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KB x-ray spectra of metallic vanadium and its compounds (V,03, VO,, V,05, VC, VN, VCl,, NH,VO;,
and VOSO,4 X 5H,0) induced in thick targets by 3 MeV proton beams were measured by using wavelength
dispersive (WD) x-ray spectrometer. In addition to the main K3, 5 x-ray line, “satellites” or second order
contributions like KB', KB”, KB", and K3, 5 were clearly resolved. Intensities and positions of these lines
relative to the Kf3; ;3 x-ray line have been extracted by fitting the spectra and corrected for x-ray sample
self-absorption. The influence of the oxidation states and vanadium-ligand bond distances in studied com-
pounds on relative intensities and positions of KB", KB, s, and (KB"+Kf3,5) x-ray lines (relative to K3 3
+Kp') has been studied and discussed. The obtained results indicate that the strength of the KB” and K3, 5
transition probability per vanadium-ligand pair decreases exponentially with increasing vanadium-ligand dis-
tance, in agreement with the observation reported by Bergman et al. for KB” relative intensity in a number of
Mn oxide compounds [U. Bergmann, C. R. Horne, T. J. Collins, J. M. Workman, and S. P. Cramer, Chem.

Phys. Letters 302, 119 (1999)].
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I. INTRODUCTION

Accurate knowledge of I(KB)/I(K«) x-ray intensity ratios
is of prime importance in applied and basic research, includ-
ing elemental analysis by x-ray emission techniques and for
studying physical processes in plasmas. Recently it has been
proposed to use the I(KB)/I(Ka) x-ray intensity ratios as a
promising sensitive tool for studying quantitatively the
changes of the valence electronic configurations of 3d tran-
sition metals in various compounds and alloys [1-7], based
on the well known fact that the I(KB)/I(Ka) x-ray intensity
ratios in 3d elements depend on the chemical environment
and the excitation mode.

The available literature contains a large volume of experi-
mental data on the I(KB)/I(Ka) x-ray intensity ratios in
x-ray spectra emitted as a result of inner-shell ionization.
Systematic discrepancy between experimental data and the-
oretical predictions for deexcitation of a single K vacancy in
a neutral atom [8] has been observed in the atomic number
region between Z=21 and Z=32, i.e., for transition metals
where the 3d subshell is filling [9]. Various atomic models to
obtain realistic wave functions and theoretical calculations
for x-ray emission rates, and in the case of molecules and
solids molecular orbital methods for electronic structures and
molecular wave functions, have been recently reviewed by
Mukoyama [10]. Most experimental studies on the chemical
effect and the excitation mode dependence of I(KB)/I(Ka)
x-ray intensity ratios were performed with solid-state detec-
tors (SSD). Owing to the poor energy resolution of SSD, the
fine structures in Ko and K lines cannot be resolved. This
influences the reliability of most experimental data obtained

* Author to whom correspondence should be addressed.

1050-2947/2006/74(6)/062501(12)

062501-1

PACS number(s): 33.20.Rm, 36.20.Kd, 78.70.En, 82.80.Ej

by these detectors. In addition, most of the experimental data
have been obtained by very rough methods of data analysis
[9].

It is expected that Ka spectra are not so sensitive to
chemical effects since they are emitted through transition
between inner shells. More pronounced chemical bond ef-
fects are expected to result from the K3 band, especially in
the features that are connected to valence electrons. When
measured with wavelength dispersive (WD) spectrometers,
the structure of the KB region shows one prominent x-ray
line (K3, 3) and several satellite lines or second order con-
tributions. The literature contains a copious volume of ex-
perimental data on the fine structure of the K3 spectral re-
gion obtained by using the WD detector systems. Spectra of
3d elements and their compounds measured with such detec-
tors may resolve the K3 spectral region to a number of com-
ponents. In addition to the most intensive K3, ; x-ray line,
satellites such as KMM and KB’ at the low energy side of
the KB, 5, and KB", K3, 5 and K3" at the high energy side of
the K3, 3, may be seen. Here KMM stands for radiatiave K
— MM Auger transition, which is observed as a long tail
with a maximum at about 100 eV below the K, ; peak
[11,12]. An explanation for KB’, located about 10—15 eV
below the K3 3, is offered in terms of the electron interac-
tion between the partially filled 3p and 3d subshells of the
configuration representing the final state of the transition
[13,14]. KB" represents the x-ray line that arise from the
simultaneous creation of a K- and L-shell vacancy by incom-
ing radiation, and in case of vanadium is located about
50-70 eV above the KB, ; x-ray line [15]. KB" and Kp3, s
x-ray lines correspond to transitions from molecular orbitals
(MO) to the 1s metal orbital, and for 3d elements and their
compounds they are located in between K, 5 and KB" x-ray
lines [16,17]. These transitions are obvious candidates for
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FIG. 1. Fitted V,05 spectrum with indicated peak positions.

chemically sensitive x-ray emission spectrometry, since the
character of the valence orbitals changes the most between
different chemical species.

Many experimental data related to the investigation of
chemical effects on the K3 x-ray band exist for 3d transition
metals and their compounds. A broad understanding of the
processes involved in generating KB structures is handi-
capped by the fragmentary nature of existing publications,
and difficulties when one has to compare experimental re-
sults obtained by a wide variety of experimental analysis
procedures and interpretations.

Recently Gamblin and Urch [18] and Peng et al. [19]
made systematic analysis of chemical effects related to K3’
-K 3, 3 x-ray region in transition metal compounds. Gamblin
and Urch [18] noted that x-ray emission spectroscopy based
on the analysis of KB’ and Kf;; X-ray intensity ratios is
ideally suited for investigating Cr and Mn compounds, while
for lighter and heavier metals this method is not useful due to
experimental difficulties (lighter elements) or unclear trends
of intensity ratios versus oxidation states (heavier elements).
Critical review of a possibility to use x-ray emission spec-
troscopy by using electron beam instruments to determine
the valence states of first-row transition elements was re-
cently published by Armstrong [20]. Sakurai and Eba re-
ported about the use of relative intensities of manganese K3’
and K3, 5 x-ray lines for chemical speciation [21] and deter-
mination of site occupancy of cations in spinel-type manga-
nese oxides [22].

Bergmann er al. [23] measured KB band high resolution
spectra of a number of Mn compounds, with a focus on
analysis of K" and K3, 5 x-ray lines. They concluded that
KB" and K3, 5 transitions may be a promising tool for struc-
tural characterization of transition-metal complexes. Inspired
by their work, here we decided to investigate chemical de-
pendence of the K band x-ray transition energies and inten-
sities of vanadium compounds, with the focus on relative
intensities and positions of KB” and Kf,5 x-ray lines. In
order to resolve K[ spectra into components, we made our
measurements by using WD spectrometer and analyzed mea-
sured spectra by using a least-squares fitting procedure.
Available quantitative data related to KB spectral band of
vanadium and its compounds are scarce and scattered in lit-
erature. Most quantitative data related to individual peak in-
tensities published in the existing literature are directly ex-
tracted data from measured spectra, i.e., summed channel
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FIG. 2. The plots of absorption coefficients in the energy range
between 5.46 to 5.485 keV for V metal and selected vanadium
compounds, estimated from the corresponding normalized XANES
spectra [35,37] and XCOM [31] results before and after the absorp-
tion edge.

contents or even only centroid peak heights have been re-
ported. Since weak K" and K3, 5 x-ray lines are positioned
on the high energy shoulder of much stronger K3, ; peak,
reliability of such data is questionable. Another difficulty is
related to the fact that almost all published data found in the
available literature were obtained by using thick targets.
Various attempts have been applied in the past in order to
estimate the influence of x-ray self-absorption within targets
to relative peak intensities. Since we also made our measure-
ments on thick targets, we investigated both influences of the
target self-attenuation correction and chemical effects to
measured x-ray intensities. In order to estimate the influence
of target self-attenuation we have used published data from
the available literature on the near-K-edge absorption fea-
tures for vanadium and its selected compounds, obtained by
measurements on synchrotron x-ray sources.

II. EXPERIMENTAL AND DATA ANALYSIS

Measurements were performed at the Rudjer BoSkovi¢
EN Tandem VDG Accelerator with 3 MeV proton beam.
Beam currents of about 20 nA were applied. Simple experi-
mental setup was used with samples positioned in a vacuum
scattering chamber. X-rays from a sample exit from the
vacuum chamber through 50 wm thin kapton foil into the
high resolution spectrometer positioned at the 90° angle in
respect to the beam direction. X-ray spectrometer is enclosed
in helium atmosphere and consists of a LiF(110) flat analyz-
ing crystal and a position sensitive proportional counter
(PSPC). Details of the experimental setup may be found
elsewhere [24,25]. Beam to target normal and detector to
target normal of 45° were used. On the way from the sample
to the PSPC, x-rays pass through the above mentioned kap-
ton foil and follow a 30 cm long path to the analyzing crystal
and another 30 cm to the PSPC through the helium at the
atmospheric pressure, before entering into the counter
through the 6.5 um thick aluminized Mylar foil. Electronic
signals from the detector were processed by the CAN-
BERRA 2020 amplifiers, CANBERRA 8075 ADC modules
and in house developed data acquisition and analysis system
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FIG. 3. Measured spectra of vanadium and its selected com-
pounds. All the spectra are aligned relative to the centroid energy
position of the K3 3 x-ray line.

SPECTOR [26]. The resolution of the detector system is
mainly defined by the width of the proton beam on a target.
With the effective slit width of 2 mm and the operating dis-
tance of 60 cm between the target and the PSPC detector, a
resolution of 5.3 eV (FWHM) has been achieved for the
K3, 5 peak corresponding to the vanadium metal sample.

Vanadium compounds V,05, VO,, V,05, VC, VN, VCl,,
NH,4VO;, and VOSO,4 X 5H,0O were high purity powders ob-
tained from Aldrich Chemical and Kemika Ltd. Actual mea-
surement samples were mixed with graphite powder to avoid
sample charging, and pressed into about 1 mm thick disks
with 10 mm diameter. Spectra of elemental vanadium were
also measured by using thick vanadium metallic foil.

In the data analysis, we first performed a least-y-square fit
of the spectra by using the wxEWA (V0.29a-Alpha8) least
squares fitting program [27]. Pseudo-Voigt functions were
used to describe KB, 3, KB', KB", and K3, 5 x-ray lines. All
the fitting parameters were kept free except Gaussian-
Lorenztian mixing that was linked to the highest peak
(KB 3). In analysis of the KB'-KB, ; region we followed a
procedure similar to the one used by Gamblin and Urch [18],
i.e., we introduced additional residual pseudo-Voigt line
KpB,.s positioned in between that of KB’ and Kf;; x-ray
lines. The Gaussian function was used for the k8" (KBL")
and for the KMM contributions. A linear function with a
negative slope was used for the background description. En-
ergy calibration was established by using spectra obtained
from metallic vanadium sample, based on the reported ener-
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FIG. 4. Measured intensities of Kg' relative to K3 3 x-ray line
for all the samples. Residual peak Kp,, is included in KB, 3. Re-
sults published by Salem et al. [48], Tamaki [49], and Gamblin and
Urch [18] are also presented.

gies for KB, 5 and K3, 5 x-ray lines from Bearden [28], i.e.,
5427.32 eV for KB, 3 line, and 5462.96 eV for K, 5 line.
Figure 1 shows the spectrum of V,0s fitted by the model
explained, with indicated peak positions.

Peak intensities obtained from the fitted spectra were then
corrected for the sample self-absorption. It is important to
study the amount of this correction since the K-shell absorp-
tion edge is situated slightly above the K@ ; region. This
correction is negligible when studying intensity ratios of K3’
to K, 3, but may be of importance when studying intensity
ratios of K", K3, 5, and K" to Kp3, 3.

From the available literature we could see that most re-
sults on KB x-ray relative intensities published so far were
obtained by analysis of thick targets. In some cases reported
results were not corrected for the sample self-attenuation. In
other cases the influence of the sample self-attenuation was
estimated in different ways. Any such correction relay on the
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FIG. 5. Intensities of (KB"+Kp, s) relative to (KB, 3+Kp’) for
all the samples. Residual peak Kf3,,, is included in K@ 3. Results
published by Jones and Urch [54], Tamaki [49], and Best [68] are
also presented.
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TABLE 1. Measured intensities of KB", Kf,s, and their sum (KB"+Kf,5), relative to (KB, ;+Kp’
+KpB,,,) intensities in percent and their comparison with other experimental results from the literature.

Sample KB’ KBy s (KB"+KB, 5) Reference
\ 0.81+0.14 1.46+0.45 2.27+0.55 This work
2.52 Torok et al. [77]
4.6 Asada et al. [53]
- 3 3 Jones and Urch[54]
0.48 1.82 2.3 Tamaki[49]
VCl, 2.04+0.23 2.04+0.23 This work
V,0;3 1.02+0.13 2.70+0.28 3.72+0.42 This work
4.56 Asada et al. [53]
1.64 2.46 4.1 Tamaki [49]
VN 1.29+0.22 2.93+0.28 4.22+0.36 This work
VO, 3.07+0.32 2.67+£0.28 5.74+0.43 This work
32 2.6 5.8 Jones and Urch [54]
5 Asada et al. [53]
VC 2.29+0.25 1.88+0.35 4.17+£0.43 This work
V,05 2.76+0.34 2.93+0.35 5.69+0.49 This work
55 Asada et al. [53]
4 3.6 7.6 Jones and Urch [54]
3.18 251 5.69 Tamaki [49]
NH,VO; 2.89+0.31 2.58+0.27 5.47+0.41 This work
3.8 3.4 7.2 Jones and Urch [54]
3.11 254 5.65 Tamaki [49]
VOSO,4 X 5H,0 2.94+0.33 2.17+0.21 5.11+0.39 This work
1 1.6 2.6 Jones and Urch [54]
Na;VO, 22 1.9 4.1 Best [68]

knowledge of absorption coefficients close to the K-shell ab-
sorption edge. Usual sources of these coefficients are stan-
dard tables, such as those of McMaster et al. [29], Thinh and
Leroux [30], XCOM [31], and others [32]. It is well known
that these tables do not provide very accurate data about
absorption coefficients close to the absorption edges. For ex-
ample, when using XCOM data for absorption coefficients,
the sharp step corresponding to the vanadium K-shell absorp-
tion edge is located at the energy of 5465 eV, which is very
close to reported energies of K3, s x-ray line. Therefore, we
studied available data about x-ray emission and absorption
bands (and related absorption coefficients) close to the vana-
dium K-shell absorption edge. Some qualitative results of
near the K-edge band structure may be found in older Refs.
[33,34]. We decided to use more reliable quantitative data
found in several recent papers focused on x-ray-absorption
near-edge structure (XANES) analysis of vanadium com-
pounds. We estimated respective x-ray absorption coeffi-
cients close to the vanadium K-edge by using normalized
absorption spectra of V,03, VO,, and V,05 published by
Dubiel er al. [35], and normalized absorption spectra of V,
VC, VN, and NH,VO;, published by Wong et al. [36], in
connection with the XCOM results [31] for absorption coef-
ficients before and after the absorption edge. The plots of
absorption coefficients obtained in such a way in the energy
range between 5.46 to 5.485 keV for vanadium metal and

the above mentioned vanadium compounds is presented in
Fig. 2.

In order to calculate self-absorption correction from thick
samples, the existing TTPIXAN code [37] was modified to
allow the use of the above absorption coefficients instead of
those normally used [30] by the program. This code calcu-
lates x-ray yields from thick targets as the integral of x-ray
intensities reaching an x-ray detector from successive points
along proton trajectories in the target. Actually, integration is
replaced by the summation of x-ray yields emerging from a
number of thin slices. By using energy loss data the program
calculates proton energies in each thin slice within the
sample. X-ray yields from each slice are calculated by using
the corresponding K-shell ionization and x-ray production
cross sections, and by taking in account self-attenuation of
x-rays within the sample on their way to the detector. This is
a standard procedure for calculating thick target x-ray yields
used by particle induced x-ray emission (PIXE) analysis pro-
gram packages [38]. In calculation of x-ray yields the
TTPIXAN code employs proton stopping powers of Janni
[39] and perturbed-stationary-state (PSS) theory with energy-
loss (E), Coulomb defection (C), and relativistic (R) correc-
tions (ECPSSR) x-ray ionization cross sections [40,41] cal-
culated by using the approach given by Cohen [42], Benka’s
tables [43] of universal function, and Paul’s correction fac-
tors [44]. Since 3 MeV protons have different energy loss
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FIG. 6. Intensities of KB” x-ray line relative to the (KB, 3+KB’'+Kp,,) intensities and divided by the number of oxygen ligands per
central metal ion, as a function of the average metal-oxygen distance, for Mn (a), Cr (b), and V (c) oxide compounds. In addition to our
measured data, experimental data of Best [68], Jones and Urch [54], Tamaki [49], UrSi¢ er al. [47], and Bergmann et al. [23], together with

theoretical results of Mukoyama et al. [56] are presented.

and range in each of the targets used in this work, and since
K-shell ionization cross sections (and corresponding x-ray
production cross sections) are energy dependent, the depth
profile of detected x rays is different for each of the mea-
sured targets. As example, the range of 3 MeV protons in
measured samples varies for about 40 um. This has an influ-
ence on detected x-ray intensity ratios, i.e., the ratios mea-
sured by using thick targets are different from those mea-
sured on thin targets. Thick target yields obtained by
TTPIXAN have been used to calculate theoretical thick tar-
get KB' /KB, 3, KB"I KBy 3, KBy s/ KB,y 3, and KB"/Kp, 5 in-
tensity ratios. Results of such calculations have been used to
calculate the self-absorption correction factors, i.e., thick-to-
thin target intensity ratios. Thin target intensity ratios are
generally more relevant for studying possible chemical de-
pendence of second order radiative contributions in the K3
x-ray spectra then the related thick target ratios.

As, expected, the analysis has shown that the self-
absorption correction factors are: (i) negligible in the case of
KB'/KB, 5 and KB"/Kp ; intensity ratios; (ii) small (be-
tween 1.009 and 1.07) for KB, s/ K, ; intensity ratios; (iii)
high (for vanadium metal 4.8, and for studied vanadium
compounds between 1.3 and 3.7) for KB"/K@, 5 intensity
ratios. In practice it means that intensity ratios obtained by
using thick targets, as compared to thin target ratios are: (i)
the same for KB'/Kp, 3 and KB"/Kp 3; (ii) slightly smaller
(from 1 to 7%) for K3, 5/ KB, 3, and (iii) much smaller for
KB" /KB 3.

The corresponding uncertainties in K3, s/ K3, ; intensity
ratios are estimated to less than 10% for vanadium com-
pounds and to about 30% for vanadium metal (mainly due to
a prepeak in the normalized absorption coefficient, which is
positioned very close to the energy position of the Kf3; s
line).

As the results of the analysis show, in case of thick tar-
gets, KB" /KB, 5 intensity ratios are highly influenced by the

4

strong KB" self-absorption in samples. The situation in cal-
culating thick-to-thin target correction factor for KB"/Kp 3
intensity ratios is further complicated since the intensity of
the KB" multiple vacancy satellite depends on the ratio of
double to single ionization cross section, which is also en-
ergy dependent. This means that the x-ray production cross
section for KB" line in different depths in the target has
different profile then the one related to the Kf;; line. In
calculating KB" thick target yields we have used Cue et al.
[45] data about the ratio of the vanadium double to single
ionization cross sections. In addition, KB" line is very close
to the K edge and related absorption coefficients for this line
are much higher then for the other x-ray lines measured. The
uncertainties of reported K3"/Kp, ; intensity ratios due to
absorption coefficients are estimated to 20%, except in the
case of V,0s, where this error is estimated to 35%.

In calculation of the x-ray self-absorption corrections we
took in to account the fact that actual samples were mixtures
of vanadium compounds and graphite powder. All the cor-
rection factors given here are for actually used samples.

In addition, corrections related to the detector efficiency
and crystal reflectivity, as well as to the absorption of x-rays
in kapton, aluminized Mylar foil, and helium gas were done.
Altogether combining the level of these corrections was be-
tween 0.2-2.2%.

III. RESULTS AND DISCUSSION

Our work has been focused to the analysis of KB" and
K3, 5 x-ray lines and most of the discussion in this paper will
be related to relative positions and intensities of these two
lines in respect to the low energy region of the Kf x-ray
band. Reported intensities of K" and K3, 5 presented in this
paper are normalized to the sum of (KB;3+KB'+Kp,,,) in-
tensities, and their positions are relative to the fitted position
of the KB, 5 peak centroid.
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FIG. 7. Relative intensities of KB" (a), Kf3,5 (b), and (KB"
+K 3, 5) (c), normalized to the intensity of (KB, ;+KB' +Kp,.,) and
divided by the number of ligands per the central vanadium ion (i.e.,
number of vanadium-ligand pairs), as a function of the average
vanadium-ligand distance.

Figure 3 shows all the measured spectra. To address rela-
tive positions of the peaks, the spectra were processed by
aligning them to the position of the K3, ; line and setting its
relative energy to zero.

A. KB' x-ray line

Before presenting and discussing our results related to
Kp" and K3, 5 x-ray lines, a brief discussion about the analy-
sis of the KB’ —Kp, ; region will be given.
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Analysis of 3d elements’ KS'-Kp, 5 structure and pro-
cesses involved has been the subject of research for a long
time. According to the simple model developed by Tsutsumi
[13,14], the origin of KB’ peak is ascribed to consumption of
part of the KB, 3 energy in promoting an unpaired electron
into an excited state, while relative intensity of the K3 peak
(in respect to KB, 3) is proportional to the number of un-
paired 3d electrons in compounds. Quantitative agreement
between this simple model and experiment is not so good.
Experimental data are scattered and difficult to compare due
to variations in methods used for spectral analysis. With typi-
cal detectors these peaks are strongly overlapped and as
shown by theoretical calculations [19] KB'-KB, 5 structure
consists of more than two closely positioned peaks. A major-
ity of older and even recent papers report measured inte-
grated intensities of KB’ relative to K3, 3 (without fitting the
measured spectra).

The most comprehensive study of recent years is that of
Gamblin and Urch [18], and as we already explained, in the
analysis of the KB'-Kf, ; region we followed a procedure
similar to the one used by them. They recorded over 60
different compounds of Ti, V, Cr, Mn, Fe, and Co, and ana-
lyzed the KB3'-K 3, 5 region by fitting their spectra with three
symmetric Voigt functions. During the fitting process, two
extreme peaks (KB’ and Kf3;3;) were made as intense as
possible, and the third residual peak Kf,,, positioned in be-
tween KB’ and K3 ; x-ray lines, was made sufficiently in-
tense to fill any gap, and was considered to have a profile
very similar to its stronger neighbors. However, since we
measured our spectra with the intention to cover a wider
energy, spanning the full KB x-ray band, our spectra have
been fitted with additional peaks, corresponding in the low

TABLE II. Measured AE(KB"-Kp, ;) and AE(KfB,5—Kp)3) in eV.

VOSO,

\Y VCl, V,0; VN VO, vC V5,05 NH,VO; X5H,0
AE(eV) 27.0 - 17.9 20.8 18.9 27.1 21.6 18.8 20.9
(KB"-KPB 3) +0.3 +0.3 +0.3 +0.3 +0.3 +0.3 +0.3 +0.3
AE(eV) 35.6 31.8 32.7 32.7 34.5 35.0 36.4 342 34.6
(KB25—KpBi3) +0.3 +0.4 +0.4 +0.5 +0.4 +0.4 +0.4 +0.4 +0.4
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FIG. 9. Measured energy of the Kf3, s x-ray line relative to the
position of the K3, 5 peak for all the measured samples.

energy part to the radiative Auger (KM M), and at the higher
energy side to KB", KB,5, and KB" x-ray lines. In their
analysis, Gamblin and Urch [18] added the Kp,,, peak in-
spired by the work of Peng er al. [19], who measured highly
resolved K x-ray emission spectra for a number of Mn(II),
Mn(III), and Mn(IV) compounds and calculated their theo-
retical spectra by using the ligand field atomic multiplet
model [46]. Contrary to this approach, UrSi¢ et al. [47] used
just two pseudo-Voigt peaks to fit KS'-K@, 5 structure for
several Cr compounds, and Salem er al. [48] used three
Gaussian peaks, named KB', KB, and Kp;, all three with
the same FWHM, with Kf3; positioned in between the K3’
and K;, with its centroid height being one half of the Kj;
height (inspired probably by the Scofiled’s HFS calculations
for free atom [8]). In his report Tamaki [49] used hyperbolic
functions to represent individual peaks (one for KB’ and one
for KB, 3, without introducing residual third peak in be-
tween).

Figure 4 presents our results for /(KB')/I(Kp, ;) intensity
ratios, together with previously published results related to
vanadium and its compounds as reported by Salem et al.
[48], Tamaki [49], and Gamblin and Urch [18].

Peng et al. [19] found that KB’ feature is weaker and
broader for higher oxidation states, and almost unobservable
for low-spin Mn(III). They observed that strong final-state
3p3d exchange coupling results in a sensitivity of K3’ inten-
sity to 3d population and to the relative spin orientation of
3p and 3d electrons. Other authors [18,22,49] reported that
relative KB' intensities decrease with increasing oxidation
number for a range of transition metal compounds. Our re-
sults for selected vanadium compounds are in qualitative
agreement with these observations.

Ekstig et al. [50] and Salem et al. [48] reported higher
measured relative intensities of KB’ x-ray line for investi-
gated metal oxides when compared with spectra of related
metals. Theoretical values derived on the basis of a simple
exchange interaction predict the opposite trend [48]. UrSi¢ er
al. [47] investigated KB’ intensity for Cr and several Cr ox-
ides, and reported that KB’ relative intensity in investigated
oxides was lower than in the pure metal, which agrees with
results of Tamaki [49] and our observations for vanadium
and related oxides (Fig. 4).
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B. KB" and K3, 5 x-ray lines

Experimental data related to intensities of K" and K3, 5
are often plotted against the formal oxidation number of met-
als. It was qualitatively shown for a range of Ti, Cr, Mn, and
Fe oxide compounds [16,51,52] that the KB" intensity in-
creases with an increase in the oxidation number of a transi-
tion metal atom. Asada er al. [53] measured K3, 5 intensities
for a range of oxide compounds of 3d transition metals, in-
cluding vanadium and VO, V,03, V,0,, and V,0s5. Simple
peak intensity ratios of K3, s/ K, 3 extracted from the mea-
sured spectra without fitting were reported to vary from
4.56% to 5.5% with an increasing oxidation number from 2
to 5. Jones and Urch [54] reported relative intensity ratios of
KB" and KB,s x-ray lines from the metal, VO,, V,0s,
VOSO, X 5H,0, NH,VO3, and NH,V;0g. In fact, instead of
peak relative intensities, they reported measured peak
heights. Tamaki [49] reported relative intensity ratios of va-
nadium K" and K3, 5 x-ray lines from the metal vanadium,
V,03, V,0s5, and NH,VO;, based on fitting the spectra by
hyperbolic functions. Table I shows our results for K3” and
K3, 5 relative intensities, together with the results published
by others. The table also gives relative intensities of the sum
of KB" and K3, 5 x-ray lines. Qualitatively, relative intensi-
ties of both lines increase with an oxidation number. This is
better seen for (KB"+Kp,s) relative intensities (Fig. 5).
However, as already pointed out by Mukoyama [1], the oxi-
dation number is not a good quantitative measure and can be
used only for qualitative discussions because it is defined as
an integer and different x-ray intensity ratios are observed
for compounds with the same oxidation number.

Mboser [55] and Mukoyama [1] investigated the depen-
dence of KB/Kea ratios as a function of bond length. Berg-
mann et al. [23] measured KB band high resolution spectra
of a number of Mn compounds, with a focus on analysis of
Kp" and KB, s x-ray lines. They found that for oxygen-
ligated Mn compounds the measured strength of the KB”
transition decreases exponentially with increasing average
Mn-O bond distance. They claim that in such a way it is
possible to predict average bond distances in Mn oxide com-
pounds to =0.01 nm. They concluded that K5" and Kp; 5
transitions may be a promising tool for structural character-
ization of transition-metal complexes and, since KB3" energy
is related to the ligand 2s binding energy, it can be used to
identify the type of ligand in Mn compound.

Figure 6 shows intensities of K" x-ray line relative to the
(KB, 3+KB'+KB,,,) intensity and divided by the number of
oxygen ligands per central metal ion, as a function of the
average metal-oxygen distance, as compiled from the avail-
able literature data for a number of various Mn, Cr, and V
oxide compounds [Figs. 6(a)-6(c)]. The solid line in Fig.
6(a) is the least-squares fit (using exponential function)
through the data published by Bergmann er al. [23] prepared
in the same way as they did in their paper. The figure also
shows theoretical results for several Mn and Cr oxide com-
pounds of tetrahedral and octahedral symmetries, as obtained
by Mukoyama et al. [56] by using the discrete variational
(DV) Xa MO cluster method. According to their calcula-
tions, for oxide compounds with tetrahedral symmetry, inten-
sities of KB" and K, s satellite lines increase K3/ K« inten-
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TABLE III. Available experimental literature data for the energy difference between K3, 5 and K" x-ray
lines for various 3d metal compounds with four different ligands (carbon, nitrogen, oxygen, and fluorine).

AE(KB, s-KB") (eV)

Compound Carbon Nitrogen Oxygen Fluorine Reference
vVC 7.9 This work
6.5 Gubanov [73]
7.1 Sheludchenko [74]
VCy.ss 7 Ramquist et al. [78]
VCy72 7 Ramquist et al. 78]
VN 11.9 This work
13 Gubanov [73]
11.1 Sheludchenko [74]
12.2 Romand et al. [79]
VN5 12.2 Romand er al. [79]
VO 14.7 Gubanov [73]
V,0;3 14.8 This work
VO, 15.5 This work
V505 14.8 This work
14.8 Jones and Urch [54]
NH4VO; 15.4 This work
15.1 Jones and Urch [54]
NH4V;04 15.1 Jones and Urch [54]
VOSO, X 5H,0 13.6 This work
12.1 Jones and Urch [54]
Na; VO, 14.6 Best [68]
Sc,03 15.1 Kawai et al. [69]
ScFs 19.8 Kawai et al. [69]
TiC 7 Blokhin and Shuaev [80]
7 Vainshtein et al. [81]
TiN 10 Blokhin and Shuaev [80]
11.3 Vainshtein et al. [81]
TiO 15.7 Ern and Switendick [82]
TiO, 15.6 Driger et al. [83]
15.2 Koster and Mendel [16]
Na,TiFg 20 Koster and Mendel [17]
Cr,03 13.9 Koster and Mendel [16]
CrO; 15.5 Koster and Mendel [16]
K,CrO, 15.9 Best [68]
16.5 Ursic et al. [47]
K,Cr,0, 16 Ursic et al. [47]
Mn(salen)N 10.3 Bergmann et al. [23]
MnO 15.2 Tsutsumi et al. [14]
15 Bergmann et al. [23]
MnO, 13.7 Koster and Mendel [16]
14.6 Sakurai and Eba [21]
14.2 Sakurai and Eba [22]
16.1 Tsutsumi et al. [14]
Mn,0; 15.1 Sakurai and Eba [22]
Mn;0, 15 Sakurai and Eba [21]
154 Sakurai and Eba [22]
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TABLE III.  (Continued.)

AE(KB,5-KB") (eV)

PHYSICAL REVIEW A 74, 062501 (2006)

Compound Carbon Nitrogen Oxygen Fluorine Reference
MnO; 14.5 Koster and Mendel [16]
KMnO, 15.5 Bergmann ef al. [23]

14.8 Tsutsumi et al. [14]

14.4 Best [68]

13.8 Sakurai and Eba [21]
K,MnO, 16 Tsutsumi et al. [14]
LiMn,04 15.4 Sakurai and Eba [22]
Ba; (MnO4), 15 Sakurai and Eba [21]
ZnMn,0, 14.9 Bergmann et al. [23]
MnCo,0, 15.4 Sakurai and Eba [22]
MnF, 20 Bergmann et al. [23]
K3MnFg 19.7 Koster and Mendel [17]
K,>MnFg 19.6 Koster and Mendel [17]
energy range (eV)  (5.9-7.9)  (9.3-13) (13.6-16.5)* (19.6-20)

dWith the exception of the value of 12.1 for VOSO, X 5H,0 reported by Jones and Urch [54].

sity ratios considerably, while in octahedral symmetry their
contribution to total KA intensity is much smaller. Figure 6
shows that data from different sources are scattered and dif-
ficult to compare. However, the results obtained by Berg-
mann et al. [23] for KB" on Mn oxide-compounds inspired
us to investigate similar dependence of KB", KB,s, and
(KB"+Kp,s5) normalized intensities for various vanadium
compounds. Corresponding results for vanadium oxide com-
pounds are included in Fig. 6(c), together with other data
from the literature, and with the exponential fit line through
our data.

In preparation of Fig. 6 we have used metal-ligand bond
distances as found in the available literature. These distances,
together with some other basic data about studied vanadium
compounds are given below.

V,0; (oxidation number 3) has a corundum structure in
which V3* ions are sixfold coordinated by oxygen ions at
two distinct distances, 0.196 and 0.206 nm [57]. The average
bond distance is 0.201 nm. The site symmetry of the vana-
dium atom is Cjs.

The crystal structure of VO, (oxidation number 4) is
monoclinic and is a distorted form of rutile [58,59]. The site
symmetry of the vanadium atom is C;. In VO, the vanadium
atoms are sixfold coordinated by oxygen ions, but are much

displaced from the center of the octahedron, resulting in one
short V-O bond of length 0.176 nm. The other bond distances
are 0.186, 0.187, 0.201, 0.203, and 0.205 nm, resulting with
the average bond length of 0.193 nm.

According to Bachmann et al. [60], in V,05 (oxidation
number 5), vanadium is fivefold coordinated in a distorted
tetragonal pyramid of oxygen. The apex-oxygen distance is
only 0.1585 nm, whereas the basal V-O distances are 0.178,
0.1878, 0.1878, and 0.2021 nm, resulting with the average
bond distance of 0.183 nm. However, there is a sixth oxygen
from a VOs unit below the vanadium, which is too far to be
considered in the primary coordination sphere, at the dis-
tance of 0.278 nm. With this oxygen included, the resulting
average bond distance would be 0.199 nm. The site symme-
try of the vanadium atom is C,. Enjalbert and Galy [61]
reported the same bond distances, with the comment that
V,05 has a layered structure built up from VOj5 square pyra-
mids sharing edges and corners, with V,05 sheets held to-
gether via weak vanadium-oxygen interlayer interaction
(with 0.279 nm bond distance) that cannot be treated as a
real bond.

NH,VO; (oxidation number 5) structure consists of tetra-
hedral VO, chains with two types of V-O bonds [62]. Within
the VO, tetrahedron two bonds are formed with oxygen at-
oms which link the tetrahedra together and have a V-O dis-

TABLE IV. Relative intensities /(KB")/I(KB; 3+KpB' +Kp,.,) in percent and AE(KB"-Kp,3) in eV.

VOSOy,

A% VCl, V,0; VN VO, VC V5,05 NH,VO;, X5H,0
Relative 0.5 1.3 0.8 1.0 1.3 0.8 1.7 0.9 1.5
intensity +0.2 +0.3 +0.2 +0.3 +0.3 +0.2 +0.6 +0.2 +0.3
AE (eV) 56.8 534 50.8 514 514 53.5 54.0 51.8 54.8
+1.0 +0.7 +0.6 +1.3 +0.6 +0.6 +0.6 +0.6 +0.6

®No correction for self-attenuation.
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tance of 0.181 nm. The other two bonds are formed with
terminal (unlinked) oxygens in the mirror plane and have a
shorter V-O distance of 0.166 nm. The average bond distance
is 0.174 nm.

VC (oxidation number 4) [63] and VN (oxidation number
3) [64] are intermetallic compounds with the same NaCl type
lattice where vanadium atoms are octahedrally coordinated
by the atoms of the ligand sublattice. Bond distance is
0.209 nm for VC, and 0.207 nm for VN.

The crystal structure of VOSO,4X 5H,0O is monoclinic
[65]. The structure consists of molecular units built up of a
SO, tetrahedron and a VO4 octahedron sharing one apex.
Four water molecules are coordinated with the vanadium.
Four equatorial V-O bond distances are about 0.2 nm. One of
the two axial V-O bond distances relate to short vanadyl
oxygen at 0.1584 nm while the other bond length is
0.2181 nm. The average bond distance is 0.1965 nm.

VCl, (oxidation number 2) is a saltlike solid with poly-
meric structure. It has octahedral coordination geometry.
Bond distances data are not so reliable [66] and are estimated
to about 0.22 nm [67].

Figures 7(a)-7(c) show our results for all the measured
samples and for normalized intensities of KB", K, s and
their sum, divided by the number of vanadium-ligand bonds
per central metal ion. Exponential function I,=ae™* (I, be-
ing the normalized intensity, d is the average bond length,
while a and b are fit parameters) has been fitted through the
experimental data to guide the eye.

Fitted line at Fig. 7(a) indicates exponential relationship
between KB" normalized intensities and average bond dis-
tances for measured compounds and the vanadium metal.
V,05 and VN have been excluded from the fit as outliers.
Especially V,05; show much smaller normalized KB" inten-
sity then the fitted line would suggest. Table II shows that
V,0;5 has the smallest energy difference between KB” and
K, 3 peaks. Taking in to account how close these lines are,
one possible explanation for such a small V,0; KB" relative
intensity could be that in this respect the analysis of V,03
spectra failed, i.e., that one portion of the K" intensity has
been assigned to the K3, 5 x-ray line. Further measurement
with a detection system having better energy resolution may
help to resolve this issue and clarify a possibility if some
other (physical) reason is responsible for the observed devia-
tion. KB" x-ray line was not observed in the case of VCl,.

According to Best [68], KB" x-ray line does not appear in
the metal spectra, i.e., in the absence of the oxygen atoms. At
the other hand, Kawai et al. [69] reported a strong KB" x-ray
line in Sc metal. They assigned this line to the hole transition
from 1s~' to an antibonding molecular orbital which is
formed between center Sc 3p and surrounding Sc 3p orbitals.
Figure 8 shows our recorded vanadium spectrum. Although
the peak that could correspond to KB” is not directly re-
solved in the spectrum, the spectrum cannot be properly fit-
ted without an introduction of a peak at the position which is
slightly below the K3, 5 peak. In line with the assumption of
Kawai for scandium metal spectra, we assumed that this is
KpB" peak and its intensity given in Table I divided by 8
(corresponding to 8 V-V bonds [70]) is shown at Fig. 7(a).

Jones and Urch [54] and Best [68] have assigned KB"
peaks observed in transition-metal oxides as ligand 2s to
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metal 1s “interatomic” or “crossover’ transitions, with the
argument that the intensity of these transitions comes pre-
dominantly from mixing of metal 3p [68] or 3p and 4p [54]
character with the ligand 2s orbitals. Results obtained by
Mukoyama et al. [71] suggest that most of the strength of the
transitions comes from the metal p character of the orbitals,
but since a large fraction of the electron density in the initial
orbital is on the ligand, Bergmann [23] and de Groot [46]
argue that interatomic label for KB" still seems appropriate.

In line with the assumption proposed by Bergmann et al.
[23], the plot of Fig. 7(a) would correspond to the relative
K" transition probability per V-ligand pair. Bergmann ef al.
[23] argue that in perturbation theory the amount of metal p
and ligand 2s mixing will depend on the overlap of these
wave functions, and since they have exponential tails, this
overlap and hence the observed correlation between KpB”
normalized intensity and average bond length should vary
exponentially with distance.

Visual inspection of Fig. 7(b) suggests grouping of data
related to K3, 5 relative intensities around exponential fit for
all the measured samples, including oxides, VN, VC, and
vanadium metal. K3, s has been assigned to dipole transi-
tions that fill the metal 1s vacancy from molecular orbitals
with some metal 3d and/or 4p character along with ligand 2p
or 3p character. Apart from such dipole x-ray emission, there
can be some quadrupole x-ray emission directly from the
metal 3d states [46], which complicates analysis of this x-ray
line.

In case of vanadium metal, thick target self-absorption
may play an important role in the analysis of K3, 5 intensity,
due to a prepeak in the normalized absorption coefficient
(see Fig. 2) whose energy is very close to the energy of the
K3, 5 line. As already explained, in this work we adopted the
K, 5 x-ray line energy of 5462.96 eV reported by Bearden
[28]. Corresponding correction factor due to sample self-
absorption of 1.042 results with the relative K3, 5 intensity
of 1.46% reported in Table I. However, energies of Kf3, s
x-ray line reported by some other authors span the range of
about 2 eV. For example, one of the possible transition en-
ergies extracted from the Sevier’s compilation of binding
energies [72] is 5464.96 eV, for which the correction due to
the sample self-absorption would be 1.6, therefore increasing
the relative K3, intensity (divided with the number of
V-ligand bonds) given in Fig. 7(b) from 0.183% to 0.273%.

Results presented at Fig. 7(c) suggest exponential rela-
tionship between (Kp"+Kf,s) normalized intensities and
average bond distances for all the measured vanadium
samples, with some deviations for V,0; and VCl,. V,03
deviation is translated from the same deviation observed for
KpB" x-ray line [Fig. 7(a)], while the deviation related to
VCl, could be related to the fact that in its spectra K3” has
not been observed. The result related to VN agrees well with
the fit, although corresponding results for K" and Kp3, 5
show deviations from the proposed fits. One explanation
could be in a possible underestimated KB” and overestimated
K3, 5 intensities as determined by fitting of the VN spectra.

Table II shows our results for K8" and Kf, s energies
relative to the KB, ; peak energy. Figure 9 shows that the
energy difference between Kf3,s and K ; increases with
the oxidation number in a similar way as in the case of an
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other 3d transition metal compounds [23]. It was already
pointed out by Koster and Mendel [16] and others [23,73,74]
that the energy separation between K3, 5 and K3" is approxi-
mately given by the energy difference between the ligand 2s
and 2p energy levels, while Bergman e al. [23] proposed
that this energy difference may be a useful measure to iden-
tify the type of ligand in a transition metal compound. Since
their proposal was based on only several measured Mn com-
pounds we studied the available literature for reported K3, s
and KB" energy separations related to transition metal com-
pounds. Table IIT shows a compilation of available literature
data for various Sc, Ti, V, Cr, and Mn compounds with four
different ligands (carbon, nitrogen, oxygen, and fluorine).
The table shows that AE(KS, s—Kf") is a very regular prop-
erty of the ligand atom. As such it may indeed be used to
identify the type of ligand in a number of transition metal
compounds.

C. KB" x-ray line

As already mentioned, KB" x-ray line is most probably
KBL' satellite that corresponds to the K3, 3 diagram line, but
emitted with one additional L spectator vacancy. The mea-
sured energy shift for vanadium sample of 57 eV (Table IV)
is close to the value of 63 eV obtained by the Hartree-Fock-
Slater (HFS) calculations [75].

According to the measured results given in the Table IV,
energy shifts AE(KB"-Kp,3) are smaller for vanadium
compounds then for vanadium metal. It may be seen that for
binary oxides, the energy shift increases with the oxidation
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number, from 50.8 eV for V,0;, 51.4eV for VO,, to
54.0 eV for V,05. However, such dependence of the energy
shift to oxidation number cannot be generalized to all com-
pounds.

From the results related to the K3" relative intensities we
could not make a general conclusion on the influence of the
oxidation state. It may be seen that for binary oxides, relative
intensities increase with the oxidation number.

The results obtained for this x-ray line are strongly influ-
enced by uncertainties in the related absorption coefficients
(Fig. 2), and uncertainty of the ratios of cross sections for
double ionizations o, to single ionization og. This ratio is a
function of the projectile energy and is not well known. As
explained, in calculating the self-absorption correction fac-
tor, we have used an experimentally determined double to
single ionization cross sections as reported by Cue et al.
[45]. As elaborated by Kav¢i¢ et al. [76], better estimate of
this correction factor would require taking in to account the
rearrangement processes in the L-shell prior to the x-ray
emission. Further measurements on thin targets might help to
avoid the above mentioned problems with the analysis of
KB" data obtained on thick targets.
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