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Determination of major to trace elements in metallic materials
based on the solid mixing calibration method using multiple
spot-laser ablation-ICP-MS

Series of elemental and isotopic analyses from both the
geochemical and biological samples were conducted by Hirata's
group at the University of Tokyo. In this paper, we developed a
new analytical approach for major to trace elements based on
multiple-spot laser ablation-ICP-MS. The technique developed
here will become a benchmark technique for the quantitative
analyses of major to trace elements in various solid samples.
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Laboratory-scale near-edge X-ray absorption fine
structure spectroscopy with a laser-induced

* Meike Schellhorn and Klaus Mann

The authors present a compact soft X-ray spectrometer based on a long-term stable and nearly debris-free

picosecond laser-induced plasma from a pulsed krypton gas jet target, suitable for near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy in the energy range between 250 to 1000 eV. Along
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with a detailed description of the table-top spectrometer reaching a spectral resolution of up to E/AE =

500 at an energy of 430 eV, NEXAFS measurements were conducted at the carbon, nitrogen and oxygen
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1. Introduction

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy
is a well-established technique for elemental and compositional
surface analysis of samples, probing electronic transitions from
core levels to higher lying unoccupied states.' Since initial and
final state depend on the local electronic structure of the
absorbing atom, spectral features of the near-edge fine structure
yield unique information about the sample, including bond type
and angle, oxidation state, coordination, and hybridization of
molecular orbitals. As core level electrons are targeted, NEXAFS
spectroscopy does not require long-range ordered structures
(opposite to X-ray diffraction — XRD) and allows for the investi-
gation of amorphous and poorly crystalline phases. In contrast to
XRD and Fourier-transform infrared spectroscopy (FTIR), NEX-
AFS spectroscopy is element specific, but at the same time able to
operate at different absorption edges simultaneously. Contrary to
electron energy loss spectroscopy (EELS), sample analysis is not
limited to ultra-high vacuum, but is possible also at ambient
conditions (water, inert gases). Furthermore, radiation damage
resulting from the high power density of the electron beam is
problematic during EELS measurements, and charge effects
impede EELS analysis of electrically non-conducting samples. In
comparison to nuclear magnetic resonance (NMR) spectroscopy,
magnetic and paramagnetic substances do not hamper NEXAFS
measurements.

Up to now, NEXAFS measurements are almost exclusively
conducted at synchrotrons or free electron lasers, providing the
necessary high photon flux in the X-ray spectral range. However,
access to these large scale facilities is limited, and thus, there is
a strong demand for compact NEXAFS tools. Although, there has
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K-edge. Additionally, oxidation state and coordination at the L-edge of various manganese and iron
compounds were analyzed for the first time with a laboratory-scale NEXAFS system.

been considerable progress in the development of laboratory-
scale soft X-ray sources, such as laser- or discharge-produced
plasmas>® and high-order harmonics (HHG),”** these sources
have been employed for NEXAFS spectroscopy only a few times
until now.”** In addition, except for previous own work
including pump-probe experiments* and investigations with
samples at atmospheric pressure,* all these measurements were
restricted to photon energies below 500 eV. Recently, Pop-
mintchev et al.*> demonstrated NEXAFS investigations at the K-
and L-absorption edges of solids in the near-keV range using
a HHG source, ideally suited for dynamic probing of materials on
an attosecond time scale. However, to generate this radiation
a large and complex laser system is needed requiring consider-
able experimental and technical effort. Thus, in order to pave the
way for a wider dissemination of NEXAFS spectroscopy, there is
definitely the need for further compaction and simplification of
soft X-ray sources and spectrometers.

In this paper we demonstrate that soft X-ray absorption
spectroscopy can be accomplished by an extremely compact
setup, using a standard picosecond laser system along with
a pulsed gas jet as inherently debris-free target for plasma
generation, and a spectrometer based on a soft X-ray reflection
grating. This spectrometer, operating with broad-band radia-
tion in the energy range between 250 to 1000 eV, is character-
ized with respect to its spectral resolution. In addition, we
present spectra from various organic and inorganic samples,
showing an excellent agreement to synchrotron data and thus,
proving the versatility of the table-top NEXAFS system for both
quantitative and qualitative analysis.

2. Experimental details

The setup for laboratory-scale NEXAFS measurements, basically
consisting of laser-induced plasma source, sample holder and
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spectrometer, is depicted in Fig. 1. Due to the strong absorption
of soft X-rays in matter, the system is evacuated to a base
pressure of approximately 10~> mbar. The plasma source is
based on a Nd:YAG laser system (Ekspla SL312P, wavelength
1064 nm, pulse energy 500 m], pulse duration 170 ps) and
a pulsed gas jet generated by a fast valve (Proch-Trickl setup®)
and shaped by a conically diverging nozzle (diameter 300-550
pm). Due to the short valve opening time of 900 us the working
pressure does not exceed 10> mbar during operation (gas
backing pressure 20 bar, repetition rate 5 Hz). The laser beam is
focused by a f= 100 mm lens onto a krypton gas jet to generate
a hot and dense plasma emitting unpolarized, incoherent and
broad-band radiation in the soft X-ray spectral range between
250 and 1000 eV (see Fig. 1c). Out-of-band radiation, such as
scattered laser radiation or visible light, is blocked by a 200 nm
thick aluminum filter. The krypton plasma size is 0.37 x 0.24
mm? (FWHM), as measured by a pinhole camera composed of
a pinhole (diameter 50 pm) equipped with a titanium foil
(thickness 200 nm) and a phosphor coated CCD chip (Sony
ICX285, 6.45 x 6.45 um? pixel size, 1280 x 1024 pixels) being
sensitive for soft X-ray radiation.

The home-built NEXAFS spectrometer consists of an
entrance slit (variable width 0-400 pm), an aberration-corrected
concave flat-field grating (Hitachi,>* 2400 grooves per mm,
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Fig. 1 (a) Schematic drawing and (b) photograph of the table-top
setup for NEXAFS spectroscopy and (c) characteristic emission spec-
trum of the krypton plasma with accessible K- and L-shell absorption
edges of prominent elements in the soft X-ray spectral range.
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wavelength range 1-5 nm), and a back-thinned, back-
illuminated CCD camera (Roper Scientific, 13 x 13 um” pixel
size, 2048 x 512 pixels). To reduce its intrinsic thermal noise,
the camera is cooled down to —30 °C during acquisition.
Furthermore, all spectra are background corrected to account
for systematic camera non-uniformities. For NEXAFS measure-
ments, up to six samples are mounted on a linear motion stage
for alignment in the soft X-ray beam. The distance between
plasma source and sample plane as well as sample and entrance
slit is about 100 mm and 80 mm, respectively. These short
distances ensure that the spectral intensity is sufficient for
NEXAFS experiments especially at photon energies above
500 eVv.

To calibrate the spectrometer, emission spectra of light
elements such as nitrogen and oxygen are used. Their charac-
teristic lines are assigned to the corresponding transitions and
compared with tabulated data from the NIST Atomic Spectra
Database.” Additionally, characteristic peaks of polyimide,
goethite and elemental copper, whose absorption spectra were
determined very precisely at synchrotron beam sources, are also
measured and assigned to the corresponding photon energies.
Finally, a 5 degree polynomial was adapted to the data points
enabling a conversion of camera pixels into photon energies.

In contrast to synchrotron measurements, where the photon
energy is varied sequentially to measure absorption spectra, the
entire energy spectrum can be recorded in ‘single shot’ with the
table-top NEXAFS spectrometer due to the broad-band emitting
krypton plasma (see Fig. 1c).

3. Results and discussion
3.1 Spectral resolution

Resolution is a key parameter of spectrometers describing the
ability to separate two spectral lines close to each other
according to the Rayleigh criterion. Usually it is given as
dimensionless parameter E/AE, with E being the mean energy
and AE the energy difference between the two lines. In practice,
however, resolution is mostly obtained using only a single
spectral line whose natural line width is below the resolving
power of the spectrometer. Here, the isolated emission line of
N°* ions at E = (430.33 + 0.01) eV was chosen (see Fig. 2).
Adapting a Gaussian function, a width of AE = (1.15 £ 0.01) eV
(FWHM) was determined resulting in a spectral resolution of E/
AE = 374 £ 5. The spectrometers entrance slit was set to 100 pm
for this measurement.

To evaluate the influence of the entrance slit width on the
spectral resolution, the same nitrogen line was recorded for
different slit widths between 10 and 380 pm (see Fig. 2). As ex-
pected, the narrower the slit, the better the resolution of the
spectrometer, but the lower the intensity of the nitrogen line. In
contrast to the intensity, the increase of resolution is not linear
to the slit width, but flattens for slit widths smaller 100 um.
Thus, the entrance slit was set to 100 um for the measurements
to achieve a sufficiently high intensity with only 10% reduced
resolution.

However, spectral resolution is not only limited by the
entrance slit width, but also by the size of the krypton plasma

This journal is © The Royal Society of Chemistry 2019
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Fig.2 (Left) Spectral resolution E/AE determined by fitting a Gaussian function to the emission line of N>* ions (accumulated over 50 pulses) at £
= (430.33 £ 0.01) eV with and without the use of an additional source slit (width 100 um). The entrance slit of the spectrometer was set to 100
um. (Right) Intensity of the nitrogen emission line at £ = (430.33 & 0.01) eV and spectral resolution E/AE as a function of entrance slit width. This

measurement was done without an additional source slit.

source, as the entrance slit is illuminated by a divergent beam.
Depending on its origin in the plasma, the soft X-rays illuminate
the grating at slightly different angles, and thus, are imaged to
different positions on the CCD chip decreasing spectral reso-
lution. To reduce the source size, a second slit (width 100 pm)
was introduced into the beam path at a distance of about 15 mm
from the plasma in addition to the entrance slit (width 100 um)
of the spectrometer. This results in a resolution of E/AE = 495 +
6, i.e. an increase by a factor of 1.32 (see Fig. 2). Of course, an
additional slit further reduces intensity and thus, the
measurements described below are done without the source
slit.

3.2 NEXAFS measurements

To prove the applicability of the laboratory-scale NEXAFS
system, spectra of different samples at various absorption edges
of the entire accessible energy range are presented in the
following. The measured data are evaluated according to
Lambert-Beer's law [eqn (1)] by dividing the sample spectrum I
by the krypton emission spectrum I,, yielding the optical
density OD,

OD(E) = u(E)d = —ln(l(E) )

where u is the linear energy dependent absorption coefficient
and d the sample thickness. As measurements are performed in
transmission geometry, sample thickness is an important
parameter determining the quality of the spectra especially
using soft X-rays. A common measure for an appropriate
thickness is given by the penetration depth (intensity drop to 1/
e), resulting in an optical density equal to 1. To avoid thickness
effects® reducing spectral quality, samples should be homoge-
nous and thinner than the penetration depth. Thus, in
comparison to fluorescence or electron yield mode, sample
preparation is a much more important issue in order to obtain
spectra of high quality. Moreover, electron yield mode is more
surface sensitive, since layers of only few nanometer thickness
can be analyzed due the short mean free path length of elec-
trons in matter. However, buried layers or samples consisting of

This journal is © The Royal Society of Chemistry 2019

different thin layers can only be measured in transmission
mode, as the NEXAFS signal stems from the sample volume.

One common method to prepare appropriate samples is to
dispense an aqueous solution on a SizN, carrier substrate
commonly used in absorption spectroscopy measurements due
to high transmission in the soft X-ray energy range and high
stability. The NEXAFS spectrum of such a Siz;N, membrane
(thickness 100 nm) was recorded at the nitrogen K-edge (see
Fig. 3). The comparison with tabulated data*” shows an excellent
agreement, not only for the energy position of the absorption
edge, but also for its absolute value. Therefore, their use as
carrier substrate does not distort the actual spectra of the
examined samples, since the absorption of these membranes
can be precisely determined and is accounted for in the calcu-
lation of the optical density.

Another possibility for the preparation of thin samples is to
embed the material in epoxy resins, which can be precisely cut
to thin sections down to 10 nm using a microtome. This tech-
nique is extensively applied for transmission electron micros-
copy, but also for X-ray absorption spectroscopy for many years.
The absorption properties of the standard embedding epoxy
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Fig. 3 Nitrogen K-edge spectrum of a SisN4 membrane (thickness
100 nm, accumulated over 1000 pulses) in comparison to tabulated
data.?
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resin Agar 100 were simultaneously measured at the carbon and
oxygen K-edge. The samples were microtomed to sections of 100
and 200 nm thickness by D. Riedel (MPI for Biophysical
Chemistry Goéttingen) and mounted onto Si;N, membranes
(thickness 100 nm). The data displayed in Fig. 4 indicate the
characteristic K-edge of carbon, featuring two distinct peaks at
284.6 eV and 288.6 eV which can be attributed to the C 1s-7*
(C=C, aromatic ring) and C 1s-c* (CHj3) transition, respec-
tively. Both samples also show a distinct feature at the oxygen K-
edge. The peak positions at both absorption edges deviate by
less than 0.2 eV (0.07%) to corresponding synchrotron data.?®?°

At photon energies above 500 eV different inorganic
manganese- and iron-containing samples have been investi-
gated. Oxygen K-edge and manganese L,;-edge spectra of
manganese dichloride, manganese oxide/potassium manga-
nate, and potassium permanganate samples, all dispensed on
SizN, membranes (thickness 100 nm), are displayed in Fig. 5.

The spectra of all three samples feature the characteristic
splitting of the L-edge into L; and L, peak, representing elec-
tronic transitions to the 3d levels from the 2p;,, and 2p,, levels,
respectively.** Furthermore, with increasing oxidation state
there is a significant shift of the Mn L-edge positions to higher
photon energies, since the remaining electrons are more
strongly bound to the absorbing Mn core. The opposite effect
can be seen at the oxygen K-edge, where the peaks are shifted to
lower photon energies. These results agree very well with
synchrotron studies by Cramer et al*' and Zaharieva et al.**
reporting an average positional change of 1.1 eV per increment
in oxidation state. The energy values of the Mn L-edge peaks
differ less than 0.5% from these literature data. Apart from
oxidation state, the spectra are also affected by the coordination
of the manganese compounds, as can be seen from the energy
difference AE; , between the L; and L, peak. Since manganese
dichloride is in a high-spin 3d> configuration with octahedral
coordination, the 3d level splitting is greater compared to
potassium permanganate which is tetrahedrally coordinated in
a 3d° configuration, resulting in a 0.8 eV larger energy differ-
ence between the L; and L, peak in manganese chloride.
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Fig. 4 Carbon and oxygen K-edge spectra of epoxy resin (Agar 100)

samples of different thickness (accumulated over 1000 pulses). The
inset shows the structural formula of a common epoxy resin.

1782 | J. Anal At Spectrom., 2019, 34, 1779-1785

View Article Online

Paper

Mn L, ;-edge |

o
A
(13
(=W
(0]
¢’}

MnCl,*4H,0: Mn(+I) /i

MnO,/K,MnO,: Mn(+IV/+VI)

Optical density [a.u.]

KMnO,: Mn(+VII) !

525 550 575 600 625 650

Photon energy [eV]

Fig. 5 Oxygen K-edge and manganese L, 3-edge spectra of manga-
nese dichloride (MnCl,-4H,0), manganese oxide/potassium manga-
nate (MnO,/K;MnQ,4), and potassium permanganate (KMnOy,)
(accumulated over 10 000 pulses). For better visibility the spectra are
shifted along the y-axis.

Fig. 6 displays the oxygen K-edge and iron L, ;-edge spectra
of hematite, a common Fe(m) iron oxide (Fe,O3). The samples
with thicknesses of 25 to 85 nm were prepared on a SizN,
membrane (thickness 100 nm) by A. Ismail and F. de Groot
(University of Utrecht, Netherlands) using spray pyrolysis
deposition. The results clearly show that NEXAFS spectra above
500 eV can be recorded with high quality at different absorption
edges simultaneously.

Even for the thinnest sample of only 25 nm thickness the
spectra show distinct features, highlighting that the high
sensitivity of NEXAFS spectroscopy is also achieved with the
table-top system. The pre-edge feature A is attributed to tran-
sitions from O(1s) core states to antibonding O(2p) states
hybridized with Fe(3d) states. Its splitting is interpreted as
separation of the Fe(3d) t,,—e, symmetry bands by the oxygen
octahedral crystal field. Therefore, the energy difference
between the two peaks A; and A, is a direct measure for the
strength of the ligand field. However, due to the lower spectral
resolution compared to synchrotron measurements, the char-
acteristic splitting of the pre-edge cannot be recorded directly in
the data obtained with the table-top spectrometer (see Fig. 6b).
Nevertheless, by adapting six Gaussian curves and one arc
tangent function to the optical density the two peaks A; and A,
can be extracted. The energy difference of 1.2 eV between peak
A; and A, is consistent to literature values®* ranging from 1.2
to 1.4 eV, proving the spectrometers suitability for quantitative
analysis of samples above 500 eV. Furthermore, the obtained
energy values of the peaks at the oxygen K-edge deviate by less
than 0.4% from synchrotron data taken by Brandt et al.* (see
Table 1).

Although showing a strong signal at the iron L, ;-edge, the
spectral resolution of the table-top spectrometer is not suffi-
cient to resolve the splitting of the L; and L, peaks. Thus, the
resolution shall be enhanced in future experiments, installing

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (Left) Oxygen K-edge and iron L, 3-edge spectra of hematite samples of different thickness (accumulated over 1000 pulses). (Right)

NEXAFS spectrum of hematite sample (thickness 35 nm) at the oxygen K-edge fitted with 6 Gaussian peaks (thin solid lines) and one arctan
function (thin dashed line) in comparison to synchrotron data.*® The samples have been provided by the group of F. de Groot (University of

Utrecht, Netherlands).

Table 1 Energy positions of the peaks at the oxygen K-edge of
hematite determined by Gaussian fits, associated electronic transi-
tions, and deviations from comparative literature values®*

Literature  Difference
Peak  Transition Energy [eV]  value [eV] [%]
Ay O(1s) — t,Fe(3d)  531.0(3) 529.0 0.23
A, O(1s) — e, Fe(3d)  532.2(5) 531.2 0.19
B, O(1s) — Fe(4s, 4p)  537.4(2) 539.0 0.31
B, O(1s) — Fe(4s,4p)  541.6(4) 542.0 0.09
1 Fe L,;-edge
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Fig. 7 Iron Ly3-edge spectra of hematite, ferrihydrite and CCa-2

chlorite (accumulated over 1000 pulses). For better visibility the
spectra are shifted along the y-axis.

a grating with longer focal length. However, using the compact
spectrometer it is possible to distinguish between iron con-
taining samples of different oxidation states. Fig. 7 shows the
optical density of hematite (iron oxide, Fe(m)), ferrihydrite
(oxyhydroxide, Fe(m)) and CCa-2 chlorite (silicate, Fe(u)). All
three samples were dispensed as aqueous solution on a SizN,
membrane (thickness 100 nm). Again, the splitting of the peaks
at the L, ;-edge is not visible. Nevertheless, the ratio of the
optical density of L;- and L,-peak provides information about
the proportion of different iron configurations in the sample:

This journal is © The Royal Society of Chemistry 2019

For Fe(n) it is lower than for Fe(m). As expected, the L;/L, ratio
for CCa-2 chlorite of 1.55 is significantly lower than for hematite
and ferrihydrite of 2.23 and 2.46, respectively.

It should be noted that iron of the same oxidation state - as
in hematite and ferrihydrite - is practically indistinguishable at
the iron L, ;-edge even in synchrotron measurements.* Differ-
entiation is therefore usually done at the oxygen K-edge. This
makes the table-top spectrometer a valuable instrument, as
spectra can be measured simultaneously over the entire energy
range, as shown before (see Fig. 5 and 6).

4. Conclusion

In this paper we have presented laboratory-scale NEXAFS
spectroscopy in the soft X-ray energy range between 250 and
1000 eV. The table-top setup is based on a nearly debris-free,
long-term stable laser-induced plasma source produced in
a pulsed krypton gas jet and a home-built spectrometer. The
NEXAFS spectra obtained are in excellent agreement to litera-
ture values or respective synchrotron data. The possibility of
simultaneously recording for the first time high-quality spectra
above 500 eV in less than 5 min at various absorption edges
opens up new applications and allows, for instance, the analysis
of the important 3d metals, e.g. manganese and iron. To gain
even more information from the spectra, the resolution of the
compact spectrometer shall be enhanced. Additionally,
systematic investigations of the spectrometer sensitivity will be
performed in the future. Apart from that, the brilliance of the
plasma source needs to be improved, e.g. by increasing the
repetition rate and by reducing the reabsorption in the target
gas jet,*® to further reduce exposure times, thereby maintaining
the compactness and inherent cleanliness of the source.
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