and only recently attemp
have been made to perform a quantitative analysis of
XANES experimental data in terms of a defined set of str
tural parameters. The possibility to gain structural inform
tion from the XANES spectra is extremely important f
dilute and biological systems where the lowS/N ratio of the
experimental data hampers a reliable analysis of the EXA
region.

Recently, a method has been proposed in the litera
which performs a quantitative analysis of XANES.3–5 In par-
ticular a new software procedure, namedMXAN , has been
developed and it has been successfully applied to the st
tural investigation of biological systems and ionic aqueo
solutions.3,4,6 This method is based on the comparison b
tween the XANES experimental data and several theoret
calculations performed by varying selected structural para
eters associated with a starting model. Starting from a p
tive geometrical configuration around the absorber atom
MXAN package is able to reach the best-fit conditions in
reasonable time by minimizing the square residual in
parameter space. The x-ray photoabsorption cross sectio
calculated using the full MS scheme in the framework of t
muffin-tin ~MT! approximation.

Even though the correctness of theMXAN method has
been previously proved by investigating several test case3,4

the aim of this work is to further validate this procedure a
©2002 The American Physical Society09-1
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to define its potentialities and limitations. To this end w
carried out a comparison of the structural results obtai
from the XANES and EXAFS analyses of Co21, Ni21, and
Zn21 aqueous solutions. These systems are an ideal test
as it is well established that the inner hydration shell
Co21, Ni21, and Zn21 has an octahedral structure with s
tightly bound water molecules. A detailed investigation
the hydration structure of these ions has been recently ca
out combining EXAFS spectroscopy and molecul
dynamics~MD! simulations.7 The EXAFS data analysis ha
been performed by means of theGNXAS package8 whose re-
liability is well established. The ion-oxygen first shell stru
tural parameters have been accurately determined and
pared with previous experimental results. The ion-hydrog
interactions have been found to provide a detectable co
bution to the EXAFS spectra of several aqueous and n
aqueous ionic solutions9–11 and their inclusion has bee
proved to be important to perform a reliable data analy
Moreover high quality data are available in a large ene
range improving the accuracy of the EXAFS structural
sults.

The purpose of the present study is to assess the accu
of the MXAN structural determination of simple systems i
volving ions of biological interest such as Co, Ni, and Z
These results are essential to understand the new role
XANES can play in complementing the structural inform
tion obtained by EXAFS and in providing new insights in
chemical and electronic structure.

II. METHODS

A. Experimental section

0.2 M Co21, Ni21, and Zn21 aqueous solutions wer
obtained by dissolving the appropriate amount of Zn(NO3)2 ,
Ni(NO3)2, and Co(NO3)2 in water, respectively. XAS spec
tra at the Co, Ni, and ZnK edges were recorded in transmi
sion mode using the EMBL spectrometer at DESY.12 Mea-
surements were performed at room temperature with
Si~111! double-crystal monochromator and 50% harmo
rejection achieved by slightly detuning the two crystals fro
parallel alignment. For each sample three spectra were
corded and averaged after performing an absolute en
calibration.13,14 The DORIS III storage ring was running a
an energy of 4.4 GeV with positron currents between 70
40 mA. The solutions were kept in cells with Kapton fil
windows and Teflon spacers of 2 mm for Zn, and 1 mm
Co and Ni.

B. Theoretical details

The EXAFS investigation has been carried out using
method which refines ion-water radial distribution mod
obtained from MD simulations on the basis of the expe
mental data.7 As previously mentioned the data analysis h
been performed using theGNXAS set of programs.8 A thor-
ough description of this procedure and the structural res
obtained for Co21, Ni21, and Zn21 water solutions can be
found in Ref. 7. It is worth noting that this was the fir
EXAFS investigation of 3d transition-metal ions in aqueou
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solution where the ion-H contribution has been taken i
account. Phase shifts have been calculated using the mu
tin approximation with MT radii of 0.2 and 0.9 Å, for hy
drogen and oxygen, respectively, and 1.2 Å for cob
nickel, and zinc. The MT radius of the hydrogen atoms h
been adjusted so as not to overestimate the signal from
scattering of the hydrogen atoms, which is expected to
weak. The hydrogen MT radius chosen corresponds to ab
0.06 electrons for the integral of the charge density.

The XANES data analysis has been performed by a p
cedure, namedMXAN , which is described in detail in Ref. 3
The x-ray-absorption cross section is calculated using
general MS scheme within the muffin-tin approximation f
the shape of the potential. Twelve hydrogen atoms have b
included as scatterer atoms in the calculations using the
ometry and the orientation of a previous molecular-dynam
study15 according to which the ion, oxygen, and two hydr
gen atoms lie in one plane in a so-called ‘‘dipole’’ config
ration. The exchange and correlation parts of the poten
are determined on the basis of the local-density approxi
tion of the self-energy of the excited photoelectron using
appropriate complex optical potential.1 The real part of self-
energy is calculated either by theXa approximation or by
using the Hedin-Lundqvist ~HL! energy-dependen
potential.16 In the case of covalent molecular systems,
avoid over-damping at low energies due to the complex p
of the HL potential,2,17 the MXAN method can account for al
inelastic processes by convolution with a broadening Lore
zian function having an energy-dependent width of the fo
G(E)5Gc1Gm f p(E). The constant partGc accounts for both
the core-hole lifetime and the experimental resolution, wh
the energy-dependent term represents all the intrinsic
extrinsic inelastic processes. TheGm f p(E) function is zero
below an energy onsetEs ~which, in extended systems, co
responds to the plasmon excitation energy! and starts in-
creasing from a given valueA, following the universal func-
tional form of the mean free path in solids.18 Both the onset
energyEs and the jumpA are introduced in theGm f p(E)
function via an arctangent functional form to avoid discon
nuities. Their numerical values are derived at each step
computation on the basis of a Monte Carlo search, simila
to the procedure used in optimizations by simulat
annealing.19 This type of approach can be justified on th
basis of a multichannel MS theory.20 In the sudden limit, the
net absorption is given by a sum over all the possible exc
states of the (N-1)-electron system.2,20,21 By assuming that
the channels coming from the excitation of theN-1 electrons
are near in energy, the total absorption is given by a con
lution of the one-particle spectrum, calculated with the fu
relaxed potential, with a spectral function representing
weight of the other excited states. Hence the total XAS cr
section can be written as

m5(
n

~mn!DE→0→E m~v2v8!A~v8!dv8, ~1!

where the ‘‘ansatz’’ is made that the spectral functionA(v8)
is well approximated by a Lorentzian function with th
energy-dependent widthG(E) previously defined. Obvi-
9-2
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COMBINED XANES AND EXAFS ANALYSIS OF Co21 . . . PHYSICAL REVIEW B 66, 064209 ~2002!
ously, when contributions from one or more of these exci
states become relevant, they must be considered explicit
the calculations. It is also possible to demonstrate that
convolution procedure is equivalent to a calculation p
formed with a potential containing an appropriate comp
part derived by reducing a multichannel process to a sin
channel one.22 Therefore theG(E) function is characterized
by parameters which have a clear physical meaning and
are not free to assume any value, but are varied in a w
defined interval.

The potential has been calculated using the same MT r
of the EXAFS analysis for the oxygen, hydrogen, cobalt, a
nickel atoms. A different choice has been made for z
(1.35 Å) due to the bigger ionic radius of Zn21 as compared
to the other two ions. It is important to stress that the pot
tial is calculated at each step of the fitting procedure for e
structural configuration. The importance of this proced
has been assessed in a previous investigation of Ni21 in wa-
ter solution where it has been shown that small change
the structure can produce detectable differences in the po
tial, especially in the low-energy range of the spectra.3 This
is particularly important when an accurate analysis of
XANES has to be performed.

III. RESULTS

In the first step of the XANES analysis the experimen
data have been fitted starting from a distorted octahedral
figuration of the oxygen atoms around the three ions. A r
HL potential has been used in the calculations and inela
losses have been accounted for by a convolution wit
Lorentzian function, as previously described. The bes
analyses of the Co21, Ni21, and Zn21 water solution
XANES spectra are shown in the upper, middle, and low
panels of Fig. 1, respectively. Overall, the fitted XANE
spectra match the experimental data quite well and o
small discrepancies can be observed in the first 10 eV f
the edge for Co21 and Ni21, while more relevant difference
are present in the case of Zn21. This mismatch is probably
due to inaccuracies of the potential associated with the
approximation, which are more relevant in the very lo
energy part of the spectrum.23 From the fitting procedure a
regular octahedral coordination of the water molecu
around the ions has been found, and the corresponding
shell distances are listed in Table I, together with the EXA
structural results obtained from theGNXAS analysis.7 It is
important to outline that all the XANES minimizations hav
lead to a regular octahedral hydration complex, even w
two or three different coordination distances were used in
fitting procedure. Nevertheless, due to the geometrical s
metry of the cluster, a strong correlation among the struct
parameters has been found when more than one ion-ox
distance was minimized. This hampered a reliable deter
nation of the statistical errors associated with the struct
parameters and therefore, in Table I, we report only the
sults associated with the single distance best-fit analysis

The Gc values obtained from the fitting procedures a
also listed in Table I. While for Co21 and Ni21 these param-
eters are in reasonable agreement with the sum of the c
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hole width (1.33 and 1.44 eV for Co and Ni, respectively24!
and the experimental resolution, theGc value for Zn21 is too
large. This is most probably due to the discrepancy betw
theory and experiment in the low-energy range where
effect of this part of the damping is more important.

In the second step of the analysis, proof of the validity
the phenomenological approach used by theMXAN procedure
to account for extrinsic inelastic losses was obtained by p
forming additional calculations with complex HL potential

FIG. 1. Comparison between the best-fit theoretical XAN
spectra~solid lines! of Co21, Ni21, and Zn21 water solutions~up-
per, middle, and lower panels, respectively! and the raw experimen
tal data~dotted lines!.

TABLE I. XANES refined parameters for Co21, Ni21, and
Zn21 water solutions and comparison with the EXAFS structu
results.

R(Å) Gc R(Å) a

Co 2.06(0.03) 2.07 2.092(0.002)
Ni 2.03(0.03) 1.70 2.072(0.002)
Zn 2.06(0.02) 3.14 2.078(0.002)

aFrom Ref. 7.
9-3



lu
in
bl

t-fi
re
th
th
tu

nd

th
e
ee

he
cu
he

e
th

us
wo
o

th
-fi

h
n
u

th
rb
oo
p

er-
In
ri-

urve
e of

are

by
of
he
ig.
ole
and

em-
of

the

p-
t the

e
ive
ng
part

ec
t-
x

ec-
-

e
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The contribution of the core-hole and experimental reso
tion has been included by convolution with a broaden
Lorentzian function having the same width reported in Ta
I for the Ni21 ion. The results of this analysis for the Ni21

solution are shown in Fig. 2, where the theoretical bes
curve is compared to the experimental spectrum. The ag
ment between theory and experiment is quite poor in
low-energy region up to about 50 eV and it improves as
energy increases. Nevertheless, the geometrical struc
which has been obtained from this minimization correspo
to an octahedron with a Ni-O distance of 2.0460.03 Å,
which is the same results, within the reported errors, of
previous analysis. It is noticeable that a correct structur
recovered in spite of the low-energy disagreement betw
the experimental and theoretical curves.

In order to gain a deeper insight into the effect of t
potential details on both the quality of the fits and the ac
racy of the structural determination, we report in Fig. 3 t
best-fit results for the Zn21 ion performed with a different
MT radius and with theXa potential. In the upper panel w
show the comparison between the experimental data and
oretical best-fit calculations performed with a Zn MT radi
of 1.2 Å, which is the same value used for the other t
ions. From the minimization procedure a Zn-O distance
2.0560.05 Å has been obtained with an error functionRsq
54.8,3,6 which is twice as large as the one obtained from
previous analysis. In the lower panel of Fig. 3 the best
analysis of the calculations performed with theXa potential
is reported. In this case a shorter Zn-O distance value
been obtained (2.0460.04 Å) while the agreement betwee
the theoretical and experimental spectra is of the same q
ity as the one reported in Fig. 1 (Rsq52.9). This finding
demonstrates that XANES is essentially dominated by
geometrical arrangement of atoms around the photoabso
while it is less sensitive to the potential details. Further pr
of this theoretical assessment has been obtained by com

FIG. 2. Comparison between the XANES experimental sp
trum ~dotted line! of the Ni21 aqueous solution and best-fit theore
ical curve~solid line! calculated with the Hedin-Lundqvist comple
potential.
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ing the experimental data with a theoretical calculation p
formed with different geometries of the ion-O complexes.
particular in the upper panel of Fig. 4 we show the compa
son between the experimental data and the theoretical c
associated with a regular octahedron with a Zn-O distanc
2.16 Å. Relevant discrepancies between the two spectra
present in the whole energy range givingRsq56.1. The ef-
fect of a Jahn-Teller distortion has been accounted for
performing a calculation with a Zn-O axial distance
2.36 Å, keeping the in-plane distance equal to 2.06 Å. T
results of this analysis are shown in the lower panel of F
4. Also in this case discrepancies are present in the wh
energy range and a poorer agreement between theory
experiment has been obtained as compared to Fig. 1 (Rsq
54.2).

The outstanding result of this study concerns the syst
atic shortening of the XANES structural determinations
about 0.03 Å as compared to the EXAFS ones~see Table I!.
It is interesting to outline that the Zn21 first hydration shell
parameters obtained by the presentGNXAS analysis are
equal, within the reported errors, to those determined by
most recent EXAFS investigation performed by theFEFF

program.25 In order to understand the origin of this discre
ancy one has to make some general considerations abou
theoretical framework of theMXAN method. Due to the shap
of the spectra, the XANES minimizations are more sensit
to the low-energy region, which is dominated by a stro
resonance after the rising edge. At the same time in this

-

FIG. 3. Comparison between the XANES experimental sp
trum ~dotted lines! of the Zn21 aqueous solution and best-fit theo
retical curve~solid lines! calculated with a different choice of th
Zn MT radius ~upper panel! and with the Xa potential ~lower
panel!.
9-4
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COMBINED XANES AND EXAFS ANALYSIS OF Co21 . . . PHYSICAL REVIEW B 66, 064209 ~2002!
of the spectrum the real part of the HL potential is essenti
energy independent, resembling the behavior of theXa po-
tential. It is well known that use of theXa potential results in
a compressed energy scale spectrum as compared to th
perimental data2,26 and a shortening of the first shell dis
tances is necessary to realign the theoretical energy sca
the experimental one. Therefore, the systematic shortenin
the coordination distance obtained from theMXAN minimi-
zations is most probably due to the low-energy behavior
the real part of the HL potential.

In order to verify this hypothesis we have carried ou
fitting procedure using an arctangent weight function and
details on this method can be found in Ref. 3. In this way
is possible to weight more the high-energy region of
absorption spectrum, which is less affected by inaccura
of the theory. The results of this analysis are shown in Fig
for the Ni21 aqueous solution. In the upper panel of th
figure we report the comparison between the best-fit cu
with no statistical weight and the experimental data. N
that the agreement between the two spectra is not perfe
the minimum-energy region around 90 eV. The lower pa

FIG. 4. Comparison between the XANES experimental sp
trum ~dotted lines! of the Zn21 aqueous solution and two calcula
tions ~solid lines! performed with different Zn-O geometries.~a! A
regular octahedral geometry with a Zn-O distance of 2.16 Å
been used.~b! A Jahn-Teller distorted geometry with a Zn-O in
plane distance of 2.06 Å and an axial distance of 2.36 Å has b
considered.
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of Fig. 5 shows the results of the minimization perform
with the weight function. As expected, when a statistic
weight is used in the fitting procedure, the agreement
tween the calculated and experimental spectra improve
the high-energy part, while more evident discrepancies
be observed in the first minimum region at about 30 eV.
the same time a longer Ni-O first shell distance (2.
60.02 Å) has been obtained from the latter minimization
compared to the previous analysis. This finding further
forces the idea that the differences between the XANES
EXAFS structural determinations stem from the low-ener
behavior of the real part of the HL potential and the results
the two techniques get closer when the XANES analysis
carried out weighting more the high-energy region of t
spectrum.

To definitely prove this hypothesis we have carried ou
new EXAFS analysis of the Co21, Ni21, and Zn21 aqueous
solutions using theXa potential in the phase-shift calcula
tions. The minimizations have been performed using
same strategy described in Ref. 7. The results of these fit
procedures are shown in Fig. 6, where the total theoret
signals, including the ion-oxygen and ion-hydrogen fi
shell and the MS contributions, are compared with the E
AFS experimental spectra. In all cases the agreement

-

s

en

FIG. 5. Comparison between the XANES experimental sp
trum ~dotted lines! of the Ni21 aqueous solution and best-fit theo
retical curves~solid lines! obtained with no statistical weight~a!
and with statistical weight~b!.
9-5
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tween the experimental and theoretical signals in thek region
below 3 Å21 is not as good as that obtained with the H
potential ~see Fig. 2 of Ref. 7!. The ion-oxygen first shell
distances determined from the minimizations are 2.0
60.006, 2.05060.006, and 2.06060.005 Å, for Co21,
Ni21, and Zn21, respectively, while all the other structura
and nonstructural parameters were found equal to those
tained using the HL potential~see Table 3 of Ref. 7!. It is
noticeable that the use of theXa potential in the EXAFS
calculation leads to the same structural parameters, wi
the error bar, obtained by theMXAN method.

A last remark we would like to make concerns the effe
of the inclusion of the hydrogen atoms in the XANES inve
tigation. In a previousMXAN analysis of a Ni21 aqueous
solution the hydrogen atoms were not included in the cal
lations and the Ni-O first shell distance obtained was 2
60.04 Å with aGc value of about 2.6 eV.3 Note that the
exclusion of the hydrogen atoms affects both the ion-oxyg
distance and the width of the calculated shape resonance

FIG. 6. Comparisons between the EXAFS experimental spe
~dotted lines! of Co21, Ni21, and Zn21 in water solutions and
theoretical signals~solid lines! calculated with theXa potential.
s

M

s
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the contrary it has been shown that even if the hydro
atoms provide a detectable contribution to the EXAFS sp
tra of 3d metal ions in aqueous solution, their exclusion d
not significantly affect the accuracy of the ion-oxygen fi
shell structural parameters.7 From these results it is clear th
the XANES technique is very sensitive to the presence of
hydrogen atoms and their inclusion is essential to perfor
reliable determination of the structural parameters.

IV. CONCLUSIONS

The development of theMXAN code now makes possible
general treatment of XAS, encompassing both EXAFS
XANES. A quantitative analysis based on the fitting pro
dure of the whole XAS spectra, including the threshold
gion, has been carried out for Co21, Ni21, and Zn21 ions in
water solution. Comparison of the ion-water first shell str
tural results allowed the accuracy of theMXAN method to be
assessed. TheMXAN method has been proven to provide
liable structural results confirming the validity of the app
cation of the full MS scheme in the framework of the M
approximation, in the case of 3d metal ions in aqueous so
lutions. A systematic shortening of the ion-oxygen dista
obtained from the XANES data analysis has been obser
as compared to the EXAFS determination. The origin of t
effect has been deeply investigated and it has been foun
be due to the low-energy behavior of the real part of the
potential. The hydrogen atoms have been accounted fo
the MXAN analysis and their inclusion has been found to
essential to perform a reliable determination of the i
oxygen first shell parameters. The results of the presen
vestigation represent a step forward in understanding the
that the XANES technique can play in providing quantitat
structural information on chemical systems.
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