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Nonresonant valence-to-core x-ray emission spectroscopy of niobium
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The valence-to-core (V2C) portion of x-ray emission spectroscopy (XES) measures the electron states close to
the Fermi level. These states are involved in bonding, thus providing a measure of the chemistry of the material.
In this article, we show the V2C XES spectra for several niobium compounds. The KB” peak in the V2C XES
results from the transition of a ligand 2s electron into the 1s core-hole of the niobium, a transition allowed by

hybridization with the niobium 4 p. This location in energy of this weak peak shows a strong ligand dependence,
thus providing a sensitive probe of the ligand environment about the niobium.
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I. THE ROLE OF NONRESONANT EMISSION
SPECTROSCOPY IN STRUCTURE DETERMINATION

Synchrotron x rays enable powerful structure determina-
tion tools, including extended x-ray-absorption fine-structure
(EXAFS) analysis and scattering techniques such as Rietveld
and pair distribution function analysis. While these tools
contribute greatly to understanding material structures, each
has its limitations. One common limitation is an insensitivity
to atoms of similar atomic mass. In XAFS, the photoelectron
scattering function is weakly dependent upon the Z number,
making it difficult to distinguish atoms with Z numbers that
differ by only a few electrons. In x-ray scattering, elements with
similar Z numbers have scattering lengths that are only slightly
different. Even neutron diffraction is not a sure resolution to
that problem. Oxygen and fluorine, for example, have very
similar neutron cross sections [1]. As a result, it can be
challenging to distinguish first-row ligands—carbon, nitrogen,
oxygen, and fluorine—in materials for which prior knowledge
of the structure or composition is unavailable.

The valence-to-core (V2C) x-ray emission spectroscopy
(XES) is a powerful complement to other structural charac-
terization techniques. The KB” XES peak arises from the
transition of the ligand 2s electron to the 1s core-hole, which
is made possible by hybridization, giving the ligand electron
some of the p character. For 3d metals, it is well-known [2]
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that this peak shows a clear dependence on ligand species. In
manganese, for instance, the KB” peak position changes [2]
by ~10 eV between Mn-N and Mn-F ligands, with the peak
corresponding to the more electronegative fluorine appearing
at lower energy. This same ligand dependence is observed in
the K B” peak in other third-row metals, for example, titanium
[3], chromium [4], iron [5], and cobalt [6].

A clear illustration of how VTC XES can resolve an
otherwise ambiguous problem of structural analysis is given
by the iron-molybdenum cofactor discussed in Ref. [5]. In
that work, the Fe K V2C XES signal positively identifies
carbon—and rules out oxygen or nitrogen—as the ligand
bound to the iron atom. In that case, the identity of that
ligand was unclear from x-ray absorption spectroscopy (XAS),
vibrational spectroscopy, or other means [7].

The 4d metals are found in systems of substantial scientific,
technological, and economic importance. Ru, Rh, Pd, and Ag
are essential to many catalytic processes. Sr, Y, Tc, and Cd are
common in geochemical and environmental systems. Mo is a
biologically relevant element. Ru is a component of promising
light harvesting dyes for artificial photosynthesis. Y, Zr, and
Nb are present in certain correlated electron systems. This
manuscript describes our effort to extend the use of VTC XES
to the 4d metals.

II. XES OF 3d AND 4d METALS

Nonresonant XES can be a complementary measurement
to XAS in certain situations. Whereas XAS is a measure of
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FIG. 1. Nonresonant K 8 x-ray emission spectrum for NbN. These
data have been scaled such that the K3 peak is of unit height.

the probability of the creation of a core-hole by an incident
x-ray photon, XES measures [2] the distribution in energy
of the secondary photon that is emitted when the core-hole
is refilled. The nonresonant measurement is made with an
incident photon energy well above the absorption edge energy
of the target element. The V2C portion of the XES measures
the transition of high-lying electrons with energies very close
to the Fermi energy. The states probed by the V2C XES are
states involved with bonding, therefore they are sensitive to
the chemistry of the absorbing atom. The nonresonant XES
measurement certainly contains less information [2] about the
chemical state of the material than measurements made in the
resonant regime, with the incident photon energy being close
to the core-hole excitation energy. It is, however, a relatively
simple and quick measurement that can be added to an XAFS
or diffraction measure campaign at a synchrotron.

Unlike the 3d transition metals, the V2C KB emission
spectroscopy of the 4d metals has not been extensively inves-
tigated. In a brief study [8] to assess the application of XES to
the investigation of molybdenum-complex biochemistry, V2C
XES for metallic Mo is compared to the oxide K,MoO,. The
K B, and K B, lines are observed, with a small chemical shift in
the K B4 peak position. Additionally, the oxide displays a K"
peak midway between the K8, and KB, lines that is absent
from the metallic Mo spectrum. The authors attribute this to a
transition from the ligand 2s level, the same transition as the
KB in the 3d metals.

In this manuscript, we explore the ligand dependence of the
V2C XES in a series of standard Nb compounds to show that
the KB” of 4d metals displays a ligand dependence similar to
that seen in the 3d metals. The full Nb K 8 spectrum measured
from NbN is shown in Fig. 1. The energies of the various
K B emission lines [9] for Nb are given in Table I along with

TABLE 1. The KB emission lines for 4d transition metals,
including the tabulated [9] line energies for Nb.

Line Transition Nb line energy
KB1/K-M; 3p% — ls 18625.4 eV

K Br/K-N; 3 4p — ls 189534 eV

K B5/K-M, 3p% — ls 18609.9 eV
KBa/K-Ny 5 4d — 1s ~18982 eV
KBs/K-My 5 3d — l1s 18781 eV
Kpg" Ligand 25 — 1s 18960 to 18978 eV

their Siegbahn and ITUPAC notations and electronic transitions.
The data in this manuscript were measured using a recently
developed, high-resolution spectrometer based on a bent Laue
analyzer. All data were measured at MRCAT [10], beamline
10ID at the Advanced Photon Source (APS), an undulator [11]
beamline with a double crystal Si(111) monochromator.

III. THE BENT LAUE SPECTROMETER

Our wavelength-dispersive spectrometer uses a bent Laue
analyzer [12-14] to spatially disperse photons onto an area
detector, much like the instrument described in Ref. [15]. The
incident beam is focused in the Kirkpatrick-Baez geometry
[16] to a spot of less than 20 wm on the sample with flux of
about 10'? photons/s. The analyzer is a 150-um-thick Si(400)
crystal miscut 3° from the surface normal. The crystal is
mounted by bending over a cylindrical aluminum frame with
a bend radius of 0.5 m. We scatter from a Si(066) reflection.
The analyzer is mounted on a rotation stage at a distance of
about 43 cm from the sample and declined about 20° below the
plane of the incident beam. The face of the analyzer is rotated
to the angle determined by Bragg scattering from the Si(066)
plane and at the energy of the emission line being measured. A
Dectris Pilatus 100K area detector [17] is mounted on a rotation
arm with its detecting surface facing the analyzer crystal. The
area detector is rotated to twice the angle of the analyzer crystal
to capture the light diffracted from the analyzer.

The bandpass of the analyzer is such that, in the energy
regime shown in Fig. 1, photons in a range of about 60 eV
disperse onto the face of the detector. While measuring within
that energy range, no part of the spectrometer is in motion.
The emission lines shown in Fig. 1 were measured with the
Si(066) analyzer and the detector in three distinct orientations
determined by Bragg’s law [18] from the energies of the
KpBi3, KBs, and KB, 4 lines. Because the analyzer crystal is
a thin wafer bent over the surface of a frame machined to
the approximate shape of a cylinder and because the frame
has a large rectangular hole beneath the middle of the crystal
to allow passage of the Laue-diffracted photons, the crystal
is significantly distorted. As a result, the shape made by the
photons dispersed onto the detector is irregular and highly
dependent on subtle details of the experimental setup. An
example of this peculiar shape is seen in Fig. 2(a).

To interpret images like the one in Fig. 2(a), we have
developed an algorithm for mapping pixels to energy. Our
algorithm is similar to that described in Ref. [20], but is adapted
for the peculiar shapes of these images. It requires a sequence
of calibration images measured by scanning the energy of the
incident beam through the energy range of the emission line.
To calibrate the K 8, 4 line shown in Fig. 2, the monochromator
is scanned from 18928 to 18989.5 eV. Because the analyzer
crystal is declined about 20° below the plane of the incident
beam, the elastic scatter from the sample [21] can be resolved
with adequate intensity when dispersed through the analyzer
onto the face of the detector. In this case, the incident beam is
elastically scattered from the sample itself. This assures that the
geometry of the sample relative to the rest of the spectrometer
is constant throughout the calibration and measurement steps.

The monochromator is moved in 0.5-eV steps through the
range of the emission line. At each step an image is measured.
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FIG. 2. Nonresonant XES data for Nb,Os measured with an
incident beam of 19100 eV. Panel (a) shows the measured image
for this sample. Using a sequence of calibration masks (see Fig. 3),
the image is converted into the plot of XES intensity in panel (b). The
bright portion of the image is the signal from the K, emission line
and the stripe below and to the right of the bright part is from the K 8,
emission line. The weak KB” is the diffuse signal between the two
lines. The vertical gaps in the XES image are the shadows of a set of
tantalum Soller slits [19] used to reduce the impact of air scattering
on the image. The vertical line in panel (b) marks the absorption edge
energy for zero-valent Nb, 18986 eV.

Five such steps are shown along the left side of Fig. 3 for
the energies indicated. The signal elastically scattered from
the sample is the S-shaped stripe dispersing down the face of
the detector as the energy increases. This sequence of images
is used to associate groups of pixels with specific energies
by identifying where photons of those wavelengths strike
the detector after being dispersed through the analyzer. The
instrumental resolution of this arrangement is about 1.2 eV in
the energy range of this measurement.

Along with the elastic scatter of interest, other, unwanted
photons enter the detector. Air scatter contributes at a low level
throughout the image. Occasionally, a diffraction peak from
the sample passes though the analyzer, as seen by the bright
spot near the top of the 18950-eV image [Fig. 3(c)]. As the
absorption edge is approached, the low-energy tail of the K 8,
line begins to appear, as seen at the far left starting at 18960 eV
[Fig. 3(e)] and entering the image from the top at 18980eV
[Fig. 3(i)]. While the human eye can readily distinguish the
stripe due to the elastic scattering, some image analysis is
required to automate the image processing.

To remove the background due to air scatter, we remove
all pixels with a value below some low threshold, typically a
few counts. Next, a5 x 5 Gaussian convolution filter is passed
over the entire image and pixels with a value below a second
cutoff threshold are removed. This distinguishes the stripe
corresponding to the elastic scatter from other stray regions
with counts above the background while also filling in gaps
within the stripe. These two steps alone are adequate up through
about 18950 eV to produce masks like Fig. 3(b) and 3(d). The

white pixels in these mask images are set to a value of 1; the
remaining pixels are set to 0.

At each energy step a mask is generated, like those shown
on the right side of Fig. 3. At each energy step, the mask is
multiplied by the measured XES image, like the example in
Fig. 2(a). The mask then selects the pixels from the XES image
corresponding to each energy step. All data points in Fig. 2(b)
and Fig. 4 were generated in this way.

As the absorption edge is approached, the K 8, fluorescence
signal begins to enter the image. This is seen as a diffuse stripe
on the left of the elastic peak image, as seen beginning in
Fig. 2(e). Near the edge, as in Fig. 2(i), additional intensity
enters the image from the top. This portion of the signal
appears in regions which contained the elastic signal at lower
energies. As the sequence of images is processed, the pixels
corresponding to the lower-energy elastic signal are remem-
bered and set to zero in the mask. In this way, the masks reject
pixels illuminated by the K, fluorescence signal and include
pixels corresponding to the elastic signal. The processing of
the nonelastic signal is clear by examining Fig. 3(j), which
lacks the bright regions near the left and top of Fig. 3(j).

In a typical image, the peak height of the K3, line is about
300 counts, with an integrated area of about 35000 counts
under the K B, peak. For that count rate, the integrated area of
the KB, peak is about 400 counts and the integrated area of
the KB" peak is about 250 counts.

A software package for managing and reducing data from
the bent Laue spectrometer is implemented using the Perl Data
Language [22] and is freely available and redistributable [23].

IV. XES OF Nb COMPOUNDS

The nonresonant K f8, 4 x-ray emission spectra for Nb**C
and the Nb°>* compounds Nb,Os and NbFs were measured
with an incident energy of 19100 eV (114 eV above the
tabulated Nb K-edge energy of 18986 eV) and are shown
in Fig. 4. Samples were prepared from commercially sourced
powders, dispersed in polyethylene glycol, and pressed into
pellets. In the case of NbFs, which is aggressively hygroscopic
and oxidizes upon contact with water, the sample was prepared
in dry atmosphere, sealed inside several nested thermoplastic
bags, and measured through the sealed bags.

As in the 3d metals, the position of the KS” peak is ligand
dependent, with the peak for the F ligand appearing at the
lowest energy, well into the shoulder of the K 8, peak. The mea-
sured KB” peak positions are reported in Table II. These
were determined by a Levenberg-Marquardt fit [24] to the
processed data using a model consisting of Voigt functions

TABLEII. The KB” line energies. The energy values of the K8”
peaks are given relative to the position of the K, peak, measured
experimentally at 18952.7 &+ 0.3 eV. The error bars in the K" peak
position are 1o uncertainties from the fitting procedure described in
the text.

Standard Experiment (eV) Theory (eV)
NbFs 8.9+04 10.5
Nb,Os 153+£0.2 14.0
NbC 19.8+1.3 20.3
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FIG. 3. Elastic peak images (left) are converted to masks (right) using the algorithm described in the text. At each energy, the mask is
multiplied by an XES image [like the one in Fig. 2(a)] to produce the XES intensity at that energy. The vertical gaps in these images are the
shadows of a set of tantalum Soller slits [19] used to reduce the effect of air scattering on the image.

to represent the KfB,, KB4, and KB” peaks. Figure 4 has
a quadratic polynomial representing air scattering and other
effects removed from each spectrum. The Voigt functions
account for both instrumental and intrinsic broadening. An
example of this fitting model applied to the Nb,Os data is
shown in the inset to Fig. 4. The reported peak positions are
the centroids of the Voigt functions fitted to the KB” peaks.
There is some variability in intensity on the low-energy
side of the KB, peak. At the lower end of the energy range,
the photons diffracted by the crystal hit a narrow stripe of
pixels at one edge of the crystal. Because relatively few pixels
are involved in the measurement and because the signal is

relatively weak, the statistical uncertainty in the measurement
is higher there than elsewhere in the measurement, resulting
in a noisier signal and a less certain measure of peak intensity.
The NbC sample was prepared with somewhat less material
than the other samples, leading to a weaker emission signal
and noticeably higher shot noise in the spectrum. This is seen
in Fig. 4.

V. THEORY OF Nb XES

While XAS involves transitions of core electrons to the
conduction band, V2C XES concerns transitions of electrons
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FIG. 4. Nonresonant Kf,, x-ray emission spectra for NbFs,
Nb,Os, and NbC. The data are shown with the background quadratics
removed and scaled such that the KB, peaks are of unit height.
The vertical line marks the absorption edge energy for zero-valent
Nb, 18986 eV. The inset shows the fit to Nb,Os. The three fitted
peak shapes, representing the K 8,, KB”, and K B, peaks, are shifted
downward for visual clarity.

from the valence band to the core state. Due to the different
physical processes, the final state effects play different roles in
XAS (core-hole) and V2C XES (valence-hole). Unlike XAS
where the core-hole has a large effect on the spectrum and often
requires explicit treatment of the electron-hole interaction, the
valence-hole in XES is well screened by valence electrons. As
a result, to a good approximation, XES of 1s emission lines
measures the projected density of states (PDOS) of valence
electrons [25,26].

PDOS of niobium compounds (NbFs, Nb,Os, and NbC)
were computed using the local density approximation (LDA)
implemented in the QUANTUMESPRESSO (QE) package [27]
based on crystal structures obtained from the Crystallography
Open Database [28,29]. A kinetic energy (charge density)
cutoff of 100 (400) Ry was used. The Brillouin zone was
sampled with k-point meshes of 12 x 6 x 6 for NbFs, 8 x 2 x
2 for Nb,Os, and 18 x 18 x 18 for NbC. Nb 1s XES spectra
were calculated using the OCEAN package [30,31]. Ground-
state wave functions and orbital energies—the input data for
OCEAN—were obtained from plane-wave, norm-conserving,
pseudopotential calculations using QE. In Fig. 5, PDOS spectra
have been broadened using a Gaussian function with o =
0.2 eV and the XES spectra have been broadened by o =
1.0 eV.

The PDOS and the OCEAN Nb K-edge V2C XES spectra
of NbC, Nb,Os, and NbFs are shown in Fig. 5. The PDOS are
normalized to give the Nb 4p PDOS unit height. Three peaks
can be clearly identified, corresponding to the Nb Kf8,, K8”,
and K B4 emission lines, respectively. The K 8, line is the lowest
in energy, corresponding to the Nb 4p PDOS, located 30 to
35 eV below the Fermi level. The K 4 line is highest in energy
and arises from the Nb 4d and ligand 2 p hybridization that in-
creases the dipole character of the transition, similar to the trend
observed in the K 4 lines of molybdenum compounds [8]. The
dipole transition substantively dominates over the quadrupole
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FIG. 5. PDOS of (a) NbC (b) Nb,Os, and (c) NbFs5, all normalized
to give unit height to the Nb 4p PDOS. The simulated Nb valence-
to-core XES (d) of NbC (blue), Nb,Os (red), and NbFs (green), all
normalized to give unit height to the K8, peaks. The vertical lines in
the PDOS plots indicate the positions of the Fermi level. The inset to
panel (d) compares the dipole contribution (blue) to the quadrupole
contribution (black and scaled by 500) in the XES of NbC.

transition, as shown for NbC in the inset to Fig. 5(d), where
the tiny quadrupole contribution is multiplied by 500.

The ligand 2s — 1s nature of the KB” line can be clearly
seen from the corresponding ligand 2s PDOS. Relative to the
K B, line, the KB” peak positions are 10.5, 14.0, and 20.3 eV
for NbFs, Nb,Os, and NbC, respectively, in good qualitative
agreement with the experimental values given in Table I. This
trend can be explained by the ligand anions with larger atomic
number having deeper 2s energy levels. The difference in
the KB" peak positions between experiment and theory can
be attributed to well-known issues of the LDA functional in
predicting quasiparticle energy levels. We note that the K"
peak of NbFs has the highest intensity while that of NbC has
the lowest. This can be understood as NbFs having the shortest
average bond length of these three compounds (1.88, 2.02, and
2.23 A for NbFs, Nb,Os, and NbC, respectively.), increasing
the spatial overlap of the Nb ligand 2s with the ligand 1s.

In order to directly compare the OCEAN calculations with the
measured XES spectra, the OCEAN spectra were postprocessed
with a Gaussian broadening with o = 2.0eV, which is differ-
ent from the value used in Fig. 5(d) for peak assignment. In
order to consider broadening due to core-hole and excited-state
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FIG. 6. The OCEAN calculation (brown) of Nb,Os compared with
the measured (blue) V2C XES data. The OCEANcalculation has been
broadened, as explained in the text, to account for instrumental
resolution as well as the lifetimes of the core-hole and excited states.
Data and calculations have been normalized such that the K8, peak
has unit height.

lifetimes, an additional Lorentzian broadening was applied.
We used an empirical linear function of energy [32] [',(E) =
a(Ey — E)as the full width at half maximum of the Lorentzian
broadening. Here, E is the relative position of the Fermi
energy level in the XES spectrum. In previous work, o = 0.1
was used in simulations of Si K XES [33]. For these Nb V2C
XES spectra, we chose o = 0.2. A comparison between the
measured Nb,Os data and the broadened spectrum is shown
in Fig. 6. This broadening scheme successfully reproduces the
widths of the measured peaks, although the size of the KB”
peak is somewhat overestimated.

VI. DISCUSSION

We have demonstrated a clear ligand dependence to the V2C
XES of the 4d metal Nb. The K" peak, which comes from
the transition of the ligand 2s electron to fill the Nb 1s core

state, shifts by many electron volts among first-row ligands C,
O, and F—well within the detection limit of our spectrometer.
The position and intensity of the K" peak is, then, a probe that
can be used to positively identify the ligand species, even in
situations where x-ray or neutron diffraction, XAFS, or other
structural measurements cannot resolve that information.

The results of the theory shown in Fig. 5(d) suggest that
there is a chemistry dependence in the position of the Kpf4
peak. Indeed, that was seen in the earlier work on Mo [8]. Our
current spectrometer suffers from an instability that appears to
be related to small temperature fluctuations in the end station.
As a result, the energy axes of all XES data in this manuscript
have a systematic uncertainty of a few tenths of an electron
volt. We can clearly distinguish the positions of the K" peaks
for the various ligands, but the chemical shifts observed in
the calculations of the K4 peaks is close to our instrumental
uncertainty. This will be the subject of future study.
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