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High-resolution Kb spectra of Cr oxide were measured using a non-conventional spectrometer.

Theoretical spectra were obtained using the DV-Xa method in order to interpret the Kb spectrum

structures. Kb spectrum structures were analyzed and spectral parameters show a great sensitivity to

the oxidation state and to the Cr–O distance. High-purity samples of CrO2 were obtained by means of

thermal treatment at 513 1C under oxygen pressure of 200 bar. X-ray diffraction patterns show a typical

rutile structure, without spurious phases. The CrO2 data allowed to confirm the linear dependency of

the Kb1,3 and Kb2,5 energy positions with the oxidation state. The energy of the Kb2,5 line relative to the

Kb1,3 line seems to be a suitable parameter for characterization of the oxidation state. The relative Kb00

transition probability per Cr–O falls exponentially with Cr–O increasing distance. This behaviour was

not found in the literature for Cr oxides.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Chromium occurs in two common oxidation states in nature,
found as ions Cr3 + and Cr6 +. The Cr6 + is toxic to most organisms,
carcinogenic in animals, and causes irritation and corrosion of the
human skins. It is highly soluble in water and forms the mono-
and divalent oxyanions, chromate (CrO4

2�) and dichromate
(Cr2O7

2�), respectively, depending on its concentration and pH.
Due to the fact that it is only weakly sorbed onto inorganic
surfaces, Cr6 + is mobile in nature. On the other hand, Cr3 + is
readily precipitated or sorbed on a variety of inorganic and
organic substrates at neutral or alkaline pH. Cr6 + is about one
hundred times more toxic than Cr3 +.

Cr4 + ion is less common than the others and has been the focus
of interest during the last few years since CrO2 was found to be a
half-metallic ferromagnet [1,2]. It has been used in random access
memories for computers, speed sensors, read sensors for magnetic
disc drives and magneto-optical recording, among other applica-
tions [3,4]. Recently, their magnetorresistance has been well
established [5] and has made it one of the most promising
candidates in the development of a new generation of spintronic
devices [6,7]. However, there are some limitations related to its
ll rights reserved.
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synthesis and purity degree, obtained using conventional meth-
ods, along with its metastable character. This causes difficulties
for technological uses. Furthermore, ternary oxides containing
Cr4 + have interesting properties from an electronic and magnetic
point of view [8,9]. Some other compounds with A2CrO4 and
A3CrO5 stoichiometries (where A=Sr, Ba) have been synthesized
and they show interesting magnetic properties, although the role
of Cr4 + has not been yet established with certainty [10].

The chemical effects on X-ray emission spectroscopy (XES)
have been known for many years, and they have been often used
as a probe of chemical bonding [11]. The use of XES to determine
the valence states of first-row transition elements is based on
measurements of X-ray energy shifts, satellite lines, variation of
line shapes and relative intensities. The energy centroids and line
shapes vary not only with oxidation state but also with chemical
bonding for the same oxidation state. The electronic transitions
from the molecular orbitals (with electronic populations of
incomplete shell of Cr and O) to a core-level are suitable
candidates for chemically sensitive fluorescence lines, since the
character of the molecular orbitals changes markedly between
different chemical species, and its influence can be clearly
observed in the structure of the emission spectrum. The energy
Kb0 line relative to the Kb1,3 line has been found to shift by o0.1
to �2 eV for V, Cr, Mn, and Fe, depending on the oxidation state,
coordination number, and bonding species [12–19]. However,
changes are so subtle that oxidation state cannot be simply
determined by XES at the resolution obtainable with conventional
wavelength-dispersive detectors, with an energy resolution
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around 20 eV. These measurements require high-precision in-
tensity scans using high-resolution wavelength spectrometers
[20,21] in order to detect the spectral parameters changes due to
the chemical environment.

The study of the spectroscopic features of Cr4 +, along with
research conducted on Cr3 + and Cr6 +, is very interesting for
technological application, since a complete characterization of
these ions would allow to characterize the chemical environment
of Cr ions, including the oxidation state, ligand type and bond
length, in multiple binary and ternary compounds, as well as the
study of the stability of Cr4 + in different structures. This is
possible due to the dependency of the spectrum of Cr-Kb with its
chemical environment.

In this work we describe the synthesis of CrO2 and the
interpretation of the emission spectrum of Cr-Kb, comparing
it with the spectra already established for metallic Cr and the
oxides of Cr3 + and Cr6 +. High-resolution Kb emission spectra of
chromium oxides were measured using a non-conventional
spectrometer [21] with a conventional X-ray tube. The experi-
mental data were analyzed in order to characterize the depen-
dence of energy lines and intensities with oxidation state, and also
were interpreted in terms of molecular orbital theory with DV-Xa
calculations [22]. The measured Kb emission data for Cr4 + was
useful to show their behaviour related to the other chromium
oxides and to elucidate some discrepancies concerning the
spectral parameters among different experimental works.
2. Sample preparation

The Cr, Cr2O3, CrO3 samples used were commercial powders of
high purity, 99.9%, 99.5% and 99.998%, respectively, supplied by
Strem Chemicals Inc.

2.1. Synthesis of CrO2

The CrO2 sample was synthesized as a polycrystalline powder
by thermal decomposition of powdered CrO3 in a capsule of Au
foil, under O2 pressure of 200 bar. Temperature was kept at 513 1C
for 10 h; heating and cooling rates were 3 1C min�1. As noted by
other authors, CrO2 has a very narrow stability field. Martinez
et al. [23] synthesized Cr1�xMnxO2 at 525 1C, the ideal synthesis
temperature. In this work, under an O2 pressure of 200 bar, and at
the usual temperatures, �12 1C above 513 1C, small amounts of
Cr2O3 were detected. In the same way, CrO3 and Cr2O5 (among
other chromium oxides with mixed oxidation states) were formed
at 500 1C. The temperature difference respect to that observed by
Martinez et al. [23] might be due to the present of Mn in their
system, where the thermal stability of doped Cr4 + oxide was
apparently enhanced.

2.2. Sample structure refinement

The identity and purity of the synthesis product was checked
by performing Rietveld analyses of the powder X-ray diffraction
(PXRD) pattern taken with a conventional PANalytical X�PERT Pro
diffractometer, using Cu-Ka radiation obtained at 40 kV and
40 mA. The pattern was measured between 101 and 1201 (2y),
with step of 0.021 (2y) and counting time of 5 s/step. The Rietveld
analyses were performed with FullProf [24] using a pseudo-Voigt
function for peak-shape modeling. Background was fitted with a
six-degree polynomial function and the starting structural model
was that proposed by Burdett et al. [25]. Refined values, including
unit-cell parameters, atomic displacement parameters, atomic
positions and profile parameters, results are listed in Table 1.
3. Kb emission spectrum

3.1. Theoretical calculations

Theoretical calculations were performed using the Discrete
Variational Xa (DV-Xa) MO method [26]. It is assumed that the
single electron wave function for a molecular orbital can be
considered as a linear combination of atomic orbitals (AO) of
isolated atoms. The linear combination coefficients are deter-
mined variationally where all the integrations are calculated
using the DV method [27]. The DV-Xa method presents some
advantages over other theoretical methods for calculations of
electronic transition probabilities in molecules [28]. The most
important fact is that it allows calculating the multi-center
integral easily. As a result, the dipole matrix element included in
the X-ray emission probability in the dipolar approximation can
be rigorously calculated using MO wave functions numerically
obtained from DV-Xa cluster calculations. The validity of this
integration method has been tested by calculating the X-ray
emission rates [29]. In addition, it is possible to include in the
DV-Xa method the relaxation effect using the Slater’s ‘‘transition
state’’ (TS) concept [30].

To perform the theoretical calculations, it is essential to know
the molecular symmetry, the bond length between Cr–O and the
angles of O–Cr–O bonds. These data were obtained by Rietveld
profile refinement of measured X-ray diffraction patterns of
metallic Cr and chromium oxides. Table 1 lists the values of the
structural parameters only for the CrO2 synthesized, with the
averages bond distances, since the clusters are not perfectly
symmetrical.

In this work theoretical calculations of the Kb emission spectra
were performed including the TS concept, using the octahedral
clusters (Oh) CrO6

9� and CrO6
8� for the Cr3 + and Cr4 +, respectively,

and tetrahedral cluster (Td) CrO4
2� for Cr6 +. As explained above,

these different clusters present some symmetry distortions which
were taken into account in the calculations. On the other hand, in
order to simplify the MO nomenclature, designation correspond-
ing to symmetric clusters was used. These results were applied to
identify the transition origin in terms of MO theory and to
calculate the atomic orbital contributions to the MO as well as
relative transition rates and relative energies.
3.2. Experimental measurements

Different oxidation states of Cr in chromium oxides were
studied by means of high-resolution Kb emission spectroscopy.
Spectra were obtained with a non-conventional spectrometer,
based on quasi-back-diffraction geometry. This spectrometer is
similar to one installed at National Synchrotron Light Laborator-
y—LNLS (Campinas, Brazil) [21], which was previously used to
measure high-resolution Kb spectra of Cr and P compounds
[20,31]. It is based on a spherically focusing Si(1 1 1) crystal
analyser operated at nearly back-diffraction geometry in order to
achieve high energy resolution. The diameter of the Rowland
circle corresponds to the curvature radius of the analyser of
(41572) mm. The large effective area of the analyser allows it to
collect scattered radiation in a solid angle up to 10 msr. The Bragg
angle corresponding to the Cr-Kb1,3 line is 85.861 for the Si(3 3 3)
reflection.

The whole spectrometer (sample holder, analyser and detec-
tor) is mounted on an adapted Philips horizontal goniometer
PW1380 which is driven by a stepping motor with angular step of
9 arcsec. The spectrometer is enclosed in an evacuated chamber,
in order to avoid X-ray attenuation and scattering from air. The
measurements were performed at conventional 45–451 geometry.
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Table 1
Structural parameters, bond distances, angles and agreement indices, refined by Rietveld analyses of PXRD data of CrO2 sample.

Site/atom Biso Atomic coordinates Cr–O distances [Å] O–Cr–O angles (1)

2a Cr 0.341(7) 0 0 0 4�1.879(5) 3�89.7(1)

4f O 2.61(3) 0.5230(5) 0.1648(8) 0 2�1.939(6) 3�90.3(1)

S.G.: P42/mnm,Cell parameters [Å]: a=b=4.4185(3), c=2.9149(2).

Rwp=12.9�RBragg=4.4�w2=2.1

Fig. 1. X-ray powder diffraction pattern of CrO2. (J): Experimental data. (—):

calculated profile by the Rietveld refinement, and their difference at the bottom.

The vertical lines correspond to the positions of Bragg reflections.

Fig. 2. Cr-Kb emission spectrum of CrO3. (—): Experimental data. Vertical lines

show theoretical emission lines predicted by the DV-Xa method using the Slater’s

transition state. These lines have been shifted to match the energy of the main

peak. The corresponding MOs involved in the transitions are indicated for each

line.
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The whole spectrum from a cobalt-target X-ray conventional tube,
operated at 35 mA and 40 kV, was used as irradiation source with
a fluence of around �1011 (photons/seg/mm2/0.5 keV(BW)/mA).

The high-resolution Kb emission spectra were recorded by
scanning, in steps of about 0.35 eV around the main line, the
analyser and the detector synchronously. With a spot size of
7 mm2, the measured counting rate at the Kb1,3 line was of around
450 counts s�1, and the signal-to-background ratio was better
than 35. The resolution of this spectrometer was determined to be
3.3 eV for the Cr-Kb1,3 line (for calculation details see Ref. [21]),
and the energy scale was calibrated using the value of the Kb1,3

line of Cr0 given by Bearden [32] (EKb1,3=5946.71 eV). To
calculate the spectral parameter, the spectra were first normal-
ized to a constant value for the maximum of Kb1,3 line. In the Kb00

and Kb2,5 region, the background was removed using a lineal
function, instead of a more sophisticated fitting curve. Then Voigt
functions were fitting in order to reproduce the peaks features.
The experimental errors of the studied spectral parameters were
determined from the fitting errors.
4. Results and discussion

The synthesized phase of CrO2 is isostructural with rutile, and
no impurities were apparent within the detection limits of the
diffraction technique (Fig. 1). The structural parameters obtained,
were compared with results of other authors [25,33] and show a
good agreement. Values of the refined parameters, as well as bond
distances and angles, are listed in Table 1. It can be note that the
CrO6

8� is not perfectly octahedral. The distortion of the oxygen
coordination octahedral leads to a splitting of the t2g level (Jahn–
Teller distortion), but this splitting was not visible in Kb emission
spectra since the 3d orbital does not measure directly.

The main Kb lines originate in the 3p-1s transition of the
central metallic atom. For Cr-compounds, with 3d unpaired
electrons, the Kb emission is split into a doublet composed of
the main Kb1,3 line and a less intense, low-energy Kb0 satellite,
whose origin is the 3p3d exchange coupling. At energies higher
than that of Kb1,3 line, two structures of lines Kb00 and Kb2,5

appear. This spectrum is shown in Fig. 2 for CrO3 oxide and most
of its features can be interpreted by the MO theory, with the
exception of the Kb0 satellite line which is due to the 3p3d

exchange coupling [34,35]. For clusters with Td (Oh) symmetry,
the main Kb1,3 line originates in the 3t2-1a1 (3t1u-1a1)
transition which is equivalent to the 3p-1s transition of the
central metallic atom. The Kb00 line corresponds to the 4t2-1a1

(4t1u-1a1) transition. From the theoretical orbital populations
shown in Table 2, it can be observed that in 4t2 and the 4t1u

orbitals are mainly populated by oxygen 2s electrons. The Kb2,5

band originates from transitions between the valence band and 1s

metallic orbital. The valence bands of the chromium compounds
are composed of the 1e, 6a1, 5t2, 6t2 and 1t1 molecular orbitals for
tetrahedrally coordinated chromium, while for octahedrally
coordinated chromium are composed by 6a1g, 1t2g, 3eg, 5t1u,
6t1u, 1t1g and 2t2g molecular orbitals. Neglecting quadrupolar
transitions, the 6t2-1a1 (5t1u-1a1) transition and the less
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Table 2
Atomic orbital contributions to the molecular orbitals of the octahedral clusters

(Oh) CrO6
8� for the Cr4 +, and tetrahedral cluster (Td) CrO4

2� for Cr6 +.

Compounds MO AO orbital population (%)

Cr-3p Cr-4p Cr-3d O-2s O-2p

CrO2 3t1u 96.4 2.5 0.7 0.4

4t1u 1.7 �0.3 98.0 0.6

5t1u 2.0 �1.1 0.0 99.1

6t1u 0.4 �0.5 0.5 99.6

CrO3 3t2 97.9 0.1 0.0 1.0 1.0

4t2 1.1 1.5 3.2 93.7 0.5

5t2 0.1 �0.2 33.6 2.5 64.0

6t2 0.5 5.4 0.1 0.5 93.5

Fig. 3. Satellite lines of the Cr-Kb emission spectra for Cr0 and the studied oxides.

The measurement was obtained with a high-resolution spectrometer [21], using

an X-ray conventional tube. The Kb00 and Kb2,5 lines are indicated.
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intense 5t2-1a1 (6t1u-1a1) transition are the most important
contributions to the Kb2,5 peak for tetrahedral (octahedral)
coordination. In these molecular orbitals, the atomic orbital
contributions are mainly of oxygen-2p and metal-3d for Td

symmetry. For Oh symmetry the only contribution is from
oxygen-2p (see Table 2). These observed features for octahedral
symmetry with the experimental spectrum of CrO3 oxide are
shown in Fig. 2. Koster and Mendel [36] proposed that the Kb2,5

peak have contributions of transitions from metal-3d to metal-1s

only when there are 3d electrons not used in bond formation. This
observation do not agree with the present MO calculations and do
not show a dependence on the molecular symmetry (see Table 2),
but agree with results of Tsutsumi et al. [34]. These MO
contributions to Kb emission lines also agree with the results of
Suzuki et al. [37] and Lenglet et al. [38] who used the DV-Xa and
MS-Xa methods [39], respectively, to calculate and interpret the
experimental X-ray emission spectra. Therefore, the Kb2,5 features
are influence by the coordination symmetry in Cr oxide, as shown
in Table 2. An analysis of its intensity is complicated [40], but Eba
and Sakurai [41] establish a dependency with the coordination
number.

The Kb00 line is originated from transitions of molecular orbital,
with mainly contribution of ligand-2s, to the atomic orbital 1s of
the central atom. Thus, its energy has information about the type
of atom that is bound to the emitting atom, whereas its intensity
is related to the number of ligand atoms and the distance between
them and the emitting atom [42]. This transition could be
considered as an interatomic transition between the ligand and
the principal atom. On the other hand, the Kb2,5 band is formed by
transitions filling the metal-1s vacancy from molecular orbitals
with metal-3d and/or metal-4p character along with ligand-2p or
ligand-3p character. Then, the Kb2,5 band involves a valence-to-
core transitions which are chemically sensitive and can be used to
determine the oxidation state [40]. Satellite lines of the Cr-Kb
emission spectra for Cr0 and the studied oxides are shown in Fig. 3.

The Kb1,3 peak position shift to lower energy with increasing
oxidation state was observed by several authors [20,36,38,42,43].
According to Tyson et al. [44], an increase in the oxidation state
should lead to a lowering of the 3p–1s transition energy; because
the 3d electron charge localized around the metal decreases and
the core electrons become weaker screened. Thus, both the initial
3p and final 1s states shift to higher binding energies, being larger
the 3p shift. If the bond character and coordination remain
approximately the same, the Kb1,3 shift could be expected to
behave linearly, as pointed by Koster and Mendel [36]. In a recent
work, Glatzel and Bergmann [13] show that the shift of the Kb1,3

line is not caused by a change in nuclear screening between
different oxidation states. The short-range of the (3p, 3d)
exchange interaction makes the Kb1,3 peak position dependent
on the exchange interaction between the 3p hole and the
unpaired spin in the valence shell the K fluorescence line only
sensitive to the electron density localized on the metal ion, i.e.,
the effective number of unpaired 3d electrons, related with the
oxidation state. A linear dependency between the Kb1,3 peak
position and oxidation state is clearly observed in Fig. 4a for the
experimental data obtained in this work and by other authors
[20,36,38,42,43]. The Kb1,3 line shifts to lower energy by
��0.65 eV per increment of unit oxidation state, in agreement
with results of these authors. It is worth noting that the value of
Torres Deluigi et al. [20] for Cr6 + was measured for the K2CrO4

compound. This compound was also measured in this work in
order to compare with the CrO3 oxide, giving an indistinguishable
value for this spectral parameter. Torres Deluigi et al. [20] pointed
some discrepancies with the result of Gamblin and Urch [42],
when trying to include the Cr0 in the linear behaviour as a
function of oxidation state, comparing an ionic and metallic solid.
However, all the values from different authors [20,36,38,42,43]
showed, with a noticeable dispersion, the correct tendency.

The measured values of the Kb2,5 energy position are shown in
Fig. 4b with those reported by other authors. A shift to higher
energy with increasing oxidation state, �1 eV per increment of
unit oxidation state can be observed. A good agreement with the
values of Koster and Mendel [36] and a reasonable dispersion
from Ihara�s data [43] could be observed in Fig. 4b. A direct
comparison with data of Torres Deluigi et al. [20] should be made
carefully since the value corresponding to Cr6 + was measured in
K2CrO4 compound, and it could be shifted up to 2 eV depending
on the chemical environment with the same oxidation state [20].
In this work, the Kb2,5 energy positions for CrO3 and K2CrO4 differ
only in 0.54 eV. Despite the spreading, the satellite line energy
shows a similar behaviour to that of Mn-compounds [36,40].

Few authors present experimental data concerning to the
features of the Kb emission spectrum of Cr in CrO2. Lenglet et al.
[38] measured the Cr-Kb emission spectrum in chromium oxide
(Cr3 +, Cr4 + and Cr6 +) with a sequential spectrometer using a
molybdenum anode X-ray tube, and in order to obtain good
resolution, first-order diffraction from a topaz crystal was used.
However, the authors present few result referring to spectral
parameters (energy position and intensity) of the main and
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Fig. 4. Energy shift for the Kb1,3 main line (a) and the Kb2,5 satellite line (b) as a

function of the oxidation number. The present data are compared with result of

other authors. The dashed line is a linear fit to present data. The data of Torres

Deluigi et al. [20] for Cr6 + correspond to K2CrO4.

Fig. 5. Energy of the Cr-Kb2,5 line relative to the main line Kb1,3, as a function of

the oxidation number for experimental data. Theoretical calculations are also

shown. The dashed line represents a linear fit. Values for Cr6 + obtained by Torres

Deluigui et al. [20] correspond to K2CrO4.
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satellites lines. For the CrO2 oxide, only the energy positions,
relative to Cr0, of Kb1,3 and Kb2,5 lines were shown. The data
obtained in this work for Cr4 + confirm the linear dependency of
the Kb1,3 and Kb2,5 energy positions with the oxidation states, this
trend could not be confirmed with results reported in a previous
work [20]. In case of Mn-compounds, which can have more
oxidation states, this linear dependency was already observed by
some authors [36,40].

The Kb2,5 line shifts due to the change of oxidation state is
higher than for the main line Kb1,3, and its intensity is much lower
(20–30 times), having some structure also depending on the
coordination number [41]. Both lines can be used for valence and
coordination characterization. Nevertheless, a more sensitive
parameter to the oxidation state characterization is the Kb2,5

energy line relative to the energy Kb1,3 line (DE-Kb2,5), showing a
shift of �1.7 eV per increment of unit oxidation number,
compared to a shift of �1 eV for the energy Kb2,5 line, a 70%
greater than for the Kb2,5 line shift. This feature can be observed in
Fig. 5 with a good agreement among different data and a linear
dependency with little dispersion is clearly visible. According to
Bearden [32], the energy difference between the Kb2,5 and Kb1,3

lines is 39.8 eV for Cr0, which is very close to the value measured
in the present work: (39.570.3) eV. Another advantage of using
the DE-Kb2,5 parameter is the lack of sensibilities to the energy
calibration without requiring an accurate reference. That is the
reason because in Fig. 5 are also presented the theoretical data,
showing the same increasing tendency, although with different
slope. It is well established the limitation of the DV-Xa method to
precisely calculation of emissions lines energies [45]. Theoretical
lines have been shifted 33 eV in order to match the energy of the
main peak, as shown in Fig. 1, but the errors of the calculated
relative energy are considerably smaller (see Fig. 5) and may
become within of �3 eV [28,31].

Assuming that the integrated intensity per Cr of the main Kb
region is chemically invariant [40], the relative Kb00 transition
probability per Cr–O can be calculated normalizing the intensities
of the Kb00 line by the integrated intensity of the main Kb region
(5935–5963 eV) and by the number of oxygen ligands per Cr. This
transition probability falls exponentially as a function of the Cr–O
bonding length. The same behaviour was found in Mn-com-
pounds [40]. From theoretical calculation, the Kb00 intensity
derives primarily from the metal-p character of the initial state
wave function [46]. Mukoyama et al. [47] have used Xa
calculations to quantitatively estimate crossover intensities,
suggesting that most of the strength of the transitions comes
from the metal character of the orbitals. In perturbation theory
the orbital population of metal-p and O-2s mixing will depend on
the overlap between these wave functions, which have exponen-
tial tails. Therefore, the observed correlation between Kb00

intensity and bond length should vary exponentially with
distance [40]. Furthermore, there is a strong dependence of Kb00

intensity with metal–ligand distance. Theoretical results and the
experimental data are shown in Fig. 6, where the exponential
decay with Cr–O distance can be clearly observed, with a very
good agreement. From Fig. 6 it appears that the relative Kb00

transition probability could be used to evaluate Cr–O distances to
within �0.1 Å for no sophisticated complexes, considering the
error bars and values dispersion, as viewed in the graph. This
statement was also found by Bergmann et al. [40] for Mn-
compounds. From the value of K2CrO4 compound, it can also be
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Fig. 6. Measured (K) and calculated (J) relative Kb00 transition probability as a

function of Cr–O distance, for metallic Cr and chromium compounds. Values

obtained by Torres Deluigui et al. [20] are also shown. To represent this transition

probability, Kb00 intensities were normalized by the integrated intensity of the

main Kb region and further by the number of O-ligands per Cr. The dashed lines

are least-squares fits using exponential type distance dependence.
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noticed the great sensitivity to the presence of cation to modify
the Cr–O bonding length. On the contrary, for each of the spectral
parameters obtained, shown in Figs. 4 and 5, data for K2CrO4 and
CrO3 are within the corresponding experimental errors, making
them indistinguishable.
5. Conclusion

High-purity and polycrystalline samples of CrO2 were obtained
by thermal treatment of CrO3 powder, packing in a gold capsule,
at 513 1C in 200 bar of oxygen pressure. The X-ray diffraction
pattern showed a typical rutile structure, were corner-sharing
CrO6 octahedral clusters are not symmetrical.

High-resolution Kb spectra of Cr oxides with a Cr in different
oxidation states were measured using a non-conventional
spectrometer with an X-ray conventional tube as a radiation
source. Spectral parameters from these spectra, such as relative
energy and normalized intensity, show a great sensitivity to the
oxidation state of Cr and to the Cr–O distance. Theoretical
parameters were calculated using the DV-Xa method. The
calculated spectra obtained using all the cluster information, i.e.,
the Cr–O bond length and the angles between O–Cr–O bonds, are
consistent with the experimental ones. The results provided by
the DV-Xa calculation method allow the identification of the MO
involved in the electronic transitions and the analysis of origin of
changes related to the chemical environment.

Energy positions of the Kb1,3 and Kb2,5 lines show the expected
tendency, in agreement with the results of other authors and with
present theoretical calculations for DE-Kb2,5, the relative energy
Kb2,5 to the main line Kb1,3. The Kb1,3 shifts towards lower energy
with an increase the oxidation states, and the Kb2,5 shifts are in
the opposite way. Therefore, the DE-Kb2,5 as a function of
oxidation number seems to be a suitable parameter for char-
acterization of the Cr oxidation state of compounds.

The relative Kb00 transition probability per Cr–O, theoretical
and experimentally calculated, falls exponentially as a function of
the Cr–O bonding length. This behaviour has been found for Mn
[40], but it has not been yet reported for Cr oxides and
compounds. This spectral parameter could be used to evaluate
Cr–O distances to within �0.1 Å, with great sensitivity for the
presence of a cation.

The Cr4 + experimental data are useful to dispose of the
discrepancies concerning the spectral parameter between differ-
ent experimental works, related to linear tendency and values of
Kb1,3 and Kb2,5 lines shift [20,36,38,42,43] and the relative
intensity of the Kb2,5 [20,36,43] that exist between different
experimental works. There are few experimental data for CrO2

referred to the features of Kb emission spectra. In this work, all
the relevant spectral parameters were obtained from high-
resolution Kb emission spectra and it was possible to confirm
the linear dependency of the Kb1,3 and Kb2,5 energy positions with
the oxidation state.
Acknowledgements

Financial supports from the Consejo Nacional de Investiga-
ciones Cientı́ficas y Técnicas (CONICET), from the Agencia
Nacional de Promoción Cientı́fica y Tecnológica (ANPCYT) and
from the Secretarı́a de Ciencia y Técnica de la Universidad
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