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We describe a method to perform high spatial resolution measurement of the position and density of
inter-band impurity states in non-stoichiometric oxides using ultra-high energy resolution electron
energy-loss spectroscopy (EELS). This can be employed to study optical and electronic properties of
atomic and nanoscale defects in electrically-conducting and optically-active oxides. We employ a
monochromated scanning transmission electron microscope with subnanometer diameter electron
probe, making this technique suitable for correlating spectroscopic information with high spatial re-
solution images from small objects such as nanoparticles, surfaces or interfaces. The specific experi-
mental approach outlined here provides direct measurement of the Pr inter-band impurity states in
Prg1Cep 90, _ 5 via valence-loss EELS, which is interpreted with valence-loss spectral simulation based on
density of states data to determine the energy level and character of the inter-band state. Additionally,
observation of optical color change upon chemically-induced oxygen non-stoichiometry indicates that
the population of the inter-band state is accompanied by an energy level shift within the bandgap.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Describing how variations in nanoscale structure and compo-
sition affect local electronic and optical properties is critical to
developing a fundamental understanding of atomic, nanoscale and
mesoscale properties of condensed matter [1]|. Experimental
methods to explore these relationships require a correlative ap-
proach to atomic resolution imaging and spectroscopy, and high
spatial resolution should allow electronic states associated with
nanoparticles and defects such as dislocations or grain boundaries
to be mapped and correlated with defect atomic structure [2,3].
For insulators, defects often give rise to states within the bandgap
which may often control charge transport properties as well as
optical properties. Correlating these states with local structure and
composition is the key to understanding and controlling the ma-
terial properties. Recent developments in monochromated elec-
tron energy-loss spectroscopy (EELS) in the aberration-corrected
scanning transmission electron microscope (AC-STEM) offer new
opportunities for local nanoscale probing of bandgap states, and
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correlation with structure and chemistry at the 0.1 nm level. The
ability to now correlate atomic structure with loss features down
to a hundred meV in the energy-loss spectrum represents a
powerful tool for characterizing electronic and optical properties
of materials—especially semiconductors and insulators, with de-
fects such as surfaces, grain boundaries and interfaces. Here we
quantify the energy, width and relative intensity of the density of
states within the band gap that are created when solute Pr ions are
added to CeO, nanoparticles.

The PryCe; _40,_ 5 (PCO) system exhibits mixed ionic-electronic
conduction at intermediate temperatures making it attractive in
applications demanding counter diffusion of electrons and oxygen
ions, such as solid oxide fuel cell electrodes and membranes [4].
We employ a monochromated AC-STEM which combines sub-
nanometer electron probe diameter and EELS with ultra-high en-
ergy resolution of 15 meV [5]. The high energy resolution together
with an improved modulation transfer function greatly enhances
the detection limits for states within the bandgap which have
often been obscured by the intense tails on the zero-loss peak
(ZLP) in EELS. Here, EELS allows the width and energy position of
the state to be determined with respect to the top of the valence
band, while optical observations of chemically-induced color
changes are employed to provide further information on the
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energy shift of the inter-band state when the Pr oxidation state is
changed.

Ceria (Ce0,) is an insulating oxide which forms mobile oxygen
vacancies under strongly reducing conditions or at elevated tem-
peratures, and accommodates the addition of aliovalent cations to
form oxygen-deficient solid solutions with wide-ranging electrical,
optical and catalytic properties [6,7]. For example, the ability to
enhance redox activity or oxygen ionic conductivity by adding
fixed-valence metal cations such as Y>*, Ca?*, Sm>* or Gd®>* has
made these mixed oxides attractive options for device applications
such as oxygen permeation membranes, gas sensors and solid
oxide fuel cells [8-10]. The situation is rather more interesting
when the added cation is—like Ce, multivalent. For example, in the
PCO system an impurity band below the conduction band of ceria
is formed under mildly reducing conditions when electron density
is localized on a Pr>* ion (the result of oxygen release) and may
transfer, or hop, to an adjacent Pr** ion [11,12]. The probability of
this polaron hopping mechanism is influenced by the spatial se-
paration of adjacent +3 and +4 Pr ions; it is thus sensitive to Pr
concentration and oxidation state—which can be modulated via
temperature and ambient. In fact, experimental evidence indicates
that impurity band formation occurs primarily when x > 0.1 in
PryCe; _x0-_s [13].

We recently reported a substantial enhancement in the elec-
trical conductivity of grain boundaries in Gd,Ce; _x0,_ s upon Pr*+
addition (i.e. Gd,Pr,Ce;_x_,0,_s), which was accompanied by a
factor of three enrichment in the Pr concentration at grain
boundary cores [14]. It was speculated that electronic conductivity
via Pr>* polaron hopping at Pr-enriched grain boundaries was the
origin of the measured conductivity enhancement; however,
spectroscopic evidence was not provided for the existence of a Pr
impurity conduction band. Here we show that the Pr impurity
band can be detected in nanoparticles of Pry;Ceq90,_s using ul-
tra-high energy resolution EELS. The occupancy of the band is
determined by the oxidation state of the Pr which can also be
determined with EELS. The ability to probe inter-band electronic
defect states with nanometer spatial resolution will enable direct
interpretation of the relationship between atomic structure and
electronic transport or optical properties of defects such as dis-
location cores and grain boundaries.

2. Results and discussion
2.1. EELS measurement

PCO nanoparticles approximately 30 nm in diameter, shown in
Fig. 1a, were synthesized via spray drying [15]. The as-synthesized
particles were initially non-stoichiometric and thus heated under
air at 900 °C for 3 h to achieve full oxygen stoichiometry before
EELS analysis using a Nion UltraSTEM100 STEM operating at 60 kV
accelerating voltage. Valence-loss EELS data were acquired under
monochromated condition using a dispersion of 3 meV/channel.
Under this condition, the zero-loss elastic peak (instrument re-
sponse function; ZLP) full width half maximum (FWHM) was ty-
pically 18 meV to provide reasonable signal-to-noise; the beam
current at the specimen was approximately 1 pA. The convergence
and collection angles were 30 mrad and 50 mrad, respectively.
Eight valence-loss spectra were acquired from particles and par-
ticle clusters in random orientations. The spectra were similar
suggesting that orientational effects were not prominent in part
because of the large convergence and collection angles employed.

A typical annular dark-field image obtained with the mono-
chromated probe is shown in Fig. 1b. It is possible to achieve a
probe diameter of 0.3 nm with the monochromator slit adjusted to
give 20 meV spectral resolution; however, to achieve higher beam
current the probe size was slightly larger than 0.7 nm for the
conditions employed here. The high spatial resolution allows the
spectra to be correlated with sub-nanometer features in the
sample. However the spatial resolution of the energy loss spectra
is determined not by the probe size, but by delocalization effects
as predicted by dielectric theory, which are likely to be 5 nm or
more in this case. Spectra were recorded in both transmission and
aloof beam mode (with the beam positioned a few nanometers
outside of the particles). No significant difference was observed in
the shape of the intensity within the bandgap region, suggesting
that radiation damage effects were minimal. The spectra shown
here were recorded in transmission mode.

Core-loss EELS data were acquired from Ce Mys and Pr Mys
edges using a dispersion of 100 meV/channel under non-mono-
chromated condition, under which the ZLP FWHM was approxi-
mately 250 meV—the energy spread of the instrument's cold field-
emission gun.

Valence-loss EELS of PCO, shown in Fig. 2a, revealed an inter-
band feature with rising onset and extended plateau ahead of the

20 nm - ’@

Fig. 1. (a) HRTEM image of typical PCO particle acquired using JEOL 2010 F. (b) Monochromated ADF STEM image of PCO particle cluster.
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Fig. 2. (a) Typical valence-loss spectra from (a) oxidized PCO—showing ZLP, inter-band plateau feature and conduction band onset, and (b) fragment of bulk CeO,. The beam
position during PCO spectra acquisition is indicated in the monochromated ADF STEM image inset in (a).

conduction band onset. An inverse power law function was fit to
the ZLP tail such that the background intensity was approximately
zero ahead of the plateau onset. The Cherenkov condition for
60 kV electrons (i.e. refractive index of medium, n, must exceed
2.3) propagating through PCO is unlikely to be satisfied (refractive
indices for lanthanide-CeO, solid solutions (Lagi5Ceqgs02_s,
La=Ilanthanide ion) range from 1.65 to 1.95 [16]). Typical reported
values of n for pure CeO, (about 1.8-2.5 for photon energies below
approximately 2.7 eV [17,18-23]) are in some cases sufficiently
great to satisfy the Cherenkov condition. However for the PCO
particles, radiation would likely be suppressed as the 30 nm par-
ticle diameter in this work is significantly less than the emitted
photon wavelength [24-26]. Thus no correction for Cherenkov
effects was performed during background removal. For reference,
valence-loss spectra were acquired from fragments of a crushed
bulk CeO, solid sample. These data, shown in Fig. 2b, revealed
constant intensity within the gap attributed to Cherenkov radia-
tion. The Cherenkov intensity is higher in this specimen in part
due to the relatively thicker (greater than several hundred nan-
ometers) fragments that were analyzed. There is no evidence for a
significant plateau in the bandgap region from pure CeO,.

The PCO conduction band onset was measured to be
3.2+ 0.1 eV (error is one standard deviation)—taken as the inter-
cept of the energy axis with the linear extrapolation of the con-
duction band onset, and is consistent with that of our reference
CeO; (3.2-3.4 eV), and literature (3.0-3.2 eV [21,29]). The valence-
to-conduction band excitation in CeO, is attributed to transitions
from occupied levels at the O 2p valence band maximum into
unoccupied Ce 4 f states at the conduction band minimum, which
are dipole-allowed due to strong covalent hybridization between
occupied O 2p states and Ce 4f states, and unoccupied O 2p states
and 5d states in CeO, [27-30]. The pre-plateau rise spanned the
energy range of approximately 1.4-2.4 eV with the plateau ex-
tending from 2.4 eV to the conduction band edge. The inter-band
feature was attributed to a Pr impurity band, facilitating electronic
transitions from the O 2p valence band into unoccupied Pr 4f levels
lying below the Ce 4f levels of the CeO, conduction band [12,13],
stemming presumably from hybridization between O 2p and Pr 4f
levels. The plateau onset energy, 1.4 + 0.3 eV, was taken to be the
position of the Pr impurity band.

To verify that the inter-band intensity in the valence-loss
spectrum was unambiguously associated with the tetravalent Pr
impurity band, we examined Ce/Pr Mys edge core-loss spectra in
an attempt to detect core-level excitations into unoccupied Pr 4f

levels associated with Pr** ions. The Mys multiplet structure
(white lines) in core-loss spectroscopy of lanthanides results from
transitions from 3d initial states into unoccupied 4f orbitals ac-
cording to 3d'°4f "—3d%4f "*!, with the relative multiplet in-
tensities and spectral fine structure present in each multiplet in-
dicative of cation valence [31,32]. Thus, the separation between
the Ce and Pr Ms white lines was monitored under various ac-
quisition conditions to verify that Pr** ions were present in the
specimen. This approach was employed successfully by Lopez-
Cartes et al.,, who demonstrated that during sequential heating of
Pro,Ceps0,_s under gaseous H, the reduction of Pr** to Pr3+
was initiated at a significantly lower temperature than was the
reduction of Ce**+, and was accompanied by a 1.4 eV contraction in
the separation between Ce and Pr Ms EELS white lines relative to
the initial Ce**/Pr** separation [33]. This result was later corro-
borated by precise defect analysis of Prg;Ceo90,_5 by Bishop et al.
who employed DC conductivity measurements and thermogravi-
metric analysis to show that the Pr redox couple is active under
significantly less reducing conditions than that of Ce [11].

The Ce and Pr Mys multiplet structures are well-characterized
under +3 and +4 valence conditions, and it is thus straightfor-
ward to identify spectral components attributable to both tri- and
tetra-valent cations from comparison with published electron
energy-loss [28,33,34] and X-ray absorption spectra [30,32,35-37].

As a first step to detecting tetravalent Pr in the specimen, Ce
and Pr Mys core-loss spectra, shown in Fig. 3, were acquired se-
rially with a static electron probe to ensure reduction of Pr** to
Pr** via electron beam-induced ionization. A representative
spectrum is presented in Fig. 3 (Reduced), clearly resolving a low-
energy shoulder on the Pr My edge at about 950 eV consistent
with trivalent Pr [36]. Simultaneously the Ce Mys edge exhibits
features consistent with mixed +4/+3 valence: The most intense
peaks in each multiplet, as well as associated satellite peaks (ap-
proximately 5 eV greater in energy) are the primary white line
features for Ce** [32]; whereas the clearly resolved lower-energy
side peaks on the Ce white lines are the primary features of the
Ce>* white lines [36]. From this spectrum the Ms peak separation
between Ce** and Pr®* was measured as 46.2 + 0.1 eV (from each
centroid's most intense channel; cited error is one channel (i.e. the
dispersion)). Thus, detection of the Pr Ms white line at greater
than 46.2 eV above the Ce** peak would confirm the presence of
Pr**. Fig. 3 shows a spectrum (Oxidized) recorded with lower
electron dose wherein only Ce** was present. Despite relatively
poor signal-to-noise, the Pr Ms edge centroid position was readily
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Fig. 3. (Reduced) Sum of 30 Ce/Pr M45 core-loss spectra (5 s acquisition) showing mixed-valence Ce and trivalent Pr. (Oxidized) Single spectrum (10 s acquisition) showing
Ce** and Pr¥™", with 4 >y > 3. The 0.7 eV Pr M5 edge shift verified the presence of Pr*+.

accessible for measurement in 11 spectra, and it was thus con-
cluded that Pr was predominantly tetravalent in the specimen.

2.2. Spectral modeling

With confidence that the inter-band plateau was associated
with the tetravalent Pr impurity band, the experimental valence-
loss spectrum (Fig. 2) was characterized following the joint den-
sity-of-states (DOS) approximation for the EELS single scattering
distribution described by Egerton [38]. This assumes that the
variations in spectral intensity over a small range of energy-loss
are associated with variations in the valence and conduction band
DOS. This was employed to determine the location and width of
the unoccupied Pr 4f inter-band state. The single scattering in-
tensity, J'(E), a function of energy loss, E, which is related to a
solid's band structure via the joint DOS, N(E), according to Eq. (1).
N(E) is the convolution of the initial (occupied) projected DOS in
the valence band, p,,(E), with the final (unoccupied) projected
DOS above the Fermi level in the conduction band, p(E), i.e.

JHE) « N(E)  p\(E)*peg(E) M

For EELS collection angles employed here, the convolution is
dominated by contributions that follow the dipole selection rule
between initial and final states. The single scattering distribution
approximates the intensity variation around the bandgap region of
the EELS spectrum because particles analyzed were thinner than
the electron inelastic mean free path for a 60 kV electron in CeO,
of ~50 nm [39]. Furthermore, the valence-to-conduction band
excitations responsible for the conduction band onset in the en-
ergy-loss spectrum are not significantly affected by plural scat-
tering. We assumed electronic transitions into the unoccupied Pr
4f level were dipole-allowed in the same manner as transitions
into Ce 4f final states.

Fig. 4a shows symmetry-projected DOS for CeO, (calculated in
[40]) adapted by shifting the unoccupied DOS to higher energy to
match the band gap measurement described in Fig. 2. To model
the PCO single-scattering distribution, an unoccupied inter-band
Pr 4f state was included. This inter-band state was Gaussian, with
centroid position and width (at FWHM) varied until principal
features in the single-scattering distribution matched the experi-
mental spectrum. In particular, the inter-band plateau onset en-
ergy, plateau width, conduction band onset energy and slope were
used as optimization parameters. Fig. 4b presents the convolution
of the projected DOS in Fig. 4a, and illustrates that electronic
transitions from occupied p- and d-type valence band levels into
the unoccupied Pr 4f impurity band produce an inter-band pla-
teau. The single-scattering distribution is the sum of the convolved
projected DOS, convolved again with a 25 meV (FWHM) Gaussian

= deeo, *feeo,
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Fig. 4. (a) Symmetry-projected DOS for CeO, (adapted from [40]) with unoccupied
states shifted to match experimental bandgap measurement, and additional un-
occupied Pr 4f inter-band state. (0 eV represents the valence band maximum.)
(b) Convolution of projected DOS. (c) Single-scattering distributions calculated of
model CeO, and PCO with overlaid PCO EELS.
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Fig. 5. (a) DOS of oxidized PCO showing valence-to-conduction and valence-to-
impurity transitions (labeled arrows). Inset is an image of PCO following heating in
air, whereby particles are assumed stoichiometric, with Pr 4f impurity band un-
occupied (both Ce and Pr are tetravalent). The valence band (VB) is the sum of
occupied symmetry-projected DOS (Fig. 4a). (b) Analogous to (a) for reduced PCO
wherein Ce is +4 and Pr is a mix of Pr** and Pr>*. Transitions from Pr impurity
into Ce conduction band are optically forbidden (red arrow) f~f transitions [11].
Inset image of reduced PCO particles following heating in H,. An approximately
+0.3 eV shift (black arrow) is assumed from the observed color change upon Pr*+
reduction. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

broadening function
function.

The simulated spectra for CeO, and PCO are plotted with the
experimental PCO spectrum in Fig. 4c. The model CeO, distribu-
tion lacks the inter-band plateau, instead exhibiting a sharp in-
tensity increase at approximately 3.2 eV, corresponding to the
conduction band onset energy of CeO, [20,21,29]. (In this ap-
proach we ignore excitonic interactions, but Fig. 4 suggests they
are not a large effect for this case.) The model PCO distribution
tracks the plateau and conduction band onset in the experimental
PCO EELS data closely, showing that the Pr impurity DOS is a sharp
Gaussian function with energy approximately 1.4 eV above the top
of the valence band edge, and approximate width of 0.1 eV at
(FWHM). Furthermore, the ratio of integrated Pr and Ce 4f DOS, (Pr
4f]Ce 4f)POS, is 0.10—approximately the solid's nominal cation
composition ratio, Cp/Cc.=0.11, suggesting that the spectral in-
tensity of the inter-band state varies linearly with Pr concentra-
tion. A summary of the experimentally determined PCO electronic
structure and model fitting parameters is given in Fig. 5.

Changes in the optical properties of PCO with oxidation state
changes are also shown in Fig. 5. As shown in the inset of Fig. 5a,
stoichiometric PCO with the Pr 4f impurity band unoccupied re-
sults in a deep red solid due to absorption via optical excitation
into the Pr impurity band. The color is consistent with transition
from the valence band into the Pr*+* state determined by EELS
(energy difference 1.4+ 0.3 eV as seen in Fig. 5). Immediately
following reduction under flowing H,, the PCO nanoparticles

representing the instrument response

appear orange in color due to the presence of Pr>*, which results
from charge transfer resulting from oxygen vacancy formation.
This yields a partially filled Pr 4f impurity level (shown partially
shaded), and color change implying an increase of approximately
0.3 eV in the energy of the Pr 4f state. The energy increase results
from the increase nuclear screening of the 4f level due to the ad-
ditional electron density associated with the Pr®* cation. (Direct
EELS measurements were not performed on the reduced sample
because it re-oxidized rapidly following exposure to atmosphere at
room temperature). Our analysis is consistent with reports of the
PCO optical band gap derived from optical transmission mea-
surements and defect analysis [11-13].

3. Conclusion

In summary, high spatial and energy resolution mono-
chromated EELS has been employed to detect a state within the
bandgap of ~30 nm nanoparticles of PCO. Quantitative analysis of
the spectra showed that the inter-band state is associated with
Pr*+* 4f levels, has a width of about 0.1 eV, and is located 1.4 eV
above the top of the valence band. The strength of the Pr 4f DOS
relative to the Ce 4f DOS scales with the Pr/Ce concentration and is
about 0.1. Population and de-population of this state gives rise to
color changes in the material attributed to an energy level shift of
the impurity state upon population of about +0.3 eV. The ultra-
high energy resolution STEM EELS allows inter-band states to be
probed with high spatial resolution and should be applicable to
other systems where nanocharacterization is required such as
grain boundaries, dislocations and precipitates.
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