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Chemical effects on the K" and Kf3, 5 x-ray lines of titanium and its compounds
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High-resolution KB x-ray spectra induced by 2 MeV protons in thick Ti, TiO, Ti,O3, TiO,, MgTiOs,
FeTiO3, TiC, TiN, and TiB, targets were measured using a wavelength dispersive spectrometer combined with
a position-sensitive detector. The intensities and energies of the K3, s and K" lines relative to the K3, 5 line
were extracted. The influence of self-absorption in thick targets was investigated using related x-ray-absorption
near-edge-structure spectra that are available in the literature to extract mass absorption coefficients close to the
K absorption edge. The correlation of the relative position of the K3, 5 line with a titanium formal oxidation
state in oxide compounds confirmed that the oxidation state of Ti in FeTiOj; is probably a mixture of Ti 11 and
Ti 1v states, which has been recently reported by other authors using different methods. The strengths of the
KB, s and KB transition probabilities per titanium-ligand pair were found to decrease exponentially as the
average titanium-ligand bond distance increased, which is similar to results obtained for various compounds

with vanadium or manganese as the central 3d metal atoms.
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I. INTRODUCTION

Numerous studies have been performed to investigate the
possibility of using various properties of measured K« and
K x-ray bands for chemical speciation. These studies have
included the use of the following properties: (i) K« and KB
x-ray energy shifts [1,2] or KB/ K« intensity ratios [3-10] as
measured with solid-state x-ray detectors, and (i) energy
shifts or intensity ratios of one or more individual Ko and
KB x-ray band components [11-13] as measured with high-
energy-resolution crystal spectrometers. It is common for the
energies of both the Ka; and Ka, emission lines for
transition-metal elements to increase as the oxidation number
decreases [14]. Fukushima et al. [15] recently analyzed the
valence state of Ti in FeTiO; with high-resolution x-ray
spectroscopy and reported that the energies of both the Ka;
and Ka, emission lines increased as the oxidation state of Ti
decreased.

It is known that, for the elements in the second and third
rows of the periodic table, the intensity distributions of K«
x-ray satellites, which arise from the decay of excited states
resulting from collisions and containing a single K-shell va-
cancy and additional L-shell vacancies, are sensitive to the
chemical environment of the element [16]. Recently, Watson
et al. [17] examined the effects of the chemical environment
on the intensity distributions and the energies of the K« sat-
ellites as well as on the hypersatellite-to-satellite intensity
ratios for a number of vanadium oxides.

The chemical bonding of fourth-row transition elements
such as Ti involves the 3d electrons. This fact has led to
extensive investigations of their KB x-ray band structures as
excited by photons, electrons, and ions in relation to their
various chemical compounds. These studies have revealed
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significant changes in the relative intensities and positions of
the various KB x-ray components for different chemical
compounds of the same element.

It is also known that the K3 x-ray emission line of
fourth-row transition elements, which arises from the transi-
tion of a 3p electron to a 1s~' core vacancy, is frequently
accompanied by a smaller, lower energy satellite KB' [18].
This effect was systematically studied by Gamblin and Urch
[19] and Peng er al. [20] on large sets of transition-metal
compounds. Several authors successfully used measurements
of the KB'/Kf3, 5 intensity ratios as sensitive tools for inves-
tigating pressure-induced high-spin-to-low-spin transitions in
Mn and Fe compounds [21-23]. Another x-ray feature, in
addition to KB', is observed at energies slightly below the
KB, 5 peak. That is a radiative KMM Auger satellite with a
maximum at about 100 eV below the KB, ; peak. For Ti
metal, Budnar er al. [24] reported the yield of the radiative
Auger satellite to be about 2.4% relative to the KS, 5 inten-
sity. Kawai er al. [25] investigated the chemical effects on
the radiative Auger satellite for a number of Ti compounds.
Lépy et al. [26] and Campbell er al. [27] studied the influ-
ence of the radiative Auger satellite and other second-order
contributions on the analysis of K8 and Ka x-ray peaks as
measured by Si(Li) detectors and other solid-state detectors
often used in x-ray spectrometry.

At energies above the K3, ; x-ray emission line, several
other features are visible by high-energy-resolution crystal
spectrometers, including the KB", KB,s, and KBL! x-ray
contributions. There is a common understanding that the
KPBL' line, which is sometimes referred to as K3” line, can
be identified as the K3, ; diagram line emitted with one
additional L-shell spectator vacancy. Since the energy of
KBL' is at the K absorption edge, the influence of its self-
absorption is very high. Its intensity is also related to the
ratios of the cross section for double (multiple) ionizations,
ok, to the cross section for single ionization, og. This fur-
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TABLE I. A list of measured materials with some basic data used in data analysis. References in the last

column were used for average bond lengths.

Average bond length

Sample Oxidation state Bond No. of bonds (nm) Ref. no.
Ti Ti—Ti 12 0.2924 [31]
TiO 2 Ti—O 6 0.2089 [31]
Ti,O4 3 Ti—O 6 0.2042 [32]
TiO, 4 Ti—O 6 0.1959 [33]
MgTiO4 4 Ti—O 6 0.1979 [34]
FeTiO3 3.4% Ti—O 6 0.1982 [35]
TiC 4 Ti—C 6 0.2160 [36]
TiN 3 Ti—N 6 0.2120 [37]
TiB, Ti—B 6 0.2350 [38]

#According to Fukushima et al. [15] oxidation state of Ti in FeTiOj5 is a mixture of Ti nr and Ti IV states.

ther masks possible variations of its intensities due to chemi-
cal effects.

The K3, 5 and KfB" x-ray lines are good candidates for
chemically sensitive x-ray emission spectrometry, since they
involve transitions from metal valence orbitals hybridized
with the ligand 2s and 2p states. The peak related to the
ligand 2s state, KB”, is sometimes referred to as crossover
x-ray emission [12]. K3, s feature includes contributions re-
lated to transitions from metal valence orbitals hybridized
with the ligand 2p states [12]. Bergmann et al. [28] measured
the high-resolution K3 x-ray band spectra of a number of Mn
compounds, with a focus on the analysis of the KB” and
K3, 5 x-ray lines. In the case of Mn oxide compounds, they
reported an exponential relationship between the relative in-
tensities of KB", which were normalized to the intensity of
KB, 5 and divided by the number of oxygen atoms on the
central Mn ion (i.e., number of vanadium-oxygen pairs), as a
function of the average manganese-oxygen distance. They
concluded that K" and K3, 5 transitions may be a promising
tool for the structural characterization of transition-metal
complexes.

Inspired by their work, we decided to investigate the
chemical dependence of the relative energies and intensities
of the KB x-ray band lines for various compounds of other
fourth-row transition metals, with a focus on the relative in-
tensities and positions of the K" and K3, 5 x-ray lines. In
our previous study, we investigated the relative energies and
intensities of the KB band x-ray lines of vanadium com-
pounds [29]. We observed an exponential relationship similar
to the one observed by Bergmann et al. [28] for the KB"
x-ray line of Mn oxides, and we also observed similar rela-
tionships for K3, 5 and K"+ K3, s normalized intensities. In
the present work, we focused our analysis on titanium com-
pounds with the aim of comparing our observations with
those obtained earlier on vanadium compounds. Our future
goal is to perform additional measurements on chromium
and manganese compounds in order to have a large enough
database of measured K3 x-ray band intensities in which all
the measurements were performed under similar experimen-
tal conditions and in which all data analysis was performed
in a similar way. We intend to use this database to compare

the relative positions and intensities of the K8” and Kf3, s
x-ray lines for various transition metals in similar com-
pounds. Similar measurements are scattered in the literature;
however, since the reported values were obtained using dif-
ferent methods of data analysis or using different excitation
conditions, it is difficult to use them for comparison. This
may be of importance, because it was observed as early as
the 1970s that the KB/Ka intensity ratios depend on the
mode of excitations [30]. Our analysis is concentrated on
X-ray excitation by charged particles [particle-induced x-ray
emission (PIXE)].

II. EXPERIMENTAL METHODS AND DATA ANALYSIS
A. Experimental methods

The measurements of the KB band x-ray spectra were
performed at the Laboratory for Ion Beam Interactions of the
Rudjer Boskovi¢ Institute, Zagreb. Most of the experimental
details were the same as those described in [29]. All the
targets were bombarded with 2 MeV protons provided by a 1
MYV Tandetron electrostatic accelerator. The targets consisted
of a thick foil of metallic titanium and thick, compressed
pellets made up of the materials listed in Table I. Table I also
presents some basic data used in the data analysis. The pel-
lets were compressed from high-purity powders obtained
from Aldrich Chemical Co., Inc., Milwaukee, WI.

The incident-proton beam and x-ray emission angle were
set both to an angle of 45° with respect to the target surface.
A flat LiF(110) crystal was used as a wavelength dispersive
element, and a position-sensitive proportional counter
(PSPC) was used as a detector. The total distance between
the target and the detector was 60 cm. The given geometry of
the detector system provided 4.4 eV/mm spatial energy dis-
tribution along the position-sensitive axis of the detector at
the position of the Ti KB, 5 x-ray line. The resolution of the
detector system was limited by the effective x-ray source
size as seen by the detector. The effective x-ray source size is
defined by the proton beam collimation system and the
beam-target-detector angles. In our measurements, the effec-
tive x-ray source size was 0.8 mm, which corresponds to 3.5
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eV in energy units. The detected spectral lines had natural
Lorentzian profiles convoluted with the spatial proton beam
intensity profile. The full width at half maximum (FWHM)
of the profile was equal to 3.5 eV in energy units. Line
broadening due to the detector was also present but is less
important. However, the Ti K3, 5 line was measured with a
FWHM equal to 5.4 eV, which was enough for the K3, 5 and
KpB" lines to be clearly resolved with some exceptions for
Ti,O3 and TiO. The spectra were collected using our in-
house developed data acquisition and analysis system, SPEC-
TOR [39,40].

B. Data analysis

We first used a similar approach to the data analysis per-
formed in our previous work on vanadium and its com-
pounds [29]. All the measured spectra were fitted using the
wxEWA (V0.29a-Alpha8) least-squares fitting program [41].
The KB', KB, 3, KB, and Kf3, 5 x-ray lines were described
as pseudo-Voigt functions, and the radiative Auger and KAL!
contributions were represented by Gaussian functions. We
introduced another residual pseudo-Voigt peak Kpf,,, be-
tween the KB’ and K@, ; peaks, following the approach used
by Gamblin and Urch [19]. The background was represented
by a linear function with a negative slope. Energy calibration
was performed from spectra related to measured titanium
metal samples and was based on energies for the K8, ; and
K3, 5 x-ray lines that were reported by Bearden [42]. Figure
1 shows all the measured and fitted spectra, which are
aligned relative to the position of the KB, 5 peak centroid.

Afterward, line intensities were corrected for self-
absorption in a thick target. In Fazini¢ er al. [29], we made
this correction using the TTPIXAN code [43] to calculate the-
oretical thick target PIXE yields for selected x-ray energies.
For that purpose we have upgraded the TTPIXAN database
with estimated mass absorption coefficients close to the K
absorption edge, which were extracted from reported, experi-
mental x-ray-absorption-near-edge spectra (XANES). In the
present work, we have developed our own code and used it
to calculate a theoretical thick-to-thin target relative yield
function, Y,, for the range of energies covered by our spectra.
In these calculations, we used proton stopping-power data
from SRIM code [44], K-shell ionization cross sections from
Chen and Crasemann [45], and mass absorption coefficients
that were extracted from XANES spectra [46-57] and were
normalized to the database of Hubbell and Seltzer [58]. Fig-
ure 2 shows the mass attenuation coefficients for all the
sample materials used in this work.

Figure 3 shows the calculated, normalized thick-to-thin
target relative yield function, Y,(E), for the following condi-
tions: a Ti metal sample, 2 MeV protons, our measurement
geometry, and an x-ray energy range close to the K absorp-
tion edge. In order to make Y, applicable to our spectrum fits,
we have convoluted Y, with the spectral response function of
our detector system, which, according to our experimental
setup, is approximated as a Gaussian function with a FWHM
of 4.0 eV. The fine structure of this absorption edge, which
has a pre-edge peak at about 4965.5 eV [49] (see Fig. 2) is
reflected in this function as a reverse peak. It is partly
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FIG. 1. The measured and fitted spectra of all the samples. The
spectra are aligned relative to the position of the K, ; peak
centroid.

smeared out in our measurements due to the low spectral
resolution of our measurement system. The reciprocal func-
tion, 1/Y,, represents thick-to-thin target corrections, which
we used to report our final results for relative peak intensi-
ties. As an example, we can conclude from Fig. 3 that, for
the metallic Ti target (K, ; located at about 4932 eV and
KBL' at about 4980 eV), the thick-target KBL'/ K, ; inten-
sity ratio will be at 24% of the level of the thin target
KBL'/ Kp, 5 intensity ratio. Thus, our experimentally mea-
sured KBL'/ KB, 5 yield ratio should be multiplied by the
reciprocal value (i.e., a correction factor of 4.2) to obtain the
KBL'/KP, 5 intensity ratio that corresponds to a thin target.
Figure 3 also shows that the correction factors for the
KpB'/Kp, 5 intensity ratios (KB’ is located at about 10 eV
lower than K3, ;) and the K"/ K3, ; intensity ratios (Kf3" is
located well below 4960 eV) are negligible. For the
KB, s/ K, 5 intensity ratios, the value of the correction fac-
tor critically depends on the position of the pre-edge peak in
the XANES spectrum and on the profile of the mass attenu-
ation coefficients. The comparison of a few XANES data
sources [48-57] has shown calibration shifts up to 3 eV for
metallic titanium and even 8 eV for TiO, (rutile), which are
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FIG. 2. The mass absorption coefficients for measured materials
that were estimated from the corresponding XANES spectra
[46-57] and tabulated data [58] before and after the absorption
edge. At the bottom, the typical ranges of affected emission lines
are indicated by horizontal bars.

the two most common measured absorbers. Being unsure
about which source to trust, we have calculated the average
position of characteristic peaks and have found that the val-
ues of Tsutsumi et al. [49] are very close to these average
values. Tsutsumi et al. have also reported combined emission
and absorption spectra in the K3, 5 region where high cau-
tion in calibration is expected, and we have adopted their
calibration as the most reliable.

Figure 4(a) shows the normalized thick-to-thin target rela-
tive yield function, Y,, for a Ti metal sample with measure-
ments at five different proton energies between 1 and 3 MeV.
The thick-to-thin target yield for the KBL'/Kp, 3 intensity
ratios decreases considerably with increasing energy. Figure
4(b) shows Y, functions for Ti metal, TiO,, and FeTiO5 that
were calculated for incoming 2 MeV protons. This figure
illustrates that the correction factors, 1/Y,, are generally

100
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FIG. 3. The normalized thick-to-thin target relative yield func-
tion in the K-edge region for a thick Ti foil target bombarded with
2 MeV protons in our measurement geometry (dotted line) and
associated convolution obtained using the spectral response func-
tion of our spectrometer (full line). The positions of the K3, 5 and
KBL' emission lines are emphasized.
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FIG. 4. The normalized thick-to-thin relative yield function for
a) a thick Ti foil target bombarded with 1, 1.5, 2, 2.5, and 3 MeV
protons and for b) thick Ti metal, TiO, (rutile), and FeTiO; targets
bombarded with 2 MeV protons.

smaller for the measured titanium compounds compared to
titanium metal. There are two reasons for such behavior: the
stopping power for protons is larger in oxides due to an
increased concentration of weakly bound electrons, which
reduces the proton range, and the mass absorption coeffi-
cients are smaller due to a decreased concentration of Ti
atoms. Figure 4(b) also shows that the correction factors,
1/Y,, will still be relatively high for the KBL'/K B 3 inten-
sity ratios, whereas the correction factors related to the
K3, 5/ KB, 5 intensity ratios are much smaller for measured
compounds and are at the level of 1.01-1.02. This is mostly
affected by different energy profiles of the mass attenuation
coefficients in the vicinity of the K3, 5 peaks in the measured
compounds. The pre-edge peak, which is strong in the case
of metallic titanium, is weak or missing for all the measured
compounds. Our measurements and those of others showed
that Kf3, 5 peaks are positioned at lower energies than those
of metallic titanium, and the rise in mass attenuation coeffi-
cients starts at the higher energies. The consequence of this is
relatively large K3, 5/ K3 5 intensity ratio correction factor
of 1.31 for the Ti metal and almost negligible correction
factor for the measured compounds.

The thick-to-thin target relative yield function, Y,, is use-
ful for graphical presentations because it approximates the
shape of the thick-target PIXE background in our experimen-
tal conditions. When the measured background of the K8
x-ray spectra at about 150 eV, in the vicinity of K edge, is
fitted with a sloped line, it overestimates the real background
at the energies above the K edge, and it underestimates the
real background at the energies below the K edge (see Fig.
5). Since both the Kf, 5 and KBL' x-ray lines are located
within this critical energy region, inappropriate treatment of
the background may affect the reported, fitted intensities.

In order to clarify this issue, we have developed an alter-
native model of spectral and data analysis, which is partly
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FIG. 5. The fit of the K-edge region of the measured Kf3 spec-
trum for a metallic titanium sample. The zero value of the relative
energy corresponds to the K3 ; centroid (4931.8 eV).

based on the approach described by Kavéic et al. [13] and
Ursi¢ er al. [59]. In their data analysis, they first corrected the
spectra that were obtained from thick targets by calculating
thick-to-thin target x-ray yield correction factors channel by
channel. In their work, they used mass attenuation coeffi-
cients in the form of a step convoluted with their spectrom-
eter response function. Then, the corrected spectra were fit-
ted using a standard least-squares fitting program.

In our alternative approach, the originally measured spec-
tra were fitted to the following model function:

n

s(E)=| a+ > P{ALEswomnE) |Y(E)+b, (1)

i=1

where P; stands for the measured x-ray peaks, A; is the am-
plitude, E; is the centroid energy, w; is the FWHM, and m; is
the Lorentzian-Gaussian mixing parameter. In this model
function, the measured x-ray peaks are represented, as in our
first approach, by pseudo-Voigt and Gaussian functions (m;
=0). The background is described as a horizontal line di-
vided into two parts, of which the first one (designated as a)
is associated with PIXE bremsstrahlung attenuated in the
sample and the second one (designated as b) is associated
with the electronic noise and has no origin in the sample
itself. The first part of the background and x-ray peaks are
multiplied with the theoretically calculated normalized thick-
to-thin target relative yield function, Y,(E), as already de-
scribed.

Compared to the first simpler model, this model achieves
much better agreement between the measured data and the fit
in the energy regions below and above the K3, 5 x-ray peak
for the thick Ti metallic target spectra. As we already ob-
served in [29], we could not properly fit the spectra measured
from the thick vanadium metal foil using a simple model
without having to introduce a peak at a position slightly be-
low the K3, 5 peak. We encountered the same problem when
fitting the spectra measured from the thick titanium metal
foil; however, fitting the spectra with the model given in Eq.
(1) considerably improved the quality of fit in this region
without the introduction of a peak at the position slightly
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FIG. 6. The fit of the K-edge region of the measured K3 spec-
trum for a metallic vanadium sample. The zero value of the relative
energy corresponds to the K, 5 centroid (5427.3 eV).

below the K3, s peak. Figures 5 and 6 show higher energy
portions of titanium and vanadium metal spectra, respec-
tively, and they show experimental data, individual fitted
lines (KB,5 and KBLY), and the fitted results obtained by
both models. The problem is not as apparent when fitting
spectra for Ti compounds with the simple approach (fitting
raw spectra and then correcting resulting peak areas with
correction factors obtained as 1/Y,) because, as Fig. 4(b)
shows, the influence of the K edge on Y, close to the position
of the KB, s x-ray peak is not as high for Ti compounds as
for Ti metal.

Both models resulted in similar relative peak areas, which
are statistically the same when estimated overall uncertain-
ties are taken into account. Thus, since we intend to make
further measurements of chromium and manganese com-
pounds and since we have already made measurements on
vanadium compounds and analyzed them using the first
model (WxEWA+1/Y, correction factors), all of the results
on the relative K" and K, s intensities from the titanium
compounds that are reported in this study were obtained us-
ing the first model. However, the results for the Ti metal
were obtained by the method based on Eq. (1).

III. RESULTS AND DISCUSSION

The results obtained from the analysis of the measured
spectra are summarized in Table II. This table shows the
measured positions of the K" and K3, 5 x-ray lines relative
to the fitted position of the K3, ; peak centroid and the en-
ergy difference between the K" and K3, 5 x-ray lines. The
table also shows the relative intensities of these two lines
with respect to the low-energy region of the K8 x-ray band,
i.e., to the sum of the KB’, K@, and K3, 5 X-ray intensities.
The table also shows experimental data from the available
literature. We are not reporting the positions and intensities
of the KB’ line relative to the KB, ;. Based on extensive
measurements of a number of compounds with 3d elements,
Gamblin and Urch [19] recently concluded that the relative
positions and intensities of the KB’ line could be good mea-
sure for chemical effects for Cr and Mn compounds, whereas
this is not the case for low-Z elements mainly due to experi-
mental limitations. In the case of Ti compounds, the K3’ line
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TABLE II. The energy differences and intensities relative to the sum K3, 3+ Kp,.,+Kf'. Other experi-

mental results from the literature are also presented.

AE (eV) Lo (%)
Sample (KB"-KBi3) (KBrs—KBi3) (KBrs—KpB") KpB" KB s KB"+KpB> 5
Ti - 30.5 [42] - - 1.98+0.63 1.98 +0.63
1.86+0.71 [59]
2.02 [61]
2.53+0.40 [62]
TiO a 26.3%0.5 a 0.74+0.08  3.11+0.28 3.85+0.29
25.9° [49] 15.7 [63]
15.5° [64]
15° [65]
Ti,0, a 27.8%0.5 a 1.50+0.15  3.75+0.35 5.25+0.38
FeTiO; 13.9+0.2 28.9+0.5 15005  391£039  3.80+0.38 7.71+0.54
TiO, 15.1+0.2 29.8+0.5 147+05 3.86*038  3.52+035 7.38+0.52
30° [49] 15.6 [66]
30.4 [67] 15.4° [68]
29.7° [69] 15.2 [67]
MgTiO; 155+0.2 29.9+0.5 144+05 316032  3.27%033 6.43+0.46
TiB, 223+0.2 29.2+0.5 6.9+0.5 126%0.13  2.61+0.26 3.87+0.29
TiC 22.1+0.2 29.3+0.5 72+05 144%0.15  2.86+0.29 430+0.33
7.2 [64]
8.2 [70]
71[71,72]
TiN 233+0.2 31.6+0.5 83%0.5  2.19+030  222+030  4.41+042
10 [71]
11.3 [72,70]

KB’ not resolved (position parameter linked to K3, 5).

PPosition of K, /3!5’ taken to represent Kf3; s.

is seen only as a low-energy shoulder (see Fig. 1) which we
described with one pseudo-Voigt function. In reality, the K3’
line is a complex sum of multiplet lines and an analysis of its
structure would require complex theoretical calculations with
multiplet terms [20,60]. To a certain extent, the K8” and
KB, 5 x-rays are also unresolved multiplets, but they have
much better defined forms with clearly seen centroid posi-
tions and shapes which we approximated with one pseudo-
Voigt profile, having in mind the strategy to analyze the
spectra with minimal number of model peaks needed to ob-
tain good fits (following the procedure explained in the pre-
vious chapter). This is the best compromise that we could do
to obtain as reliable data as possible for the given purpose.

A. Relative positions of the K" and K, 5 x-ray lines

The first columns of Table II show the following mea-
sured energy differences: AE(KB"-Kp;3), AE(KpB,s
—-KpBi3), and AE(KB,s—KpB"). As the positions of related
lines in measured spectra are well defined, statistical uncer-
tainties of varied centroid parameters calculated by the spec-
tral analysis fit code are small (0.1-0.2 eV). However, we
reported errors of 0.5 eV in the case of compounds due to
investigated influence of self-absorption and possible errors

related to XANES spectra calibration uncertainties. In the
case of pure metal, distortion of Kf3,s peak profile at its
high-energy side is even stronger because of the closely po-
sitioned sharp pre-edge peak in XANES spectrum, leading to
the estimated error up to 1 eV for the position of the K3, 5
centroid. Most of the experimental data in the available lit-
erature relate to the relative energy difference of the K3, 5
and KB” lines; however, almost all of the data are presented
as spectra in a graphical form, and the values given in Table
IT have been extracted from such published spectra if the
related energy scale was given. Bergmann et al. [28] showed
that, for manganese oxide compounds, the K3, s main peak
energies increase linearly with the formal oxidation state of
manganese. Fazini¢ et al. [29] showed that the energy differ-
ence between the K3,s and Kf, ; lines increase with the
formal oxidation state of vanadium for a number of vana-
dium compounds. In their recent work, Fukushima er al. [15]
performed the valence state analysis of Ti in FeTiO5 (il-
menite) by measuring high-resolution x-ray spectra (e.g.,
Ti Ka; 5, Ti La; 5, and O Ka) in several Ti compounds with
known Ti valence states and by comparing the corresponding
spectra with those for FeTiO;. The Ti compounds that they
used have known valence states such as Ti,O5 (Ti 111), TiO,
(Ti 1v), and MgTiO5 (Ti 1v). The measurements were carried
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FIG. 7. The dependence of the measured energy difference be-
tween K3, 5 and Kf3; 3 on the formal oxidation state of measured
oxides. The results are supported by data found in the literature
[49,67].

out using a high-resolution wavelength x-ray fluorescence
spectrometer with an electron probe microanalyzer. Earlier
measurements of FeTiO; (ilmenite) based on Mdssbauer
spectroscopy suggested that the oxidation state of Fe is Fe II.
These measurements lead to the conclusion that the oxida-
tion state of Ti should be Ti 1v, which is the same for TiO,.
As a result of their analysis, Fukushima et al. concluded that
the valence state of Ti in FeTiO; (ilmenite) was at least par-
tially Ti 11 and might be the mixed state of Ti 1v and Ti 1.
They supported this conclusion with a high-energy excitation
XPS experiment. They also confirmed that Ti in MgTiO,
(ilmenite system) is Ti 1v. In this work, we measured the K
x-rays for the same Ti compounds with known formal oxi-
dation states that Fukushima ef al. used: Ti,05 (Ti 111), TiO,
(Ti 1v), and MgTiO5 (Ti 1v). We also measured K3 x-rays for
TiO (Ti 1). Figure 7 shows that the measured K3, s—Kp 3
energy difference is linearly proportional to the formal oxi-
dation state of these Ti oxides. The figure shows our mea-
sured results and those found in the available literature for
TiO and TiO,. The figure also shows our results for the
KB, s—Kp 5 energy difference of FeTiO5. Our results sug-
gest that the formal oxidation state of Ti in FeTiO; falls
around 3.4-3.5, which is in line with the conclusion of Fuku-
shima et al.

The analysis of titanium metal spectra with the model
based on Eq. (1) showed that there is no need to introduce a
peak between the K3 3 and K3, 5 x-rays (i.e., KB"). There-
fore Table II does not report any data on the KB" x-ray line
for titanium metal. Our measured TiO and Ti,O; spectra
show that the KB” components are not visible; however,
there are several reports in the available literature about the
existence of the KB” line in TiO. Ern and Switendick [63]
and Fischer [64] showed clearly resolved KB” and Kp3, s
peaks for TiO, from which the relative energy differences
were extracted and found to be 15.7 and 15.5 eV, respec-
tively. The compilation done by Fazini¢ et al. [29] shows that
the measured energy difference between the K8, s and KB"
lines varies between 13.6 and 16.5 eV for a range of 3d
metal oxides (Ti, V, Cr, Mn, and Fe). Since AE(Kp,s
—Kp, ;) increases with the formal oxidation state (see Fig. 7)
and since its value is 26.3 eV for TiO (see Table II), the
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position of the KB” x-ray line would be only 10.7 eV from
the K3, 5 peak centroid. The low intensity of this peak com-
pared to the intensity of the KB, ; peak could be the main
reason why the KB" line is not visible for TiO and Ti,O;.
Therefore, in fitting the TiO and Ti,O5 spectra, we intro-
duced a KB" peak at a position that is 15.6 eV below the
KB, 5 peak. We linked the width of this peak to the width of
the K3, 5 peak, using the spectra published by Ern and Swi-
tendick [63] and Fischer [64]. The relative intensities of the
KpB" peak obtained in such a way for TiO and Ti,O5 are
reported in Table II.

B. Relative intensities of the KB, KB, 5, and KBL' x-ray lines

Table II shows our experimental results for the relative
positions and intensities of the KB” and K3, 5 lines and all
the data found in the available literature. Unlike for the other
3d metal compounds, there are not many reports providing
numerical data about the relative intensities and energies of
these x-ray lines for titanium compounds. We could not find
any reported experimental data related to the relative inten-
sities of the KB" and K3, 5 lines for the titanium compounds
that are analyzed in this work. The situation is slightly better
for titanium metal. The results for the relative intensities of
the K" and K3, 5 lines, which are reported in Table II, were
obtained using the simple approach of fitting the raw spectra
with wxEWA and then correcting for thick-target self-
absorption with the help of the 1/Y, correction factors. The
one exception is titanium metal, for which the results for the
relative intensities of the K3, 5 line, which are reported in
Table II, were obtained using the model based on the Eq. (1).
Our result of 1.98% is in very good agreement with the val-
ues reported by UrSi¢ er al. [59] (1.86%) and Torok et al.
[61] (2.02%). The result reported by Kav&i¢ er al. [62]
(2.53%) is slightly larger than ours, but they report the inten-
sities of the K3, 5 line relative to the K3, 5 line and fitted the
spectra as only one line. All of the authors analyzed their
spectra using an approach similar to our model based on Eq.
(1). We also reanalyzed vanadium metal spectra described in
[29] in a similar way. In [29], we analyzed the vanadium
metal spectrum with the assumption that there is a K" peak
on the low-energy side of the Kf3,5, and we reported the
relative intensities of both of these peaks. Here, we are re-
porting the re-evaluated relative intensity of the K3, 5 line
for metallic vanadium as (2.4 = 0.3)%, which was obtained
using the model based on Eq. (1) and without using the K"
peak. This value is significantly different than the value pub-
lished in [29], but it is similar to the reported sum of the
KB, s and KB" intensities (2.27%).

Bergmann et al. [28] found that, for oxygen-ligated Mn
compounds, the measured strength of the KB” transition
(presented with its intensity normalized to the intensity of
KB, 3+KpB' and divided by the number of Mn-O bonds per
the central Mn atom) decreases exponentially with increasing
average Mn-O bond distance. They explained that this be-
havior is a consequence of the KB" transition originating in
the mixed state of the metal p and oxygen 2s atomic orbitals,
in which the amount of mixing will depend, according to
perturbation theory, on the overlap of the corresponding
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FIG. 8. The relative intensities of the KB” x-ray line normalized
to the intensity of K3 3+K,.,+ KB’ and divided by the number of
ligands per the central titanium ion (i.e., the number of titanium-
ligand pairs) as a function of the average titanium-ligand distance.

wave functions. Since these wave functions have exponen-
tially decreasing tails, it is expected that the amount by
which they overlap will also decrease as the interatomic dis-
tance increases. In our analysis of the relative intensities of
the KB” and Kp3, 5 lines for vanadium compounds [29], it
was shown that normalized intensities of the K3, 5 x-ray line
and the sum of their normalized intensities, K" +KJ3, s, also
have similar a dependence on the average metal-ligand bond
distance.

Figures 8—10 show the dependence of the KB, K3, 5, and
KB"+Kp, 5 intensities, which were normalized to the inten-
sity of the KB, 3+ Kp,.,+KpB' x-ray lines and were divided
by the number of Ti-ligand bonds per the central Ti atom,
versus the average bond length between the central Ti atom
and the ligand atoms. The normalized intensities in all three
graphs generally decrease as the average bond length in-
creases. Two exponential trend lines for the K" normalized
intensities are also presented. One of the trend lines approxi-
mates the data belonging to oxides, and the other approxi-
mates the whole set of data. The results suggest that the
decrease of normalized intensities with the increase of the
average bond length is more rapid in oxides. Figure 9 shows
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FIG. 9. The relative intensities of the K3, 5 x-ray line normal-
ized to the intensity of KB, 3+Kp,.,+ K" and divided by the num-
ber of ligands per the central titanium ion (i.e., the number of
titanium-ligand pairs) as a function of the average titanium-ligand
distance.
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number of ligands per the central titanium ion (i.e., the number of
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a grouping of data for the normalized intensities of the K3, 5
line around the exponential trend line for all the measured
samples, including the Ti metal. This trend for the normal-
ized intensities of the K3, 5 line is weaker than the one for
the KB" line because of the double character of this line; i.e.,
it is a mixture of a quadrupole x-ray emission from the metal
3d states and a dipole transition from molecular orbitals with
metal 4p and oxygen 2p contributions [12].

The KBL! x-ray lines are located at about 50 eV above the
KB, 3 peak, which is at about 4980 eV. Figure 2 shows that
there is a large difference in mass absorption coefficients
between different samples for x-ray energies of about 4980
eV. The highest mass absorption coefficient of about
700 cm?/ g is for Ti metal, and the lowest value of about
200 cm?/g is for MgTiO; and FeTiOs. This fact has a strong
influence on the recorded intensities of the KAL! x-rays from
our thick targets. Since thick-to-thin target correction factors
depend on mass absorption coefficients, stopping powers of
protons in related materials, and ionization cross sections,
our analysis is strongly influenced by the large uncertainties
in both the mass absorption coefficients for the energies in
question and the ratios of cross sections for double ioniza-
tion, og;, to single ionization, ok. Figures 3 and 4 show
normalized thick-to-thin target relative yield functions based
on single-ionization cross sections, og. If we neglect ratios
of cross sections for double ionization, oy;, to single ioniza-
tion, oy, these figures show that, for 2 MeV protons, the
thick-target yield of the KBL' x-rays (relative to the Kf3, 3
yield) would be about 22% of the thin target yield for Ti
metal, 48% for rutile, and 72% for FeTiO;. In other words,
the thick-target yield ratio, KBL'/ K, ;) for FeTiO; would
be for a factor of about 3.3 higher then the respective ratio
for Ti metal. A similar result is also expected for MgTiOs.
Our experimental results for the thick-target yield ratio,
KBL'/Kp, 3 for FeTiOj is higher than the ratio for Ti metal
by a factor of 2.9, and this factor is 3.4 for MgTiO;. Taking
into account that our results for the intensities of the K3L!
line have estimated errors of more than 30%, these measured
ratios are in good agreement with the values expected from
thick targets. Therefore, any possible variations in
KBL'/ K, 5 intensity ratios due to possible chemical effects
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is probably hidden by the effects related to the differences in
KBL' self-attenuation of x-rays in different samples, which is
due to the large variations of the mass absorption coefficients
and the different stopping powers of ions in different mate-
rials.

IV. CONCLUSION

High-resolution x-ray spectrometry in combination with
PIXE is sensitive enough to determine the oxidation states of
titanium in various titanium oxides using the energy differ-
ence between the K3 ; and K3, 5 spectral lines. In the non-
trivial case of determining the oxidation state of titanium in
FeTiO;, the presented method indicates that the formal oxi-
dation state is 3.45 = 0.30.

The sum of the relative intensities of the K3, s and KB"
lines, which is normalized per metal-ligand pair, exponen-
tially decreases as the average metal-ligand bond length in-
creases. Until now, investigations have shown that this prop-
erty is common for measured titanium, vanadium, and
manganese compounds. This property can be used for the
structural characterization of transition-metal complexes in
high-resolution PIXE experiments.

PHYSICAL REVIEW A 80, 042519 (2009)

The influence of thick-target self-absorption has been ana-
lyzed using XANES spectra from the literature to estimate
the mass absorption coefficients close to the K absorption
edge. The calculated thick-to-thin target yield function is in-
troduced to upgrade the fit procedure. The spectrum fit re-
sults obtained with the upgraded model are better than the
results obtained with the method based on the wxEWA soft-
ware. The main disadvantage of the upgraded approach arose
from XANES calibrations that were found to be inconsistent
between different sources. The KBL' region in particular
cannot be analyzed with high reliability. In titanium com-
pounds, the K3, 5 line remains basically unaffected by this
feature, whereas, for pure titanium, the correction factor for
self-absorption depends strongly on the XANES calibration
and some reasonable selection from many sources was done
to obtain our final results.

The results obtained so far on vanadium and titanium
compounds encourage the continuation of similar investiga-
tions on other 3d metal compounds.
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