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ABSTRACT: Hard X-ray photon-in photon-out spectroscopy has so far mainly been applied to investigate fundamental
physical phenomena in superconductors and chemical reactivity of bio-inorganic, photocatalytic and catalytic materials.
Here, we show with the example of PrsO, nanoparticles, an n-type semiconductor, how high-energy resolution
fluorescence detected (HERFD) X-ray absorption near edge structure (XANES) can be used to track the changes of
partially filled f-bands. We observe a reversible variation of the spectral features related to the tetravalent Pr ions upon
heating and cooling, whereas structural and chemical transformations can be excluded. We assign these changes to the
occupancy of the O 2p-Pr 4f~band and show that they directly relate to changes in the electrical conductance. Our results
demonstrate how HERFD-XANES can be used to particularly study in situ the electronic properties of f-electrons in a
semiconductor, and how this method can be further extended to other classes of semiconducting nanomaterials.

INTRODUCTION

Semiconducting nanoparticle are the hub of many
emerging applications ranging from thermoelectrics’ to a
variety of photocatalytic’ and electronic devices.3®
Different techniques allow characterizing the electrical
conductivity of nanomaterials, but most of them impose
very strict requirements for the sample preparation, for
example, the geometry and the properties of the electrical
contacts. For nanomaterials, we still grapple with the
overarching picture of different length scales, from the
macroscopic electrical properties to the electronic states
participating in the charge transfer. Particularly,
accounting for the density of state and related parameters
like metal-oxygen hybridization, delocalized charge
carriers in respect to the elemental composition,
electronic and crystal structure of nanoparticle at
ambient conditions is still very challenging.

Hard X-ray photon-in photon-out spectroscopy is
element and structure-sensitive and has been shown to
probe changes in the density of unoccupied states of rare-
earth materials during chemical reactions.”” The pre-
edge region probes the fstates directly via 2p—4f
quadrupole transitions and a full RIXS map of this region

gives further insights into the exact nature of those
states." Whereas, in the HERFD-XANES spectrum, shape
and position of edge and number, position and intensity
of the features in the post-edge resolve the correlation
between RE valence and f-electron occupancy.® "

Here we demonstrate that hard X-ray photon-in photon-
out spectroscopy can be used as a contactless probe to
track the temperature-induced changes of the
delocalization of f-electrons, which are taking part in the
electrical conductivity. To this end, we focus on PrsO,
because it is an n-type semiconductor exhibiting rich
spectroscopic features related to f-electrons in the Pr
L,-edge HERFD-XANES and RIXS spectra. The
conduction mechanism in PrsO, is described with the
small polaron model, where the dimensions of the
polarons are of the same size as the distance between two
sites in the lattice.” The f-states of Pr and the O 2p-states
overlap, hybridize and form a band.® The local
coordination and hence the crystal structure determines
the degree of hybridization and the filling level of this
band. We calculate the RIXS maps of tri-, tetra- and
mixed-valent Pr and correlate them with the measured
HERFD-XANES spectra during temperature-induced
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transformation of Pr(OH); to PrsO,. Surprisingly, we
observe strong discrepancies between spectra of PrsO,
measured at room and at high temperatures, whereas the
in situ PXRD and TGA remain unchanged. Thus, we can
fully exclude the chemical and structural transformation.
Upon repeated heating and cooling of the PrsO,
nanoparticles, we observe a reversible variation of the
spectral features related to the tetravalent Pr ions. We can
unambiguously assign these changes to the occupancy of
the O 2p-Pr 4f-band and show that they directly relate to
changes in the electrical conductance.

EXPERIMENTAL SECTION AND
CALCULATIONAL METHODS

Nanoparticle synthesis. The synthesis of Pr(OH),
nanoparticles is analogous to the previously reported
synthesis of La(OH),” All chemicals were stored and
handled in an oxygen- and water-free atmosphere in a
glovebox and wused as purchased without further
purification. Acetophenone (4.68 ml, 40 mmol, 99.0%
Fluka) was added to Pr(OPr) (159.09 mg, 0.5 mmol,
99.9% Strem Chemicals) in a reaction vessel containing a
stirring magnet. The vessel was sealed with a Teflon cap
and the reaction was carried out in a CEM Discovery
microwave reactor at 200 °C for 20 min. The synthesized
particles were separated from the reaction liquid by
centrifugation and washed twice with ethanol and once
with acetone and dried at 60 °C 12 hours. To determine
the temperature at which the phase transformation from
Pr(OH), to Prs0,, is fully completed, we measured in situ
PXRD (Supplementary Information (SI) Fig.S1). PrsO,
nanoparticles, used here as a reference, were obtained by
heating the Pr(OH), powder to 500 °C for 2h with a
heating rate of 5°C/min.

X-ray spectroscopy. HERFD-XANES experiments were
carried out at ID26 at the European Synchrotron Research
Facility in Grenoble, France. The incident beam energy
was set to the Pr L; edge at 5964 eV selected with a
double Si (111) monochromator. The spectrometer in
Rowland geometry was tuned to the maximum of Pr Lj,
emission line at 5849.63 eV with three spherically bent Ge
(333) caystals at a Bragg angle of 77°. The total energy
resolution was 0.85 eV. A typical HERFD-XANES scan was
measured from 5945 to 6050 eV with a step size of 0.1 eV
and took 300 s per scan. The RIXS maps were measured
from 5954 to 5964 eV in the incident energy range and
from 5840 to 5857 eV in the emission energy range with a
step size of o0.1eV and 0.4 eV, respectively. The ex situ
measured reference samples were pressed into pellets of
2.5 mg of Pr(OH), or Pr¢O,, nanoparticles and 20 mg BN.
For the in situ heating experiments, a capillary was filled
with Pr(OH), and placed in a custom made furnace from
the ESRF sample environmental pool and heated to
800 °C with a heating rate of 5°C/min. HERFD-XANES
was continuously recorded, 300 s per scan.

Valence-to-core (vtc) X-ray emission spectroscopy (XES)
was measured on the same spectrometer equipped with
four spherically bent Ge (333) crystals at a Bragg angle of
73°. The incident beam energy was fixed at 5976.5 eV and

the emission was measured from 5890 to 5971.5 eV with a
step size of 0.3 eV.

Multiplet Calculations. The multiplet calculations were
performed with the MissingCode program"™ for Pr3+ and
Prg+ ions. First, the absorption process of the 2p—4f
quadrupole transitions was calculated, followed by the
emission resulting from a 4d—2p dipole transition. The
considered electron configurations were
2p°4d°4f —2p34d°4f " —2p°4d°4f". The intensities of
the different final states were calculated with the
Kramers-Heisenberg equation,” ** including a core-hole
lifetime broadening of the 2p of 3 eV and of the 4d hole of
0.5 eV with an instrumental broadening of 0.3 eV for the
incident beam and 0.6 eV for the analyzer crystals. The
calculations took 4f-4f, 2p-4f, and 4d-4f interactions as
well as the spin-orbit coupling of the open shells into
account. The values of the Slater integrals were taken
from the Cowan code and were scaled to 80% for the
different interactions. The spin-orbit coupling was not
scaled. The values of the reduced Slater-integrals are
listed in Table Si, SI.

Evaluation of RIXS maps and in situ data. The RIXS
maps were calculated on the basis of multiplet theory.
The multiplet calculations were performed with the
MissingCode program'™ for Pr*" and Pr*" ions, where we
calculated first the quadrupole absorption process,
followed by the emitting dipole transition. The final state
intensities were calculated with the Kramers-Heisenberg
equation,” '® including a core-hole lifetime broadening at
the intermediate (2p hole) and final (4d hole) state and
additional broadening due to the incident beam width
and resolution of the analyzer crystals. The Slater-integral
values for the different interactions were taken from the
Cowan code and scaled to 80%. All reduced values are
listed in Table Si, SI.

The in situ HERFD-XANES data were treated with the
fityk program (Version 0.9.8).” All normalized spectra
were first fitted with an arctangent step function and the
spectral features were fitted with SplitGaussians. Four
such functions were fitted into the PrO,, HERFD-XANES
spectra and the energy positions of the maxima were
saved. Afterward, the in situ spectra were fitted with two,
three, or four SplitGaussians (see text) with their maxima
fixed to the ex situ determined values. The areas of the
fitted Gaussians were used to determine the f-electron
occupancy, n;* " with equation 1.

I A+ A L) ’
LA A (DA ASL

where, A(f,), corresponds to the area of the fitted
SplitGaussians of the respective feature.

The insitu pre-edge analyses were carried out with
Matlab’s trapz-function to obtain the area under the pre-
edge up to an energy of 5960 eV (dashed line in Fig. 2c).
We normalized the area by the area of the spectra
measured at 25 °C,
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Figure 1. The experimental HERFD-XANES spectra (a-b) and experimental and calculated RIXS maps (c-h) of trivalent and
mixed-valence praseodymium reference compounds. (a, b) De-convolution of the HERFD-XANES spectra of the Pr(OH), and
Pr¢O,, nanoparticles, respectively. The 4f* (red), 4f°L (green), and the two 4f features split by the crystal field (blue, orange) are
fitted with SplitGaussians. The edge jump, fitted with an arctangent function, is shown as gray dashed line. (c-e) The measured
(d) and calculated (e) RIXS map for trivalent Pr(OH), shows four distinct features. (f-h) The measured (g) and calculated (h)
RIXS maps of the mixed valence oxide PrsO,,. The pre-edge RIXS was calculated as a linear combination of Pr*" and Pr*’. The
dashed lines are guidelines for the eyes. The diagonal, bold, dashed line indicates the fixed emission energy of 5849.63 eV, and
the corresponding pre-edge spectra at this energy are extracted from the calculated maps (orange curve) and compared with the

measured pre-edge spectra of Pr(OH), and PrsO, (blue curve) in (c) and f).

A Additionally, high-resolution synchrotron PXRD data
ny=l-—=o ) ; .

A(25°C) (2) were collected at the Swiss-Norwegian Beamline at the

ESRF with a Dectris Pilatus2M detector and an incident

where A is the area below the pre-edge at a given energy of 17780.61 eV corresponding to a wavelength of

temperature and A(25 °C) the pre-edge area for the first
in situ measurement of Pr(OH), at 25 °C.

PXRD. In situ PXRD data was collected on a Panalytical
Empyrean diffractometer equipped with a PIXCELiD
detector using Cu Ko radiation. The Pr(OH), powder was
prepared on an ALO, sample holder and mounted in an
AP HTK-1200N oven. The incident beam optics consisted
of 0.04 Soller slits, a divergence slit of 1/4°, and an anti-
scatter slit of 1/2°. On the diffracted beam side, 0.04 Soller
slits, a Ni-filter, and a 1/4° divergence slit were used.

0.69730 A. The nanoparticles were filled into a quartz
capillary, which was mounted on a goniometer head and
rotated. The acquisition time was 60s per sample.
Rietveld refinement was performed using the
FullProfSuite software.”™ The background was defined as
a linear interpolation of background points with
refineable height and the peak shape function used to fit
the patterns was the pseudo Voigt function with axial
divergence asymmetry. The analysis of the PrsO, pattern
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recorded with high resolution further confirms the
monoclinic PrsO,, phase (Fig. S1 and S2, SI).

TEM. Transmission electron microscopy measurements
were conducted on a Philips Tecnai F30 operated at
300 kV in the Scientific Center for Optical and Electron
Microscopy (ScopeM) of the ETH Zurich. A Gatan 1k CCD
chip was used for image acquisition via the software
Digital Micrograph (Fig. S3, SI).

XPS. X-ray photoelectron spectroscopy was recorded on a
Sigma 2 spectrometer (Thermo Scientific) using a
polychromatic Al Ka X-ray source and the binding energy
was calibrated taking C 1s = 284.4 eV (Fig. S4, SI).

TGA. Thermogravimetric analysis (TGA) was measured
with a Mettler Toledo TGA/SDTAS851e instrument. 7.71 mg
of Pr(OH), powder were heated in an alumina crucible to
800 °C at a rate of 10 °C/min in air. After cooling down to
50 °C the powder was reheated to 350 °C at 10 °C/min as
shown in Fig. S1b. SI.

Resistance Measurements. The PrsO, film was
prepared on an alumina substrate, which was equipped
with interdigitated platinum electrodes for the resistance
measurements on the top side and with a meander type
platinum heating element on the back side. A dispersion
of 200 mg of washed, but still wet, Pr(OH), nanoparticles
mixed with 5 ml of ethanol was prepared. The substrate
was heated to 75 °C and 10 pl of the dispersion was drop
caste ten times on the substrate. Finally, the substrate
with the film was heated to 500 °C for two hours at a
heating rate of 5°C/min. Resistance was measured in a
Teflon chamber under 200 ml/min flow of dry synthetic
air. The resistance of the film was measured with a
Keithley 617 programmable electrometer and the
temperature was adjusted using a DC power supply.

RESULTS

The challenge in studying the mixed valence PrsO, is to
unequivocally assign the spectral features related to 3+
and 4+ valence of Pr. Thus, we study Pr(OH), as a
trivalent reference and compare its spectral features with
PrsO,, as shown in Fig. 1. We perform the experiments at
the Pr L, edge (2p—5d) absorption line and record the Pr
LB, emission line (4d—2p). The spectrometer setup in
HERFD-XANES reduces the core-hole lifetime broadening
from 3.6 eV (2p)** to the 0.7 eV (4d)*™, which is in the
range of the experimental resolution of 1eV. In the
Pr(OH), spectrum, we assign the single feature to the
4f*sd' state as shown in Fig. 1a. The 4fLsd" state, where L
denotes a hole in the ligand O 2p orbital, is not visible
due to broadening of Prsd states related to oxygen as
neighboring atoms.*® In the spectrum of PrsO,,
additionally to the 4f*sd' final state characteristic for Pr*’,
we observe three more features, which manifest the
presence of Pr*" as shown in Fig. 1b. The quasi-cubic like
surrounding of the Pr ions in the monoclinic PrsO,, results
in a cubic crystal field splitting of the states into an e, and
t,; state with an energy difference of 2.8 eV.”” Thus, by
analogy to CeO, and PrO,, we assign the features at
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Figure 2. In situ HERFD-XANES studies of the temperature-
induced phase transition from Pr(OH); to PrsO,. The
reference spectra of Pr(OH); and PrgO,, measured at RT are
down-/up-shifted, respectively. (a, b) HERFD-XANES spectra
measured at RT and then every 50 °C from 50 °C to 8oo °C
and the corresponding f-electron occupancy ny as a function
of time and temperature. As expected, the formation of Pr**
ions at 300°C leads to the decrease of the f-electron
occupancy. Additionally, the n; strongly decreases towards
RT and reaches the ex situ determined value of 1.79+ 0.04
(gray area). This demonstrates the changing occupancy of
the O 2p-Pr 4f band with temperature. (c, d) Pre-edge spectra
and the corresponding normalized pre-edge area, ny, confirm
the formation of PrsO,,. The increase of n, together with the
shape conservation of the pre-edge at RT after cooling down
supports the higher delocalization at high temperatures
rather than an oxidation of Pr*" to Pr*" upon cooling.

appears at 5971.0 eV,”® whereas the e, peak overlaps with
4f*s5d of Pr*".

From a theoretical point of view, it is challenging to treat
the partly filled 4f orbitals of the RE ions. In the
sesquioxides RE,O;, the RE donates three electrons from
the outer shells to the bond and the remaining 4f
electrons stay strongly localized at the trivalent metal
ion.” For Ce, Tb, and Pr also tetravalent ions exist and
due to the hybridization with the O 2p states the
f-electron occupancy takes a non-integer value, which
results in a certain degree of delocalization. Here, Pr**
represents a 4f configuration and Pr*" a 4f and 4f’L
configuration, which includes a delocalization of the 4f
states. The relation between those

well-resolved features allows determining the f-electron
occupancy (ny) and the formal valence (v) with high
accuracy. Here, the Pr*'/Pr*" ratio is 0.53 + 0.13, valence
v =3.53 = 0a3,%° which is close to the expected value of
3.66 for Pr¢O,. The ns of PrsO,, is 1.79 + 0.04, which is as
expected higher than 1.65 determined with conventional
XANES for the stoichiometric PrO,.*

Furthermore, in the pre-edge region we observe strong
differences between Pr(OH), and PrsO,. We record the
RIXS maps because the quadrupole transitions from

2p—4f
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Figure 3. Reversible changes of the f-electron occupancy in
PrsO,, upon heating and their correlation with the electrical
conductance. (a) The temperature-induced changes of
resistance of PrgO, films (b) The dependence of the
conductance, In(G,/Ggr), to the temperature during heating
and cooling (left axis). The reversible changes of the
conductance with temperature illustrate the effect of the
electron delocalization on this macroscopic property. Both
the analysis of the f-electron occupancy, ny (top right axis),
and the normalized pre-edge area, n, (bottom right axis),
show the higher occupancy of the O 2p-Pr 4f band at higher
temperature. (c) A model of O 2p-Pr 4f hybridization is
shown. The 4f°L feature increases with temperature resulting
in higher f-electron occupancy. (top) The artistic view on the
delocalized of electrons at different temperatures and
(bottom) the corresponding HERFD-XANES spectra. The
blue and red colors refer to the low and high temperature,
respectively.

states are spread out differently in the incident beam and
energy transfer directions depending on the number of
localized f-electrons, shown in Fig. 1c-h." In the RIXS map
calculations, we do not take into account dipole 2p—s5d
transitions and mixing of the 5d states with the 4f* states,
but instead solely focus on the process 2p—4fand 4d—2p.
For Pr(OH),, the calculated RIXS maps reproduce very
well all four features with the correct broadening in
incident energy and energy transfer (Fig.1ic-e). In the
PrsO,, RIXS maps, the four features distinguished in the
Pr(OH), sample are clearly visible, but have different
relative intensities due to the presence of tetravalent Pr
ions (Fig. 1f-h). We calculate the PrsO, maps as a linear
combination of Pr*" (Fig. 1e) and Pr*" (Fig. S5, SI) maps
and take two trivalent and four tetravalent ions into
account. The relative intensities of the features in the
calculations and the measured intensities are in the right
order of magnitude, while the calculation underestimates
the broadening.

We study the emergence of Pr*" by monitoring the
f-electron occupancy (ny) and the normalized area below
the pre-edge (n4) during the temperature-induced phase-
transformation from Pr(OH), to PrsO,,, as shown in Fig. 2
and Fig. S1, SI. At 300 °C, a decrease of nrand an increase
of ns sets in and reaches a plateau above 500 °C. We
assign these changes to the formation of Pr*’, which is in
line with the phase transformation from Pr(OH), to PrsO,,
observed in PXRD and TGA studies. Surprisingly, upon
cooling from 8oo °C to room temperature (RT) nrand ny
further strongly change to finally reach the values
measured for the reference compound at RT. The possible
explanation for the sharp decrease of the n,and increase
of ny upon cooling can be either a further oxidation of
Pr** to Pr*" or temperature-induced changes of the
occupancy of the O 2p-Pr 4f band. As shown in Fig. S6, SI,
the mass loss between 800 °C and 50 °C is only 0.5% and
thus we can discard the hypothesis of oxidation of Pr*" to
Pr*". An inspection of the spectra measured at 8oo °C and
RT reveal that in both cases we observe all the post-edge
features of PrsO,, but at RT the white line maximum is
flat. In the pre-edge, the two features at 5958.2 eV and
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5959.3 eV are characteristic for the 4f* state (Fig. 1c-e). For
the measurements at 800°C and RT, the relative
intensities of those shoulders are very similar. However,
at RT all the pre-edge features are generally shifted to
higher energies. This finding supports the assumption of a
higher delocalization at elevated temperatures rather
than a shift from 4f' to 4f* or vice versa. The shift of the
pre-edge to lower energies with a higher degree of f-state
delocalization was observed for CeO, nanoparticles.®
Furthermore, for the transition metals a temperature
dependency of the quadrupole transitions due to the
additional vibrational modes was reported. >

To further test our hypothesis we heat PrsO, nano-
powders again from RT to 350°C and compare the
spectroscopic changes (n; n,) with the resistance
measurements of the PrsO,, films (In(G/Ggr)) as shown in
Fig. 3a-b and Fig. S7a-b, SI. We determine the electronic
band gap of the PrsO,, nanoparticles from valence-to-core
X-ray emission spectroscopy (vtc XES) and HERFD-
XANES to be 2.04 eV as shown in Fig. S8, SI. As expected
for an n-type semiconductor, the resistance R, of the
PrsO,, film decreases by five orders of magnitude upon
heating to 350 °C, and recovers to the almost initial value
after cooling. This can be explained by the dependency of
the delocalized charge carrier concentration on
temperature, which is proportional to exp(-E/kgT), where
E is the energy needed to excite electrons into the
conduction band. In this temperature range, we can
exclude any phase transition (see Fig. S7 c-d, SI), but we
still observe reversible changes of n;and n, upon cooling
and heating. We compile all the information extracted
from the HERFD-XANES studies and resistance
measurements to visualize how the temperature-induced
delocalization of f-electrons affects the spectral features
as shown in Fig. 3c.

CONCLUSION

In summary, the electrical measurements are in line with
the findings based on X-ray spectroscopy. Upon heating,
we observe a higher degree of delocalization of the
f-electrons and therefore a higher electrical conductivity.

The analysis of HERFD-XANES spectra and RIXS maps
allows us to unambiguously distinguish between the
temperature-induced changes of the Pr valence state from
the changes exclusively related to delocalization of the
f-electrons. Therefore, the photon-in photon-out method
can be used as a contactless probe of the delocalized
electrons in the conduction band of semiconductors.

As worldwide high brilliance sources and emission
spectrometers are under rapid development, we
anticipate that this work will trigger a further application
of this method to monitor electrical properties of
semiconducting nanomaterials in operando conditions
and will be particularly interesting in the field of thermo-
electrics.

ASSOCIATED CONTENT

The Supporting Information is available free of charge on the
ACS Publications website. The electronic band gap
determination, RIXS calculations for Pr*", TEM images, XPS
data, in situ PXRD and TGA data, reheated HERFD-XANES,
PXRD, and TGA data, and HR-PXRD of Pr(OH), and PrsO,,
are shown. The reduced Slater integrals for the multiplet
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