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bstract

recipitation of nanoscale phases in a series of five related alkali-borosilicate glasses is studied by scanning transmission electron microscopy and
lectron energy loss spectroscopy (EELS). All glasses studied are doped with 4 mol% of CeO2, and contain varying concentrations of other oxides

o participate in possible redox interactions, including Fe2O3, Nd2O3, AgO, and Cr2O3. The particular precipitates found vary from droplet shaped
morphous to dendritic shaped single crystals. The oxidation state of Ce and the existence and morphology of Ce precipitates is found to depend on
oth cooling sequence and the presence of other oxides. One aim of the study is to explore and showcase the applicability of high spatial resolution
ne structure EELS for the study of the interrelated phenomena of redox interaction, phase separation, solubility, and nanoscale crystallization.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Alkali-borosilicate glasses have been studied for several
ecades. A significant part of past research is motivated by the
itrification of nuclear waste at industrial scale.1 Under standard
onditions, waste elements are immobilised by chemical bond-
ng into the glass structure, however if the chemical solubility
s exceeded, precipitation of a range of crystal sizes and shapes,
anging from volume distributed nanoparticles to macroscopic
urface crystals will occur. This could negatively influence
mmobilization performance if the precipitation reduces the
urability of the residual glass matrix composition, or if melter
erformance becomes affected by gravity induced separation
f heavier particles.2,3 On the other hand, if the precipitates
nd residual glass phase are both resistant to leaching by water
nd/or there is a homogeneous volume distribution of parti-
les below the percolation threshold, safe immobilization can be
xpected even in the presence of such particles. Because of the
igher waste-loading factor achievable, such deliberate multi-
hase glass/particle composites have recently attracted renewed

ttention as glass-composite materials (GCM) for nuclear waste
mmobilization.2–6 The study of precipitation mechanisms in
lkali-borosilicate glasses is therefore equally important for

∗ Corresponding author. Tel.: +44 114 2225512.
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nwanted and for deliberately nucleated phases. In the current
tudy, we concentrate on the immobilization of Ce, which is
ommonly used as an actinide surrogate. Apart from Hf, Ce
s the most commonly used surrogate for Pu, referring to ion
adius and multi-valence, see e.g. 2,7 for details. We study the
recipitation and oxidation states of Ce as a function of other
ossible reduction–oxidation (redox) partner dopant elements
nd also the mutual influence of Ce and Ag precipitation. This
tudy is meant as a first step towards a simultaneous evaluation of
alence of all multi-valent elements. All surrogate elements are
elected to be typical representatives of a multi-element waste
tream, e.g. Ag is often chosen to represent the Pt-group and
oble-metal elements in a simplified waste glass.

In the non-nuclear field applications of Ce-doping and pre-
ipitation are equally important. The multiple valence (+3/+4)
nd precipitation mechanism of Ce has a broad range of rele-
ance for glass or glass/ceramic research, as Ce-doped glasses
re used in the optical field, e.g. for UV absorption, opacifi-
ation, or photochromic applications, and also as a nucleation
gent to generate noble-metal particle nanocomposites, or to
nhance nucleation and crystallization in glass ceramics.8–10

Multiple multi-valent elements will have mutual redox inter-
ctions in the glass melt, which can influence the solubility

nd oxidation states of elements in the final products.11–13 Dur-
ng glass melting, the equilibrium between redox states of the

ultiple component oxides is complex and depends on the
ase glass composition as well as the melting environment and

mailto:g.moebus@sheffield.ac.uk
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Table 1
Batched glass composition (mol%).

NLBS-CCZ KBS-CCZ KBS-CFC KBS-CH KBS-ACFN

SiO2 51.4 51.4 51.4 51.4 60
B2O3 25.7 25.7 25.7 25.7 15
Na2O 8.6 – – – –
Li2O 4.3 – – – –
K2O – 12.9 12.9 12.9 15
Ag2O – – – – 1
ZrO2 4 4 – – –
CeO2 4 4 4 4 4
Cr2O3 2 2 2 – –
Fe2O3 – – 4 – 3
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onditions.14–16 In general, the redox equilibrium for a single
ulti-valent element can be expressed as17:

Mn+ + 2mO2− ⇔ 4Mn−m + mO2(gas), (1)

here M denotes the redox-active element, n is the charge of the
xidised species and m is the number of electrons transferred to
he reduced state. For an element added in a more oxidised state,
he element can be reduced to lower oxidation states (e.g. Ce4+

o Ce3+) and O2 will be generated (reaction (1) goes from left to
ight). For elements added in the reduced state, the oxygen can
xidise the element to a higher oxidation state (equation goes
rom the right to the left). Reaction (1) also depends on several
arameters including the melt temperature, time, oxygen partial
ressure, melt composition and the concentration of the elements
n the melt.12

Various spectroscopy techniques, including optical, X-ray
hotoelectron spectroscopy (XPS), electron spin resonance
ESR), nuclear magnetic resonance (NMR), Raman or X-ray
bsorption spectroscopy/extended X-ray absorption fine struc-
ure (XAS/EXAFS) are suitable for the assessment of the
ccommodation of dopant atoms in glasses. Our choice to use
ransmission electron microscopy (TEM) based energy loss
pectroscopy (EELS) and in particular energy loss near edge
tructure (ELNES) for this purpose is motivated by the possibil-
ty of using these spectroscopy techniques with a simultaneous
cquisition of nanoscale images. The formation of sub-100 nm
ized precipitates can then be observed within the same electron
icroscope session using high-resolution (HREM) or annular

ark field scanning modes (ADF-STEM) as imaging techniques.
ue to the high spatial resolution of EELS-based analytical
EM, with beam size down to 1 nm, the Ce valence can be
etermined locally by continuous line-scans crossing regions
f the glass matrix and selected precipitates. In the particular
ase of lanthanides, valence measurements by EELS have been
ioneered first for ceramic minerals,18 and more recently for
lasses,19,20 and also to study irradiation induced valence change
n the surfaces of free-standing particles of ceria.

Our aim is to determine the Ce valence in glass and pre-
ipitates for a series of five simulated nuclear waste glasses all
oped with 4 mol% CeO2, and with varying concentrations of
ther dopant elements.

. Experimental work

.1. Glass specimen preparation

Five glass samples of doped alkali-borosilicate glass (ABS)
ere produced (see Table 1). Reagent grade SiO2, H3BO3,
i2CO3, Na2CO3, K2CO3, CeO2, Cr2O3 and ZrO2 were batched

o give a 300 g glass melt and mixed before transferring into a
t crucible. All starting materials were melted at 1400 ◦C in an
lectric furnace for 5 h with 1 h unstirred melting and 4 h stirring.

fter melting, all the glass melts were poured into a preheated

teel mould to form a rectangular glass block approximately
cm × 2 cm × 10 cm in size. This block was then transferred

o a furnace for annealing at 570 ◦C for 1 h and then cooled to

e
l
M
t

fO2 – – – 6 –
d2O3 – – – – 2

oom temperature at the rate of 1 ◦C/min to relieve the stresses
n the glasses. Specimens for TEM were prepared by crushing
randomly selected interior fraction of the bulk sample in an

gate mortar and pestle with acetone. Some suspended particles
ere transferred onto a carbon-film on a TEM copper grid.

.2. HREM/STEM and EELS/ELNES

A JEOL 2010F Field Emission Gun TEM with an accel-
rating voltage of 200 kV was used for all of the analysis,
xcept for Fig. 4. With a 200 kV accelerating voltage, an image
esolution of ∼1.9 Å is theoretically achievable. The energy
pread of the electron beam is about 1 eV or less, which gives
he opportunity to achieve good electron energy loss spectra.
ome high-resolution electron microscopy (HREM) analysis
as performed to establish crystalline versus amorphous nature
f nano-precipitates. Mostly, scanning TEM mode with annular
ark field detector (ADF-STEM) was preferred as this mode col-
ects the transmitted electrons which undergo scattering through
arge angles giving high contrast with bright precipitates (that
ontain high-Z atoms, e.g. Ce or Ag) on a dark glass matrix
average low-Z).

Electron energy loss spectroscopy (EELS) signals were
btained using a Gatan Image Filter (GIF). The full width at
alf maximum (FWHM) of the zero loss peak at the energy
ispersion of 0.2 eV/pixel was 1.6–1.8 eV. In order to minimise
he electron irradiation damage on the glasses and at the same
ime achieve good enough signal-to-noise ratio (SNR) for quan-
ification, each spectrum was integrated from 4 or 5 individual
pectra with 2 s exposure time each. The spectrum acquisition
ime is similar to those used in previously reported irradiation
ests on borosilicate glass,19 however, no irradiation damage was
bserved within the Ce-M-edge region after the spectrum acqui-
ition for all the simulated nuclear waste glasses studied here.
he background was subtracted from the spectra using Digital
icrograph software with a power law model.
In order to identify the valence states of Ce in different phases,
lectron energy loss near edge structure (ELNES) was used. For
anthanides, the intensity ratio of the M-edge transition lines

5/M4 (“white lines”) has linear relationship with valence,21,22

hus by comparing the white line ratios with Ce reference spectra
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ig. 1. ADF-STEM images of 4 glasses with acronyms and numbers as detaile
a) NLBS-CZC, (b) KBS-CZC, (c) KBS-CH and (d) KBS-ACFN.

or compounds with known single Ce valence, the unknown Ce
alences of different phases can be obtained. The data processing
ethod selected for quantifying the line ratio is the “second

erivative method”,21 which integrates peak areas between zero
rossings after double-differentiating the original spectrum. The
econd derivative method was reported to be less sensitive to
he energy resolution as well as the thickness of the sample,
hich are points of concern in our experiments because all glass

ragments are non-flat and multiple scattering may introduce
rtifacts.

. Results and discussion

.1. Morphology of precipitates

Crystallization was found in all glasses except the Cr and Fe-
ree KBS-CH glass. This was determined by a combination of
-ray powder diffraction and by electron diffraction on individ-
al separated phases as seen in TEM images. Since Ce solubility
n simulated nuclear waste glasses is known to be melting tem-
erature dependent,23 all glasses have been melted at the same

emperature.

In all Cr-containing glasses, due to the low solubility of Cr
n ABS glasses, large amounts of Cr separated into micron-
ized Cr2O3 crystals. Ce was found either to precipitate into

m
o
i
g

able 1 and “Type index” of particles superimposed as detailed in Section 3.1.

ifferently shaped crystals or was found to fully dissolve; this
epends on the glass composition as well as other added oxides.
he glass matrix was initially homogeneous by HREM and X-

ay diffraction patterns, although prolonged deliberate high-dose
lectron irradiation could trigger nanoscale phase separation.24

Ce was found in the glass matrix of all of the five sam-
les while Ce-rich crystals were found in three of the glasses,
LBS-CCZ, KBS-CCZ and KBS-CFC. Metallic Ag was the
nly precipitate found in the KBS-ACFN glass, while all Fe2O3,
fO2 and Nd2O3 was dissolved in the respective glasses. Fig. 1

hows the annular dark field images of fragments from the four
ifferent glasses other than the KBS-CFC glass. Ce-containing
articles and metallic Ag are visible with high Z-contrast.

In NLBS-CCZ and KBS-CCZ glasses (Fig. 1a and b), the
hoice of alkali species was the only change in glass compo-
ition, and it was found that there is no distinct morphological
ifference between the Ce precipitates in both glasses. In the
BS-CH and KBS-ACFN glasses, no Ce precipitates were

ound (the bright dots in Fig. 1d were found to be metallic Ag)
nd it can be concluded that CeO2 was fully dissolved in the glass
atrix. In KBS-CFC glass, however, the Ce precipitation was

ore complex and differences were seen not only in morphol-

gy but also in crystallinity, thus this glass is shown separately
n Fig. 2. There are three kinds of precipitates in the KBS-CFC
lass, all of which are Ce-rich phases as confirmed by EDS and
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ig. 2. ADF-STEM images of 4 groups of precipitates from KBS-CFC glass: (
endrites of different branching/fractal morphology.

ELS. We discriminate three types of phases by their mean size
nd their structure (crystal versus amorphous):

Type A: 200–500 nm precipitates of pronounced dendritic
structures (Fig. 2a, c and d). They were confirmed as sin-
gle crystals by electron diffraction (as expected) and had a
cubic (fluorite) crystal structure. Similar particles were found
in the related glasses, however their equivalent diameter varies
with glass type being 200–400 nm in NLBS-CCZ glass and
200–600 nm in KBS-CCZ glass. The branching statistics are
quite diverse (Fig. 2c and d), which may correspond to a differ-
ent growth stage of precipitates.25 Some particles show primary
branches only, while most have a more extensive fractal appear-
ance. The growth orientation of all primary branches was
〈1 0 0〉. A detailed crystallographic and morphological analysis
of such a typical nanodendrite is presented in Ref. 35.
Type B: 100–150 nm roundish particles/phases, which
appeared amorphous in HREM and electron diffraction. They
were Ce-rich and found exclusively in the KBS-CFC glass and
not in any other of the studied compositions (Fig. 2b, large
particles).

Type C: 10–50 nm roundish particles/phases, which were again
amorphous. These were common features found in the NBS-
CCZ, KBS-CCZ and KBS-CFC glasses and were also Ce-rich
(Fig. 2b, small particles).

o
s
b
a

pe A, and Type B particles, (b) Type B and Type C particles, (c and d) Type A

All observed particles were distributed randomly and homo-
eneously throughout the glass blocks, with the exception of
ome CeO2 dendrites that had grown on Cr2O3-plates (present
n some glasses), see Section 3.3.1 below.

.2. Spectroscopy

The Ce-M-edge fine structure was selected from the EELS
pectrum and recorded for all glasses and for selected particles
ithin the glasses. For dendrites the Ce signal was very strong

nd the scatter in the M5/M4 ratios was small. However, for
pectra acquired from the glass matrix as well as from the amor-
hous particles, due to the comparatively low content of Ce, the
ignal-to-noise ratio was low. In this case, several spectra were
veraged to improve the signal-to-noise ratio and to provide a
atisfactory result. Fig. 3 shows the second derivative data of
elected spectra. As published before,26,27 the reference M5/M4
atios, measured under identical instrumental conditions, were
.9 for Ce4+ and 1.3 for Ce3+, respectively. By interpolating the
easured M5/M4 ratios from the boundary values defined by

he reference materials, the calculated formal Ce valences were

btained; see Table 2. A fractional formal valence is to be under-
tood as a distribution of both Ce3+ and Ce4+ along the electron
eam path through the specimen, which could realistically exist
t specific temperatures and redox partner concentrations. How-
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Fig. 3. (a) Second derivative EELS spectra of Ce M , white lines for (i–v): top to bottom—(i) glass matrix of KBS-CFC glass, (ii) ∼100 nm spherical particles in
K glass
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BS-CFC glass, (iii) dendrites in KBS-CFC glass, (iv) glass matrix of KBS-CH
10 eV; vertical axis: 2nd derivative of intensity (a.u.). To avoid calibration erro
nd Cr-L-edge superimposed.

ver, for particles clearly smaller than the specimen thickness,
ractional data more likely indicate overlap of particle and glass
atrix and require correction. Accuracy of ELNES quantifica-

ion is often limited by the energy calibration, e.g. for inner
hell edges of transition metal elements (L-edges). However,
he quantification of Ce-edges in comparison is fairly robust as
t relies mainly on a ratio of intensities of peaks. There is also
small chemical shift of Ce-M-edge with valence (see e.g. 27),
owever, this effect is not evaluated in this work, and all 5 spec-
ra are matched in their M5 energy position. The only parameter
xtracted is the peak area ratio.

The desirable parallel evaluation of Cr valence via ELNES
2,3 peak ratios is omitted, as motivated by Fig. 3b. The prob-

em is that the Cr-L-edge sits marginally on the dominating
-K-edge due to only <2% of Cr-oxide content. Without abil-

ty of precise background subtraction and precise evaluation of
hemical shifts, any Cr valence evaluation would be unreliable.

.3. Interpretation and discussion
Ce valences varied between different glasses and precipitates.
ll dendritic precipitates, irrespective of morphology, were pure
eO2 crystals. The Ce-rich spherical amorphous particles, how-

able 2
e valences evaluation in different glasses using second derivative method.

lass Ce phase Formal valence Corrected valence

LBS-CCZ Dendritic crystal 4.0 4.0
Glass matrix 3.1 3.1

BS-CCZ Dendritic crystal 3.9 4
Glass matrix 3.1 3.1

BS-CFC

Dendritic crystal 4.0 4.0
Big spherical particle 3.0 3.0
Small spherical particle 3.4 ∼4.0
Glass matrix 3.0 3.0

BS-CH Glass matrix 3.9 ∼4.0
BS-ACFN Glass matrix 3.9 ∼4.0
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, (v) glass matrix of KBS-ACFN glass; horizontal axis: energy loss from 870 to
l spectra are energy fitted to have the first peak (M5) coincident. (b) O-K-edge

ver, displayed different valences. They occurred in a bi-modal
ize distribution (which can be directly deduced by visual inspec-
ion of the micrographs). The Ce valence state also differed in
he glass matrices.

.3.1. NLBS-CCZ and KBS-CCZ glass
In both glasses, three metal oxides were added to this batch:

eO2, Cr2O3 and ZrO2. Zr has only one valence state and
herefore does not participate in the redox interactions. Two

ulti-valent elements were present with Ce having +3 and +4
alences and Cr +6, +3 and +2. The redox pair involved with Cr
s not obvious. Oxidation to Cr6+ in such glasses is quoted to
epend on the presence of strong oxidants in the glass melt.28 On
he other hand, Cr3+/Cr6+ has a very close standard potential
o Ce4+/Ce3+, while Cr3+/Cr2+ is at the opposite extreme.11,12

r2+ would therefore practically not coexist with Ce4+ in order
o enter a mutual redox change between Cr and Ce, although

elting happened in air.
At this point it is essential to discuss phase separation: phase

eparation related phenomena in this glass can be seen on two
ength scales—the existence of round “droplet” shaped Ce-rich
hases of around 20 nm diameter could be seen as a first phase
eparation, which by EDX and EELS could only be confirmed
s highly Ce-oxide rich. Due to its diameter being smaller than
he specimen thickness, geometric overlap with the matrix is
navoidable in these measurements. We assume from the visual
mpression, that the matrix phase left behind after this first phase
eparation is non-separated alkali-borosilicate. As reported else-
here, intense electron beam irradiation for 3 min is known30 to

rtificially induce phase separation. This could be confirmed for
his glass even as its composition is outside the “vycor” phase
eparation region in the ternary A–B–S diagram.36

In order to clarify the timing of crystal formation and phase
eparation some further accompanying experiments have been

arried out as follows: a glass melt was split into three cooling
equences—(i) quenching a part of the melt in water, (ii) anneal-
ng with our standard procedure (1 h, 570◦, as used for all our
lasses), and (iv) annealing at 2 h, 600◦, see Fig. 4.
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ig. 4. Annealing and cooling of glass NLBS-CCZ: comparison of two seque
oubled in size. (For interpretation of the references to color in this figure legen

It is found that the quenched glasses are lacking the crys-
alline precipitates, as well as the phase separated Ce-oxide rich
roplet phase. Amongst the two annealing sequences, growth
f the dendritic particle diameter by longer annealing is the
ain difference, while the occurrence of crystals and amorphous

roplets as such is in common.

.3.2. KBS-CFC glass
Three redox-active elements were included in the KBS-CFC

lass: Ce, Fe and Cr. All of them have at least two valence states.
he addition of Fe2O3 introduces further competing redox reac-

ions, e.g. between Ce and Fe and/or between Fe and Cr.
Fe2+ has been reported to unlikely coexist with Ce4+ in the

lass melt at low concentrations28 due to the mutual redox inter-
ctions, however above 2 mol%, as in our case, the relationships
re more complicated,11,29,31–34 and multiple Fe-valences could
oexist. This becomes even more complex if the molar ratios of
ations are not equal. Originally the same amounts of CeO2 and
e2O3 were added to the batch but CeO2 precipitated as crys-
als, thus it was estimated that at least twice more Fe remained
n the glass matrix than Ce. EELS analysis has shown that
he Ce valence was nearly +3, while Fe-L-edge-EELS was at
east consistent with +3 valence, although the low concentra-

3

c
s

(a) 570◦, 1 h annealing, and (b) 600◦, 2 h annealing with precipitate growth
reader is referred to the web version of the article.)

ions did not allow safe Fe-ELNES quantification. The greater
iversity of possible redox interactions might explain the more
omplex precipitation morphology seen in this glass, while the
ain crystalline phase was still CeO2, as confirmed by EELS.
We base the suspected influence of Cr on the Ce precipi-

ation and oxidation state in both the glasses NLBS-CCZ and
BS-CFC mainly on the observation of precipitation images in

canning electron microscopy (SEM): due to the low solubility
f Cr, large amounts of Cr precipitated as Cr2O3 needles of many
icrons in size in this glass, see Fig. 5. It can be seen that the

arge Cr-oxide crystals are surrounded by some dendritic CeO2
s a surface-precipitation phenomenon catalyzed by Cr-oxide.
fter a ∼5 �m wide Ce depletion zone around the Cr-oxide nee-
les, the typical random distribution of Ce-oxide nanoparticles
s seen (upper end of Fig. 5c), which are also visible in TEM. All
he remaining Cr was totally dissolved in the glass matrix with-
ut nano-precipitation. Identification of chemistry in the SEM
amples was obtained via EDX chemical mapping (Fig. 5b).
.3.3. KBS-CH glass and KBS-ACFN glass
These two glasses are discussed together because in both

ases the Ce in the glass was found to be in the +4 valence
tate, and no Ce-containing precipitates formed in these glasses.
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Fig. 5. SEM micrograph of Cr O needle shaped micro-precipitates in the KBS-CFC glass by secondary electron imaging (a) and 3 channel EDX mapping (b) with
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ed = Cr, green = K, blue = Ce. The secondary crystals of dendritic shape on the
iew, enhancing the Ce-free depletion zone, outside of which CeO2 nanocrysta
ot a chemical map).

BS-CH contained only one multi-valent element, thus no redox
utual reaction other than reaction (1) took place during melt-

ng. In this case the addition of Hf may have influenced the
olubility of Ce4+, making Ce4+ the preferred state in this glass
llowing total dissolution. The other possibility is that the base
lass composition favours high solubility of Ce4+ as long as
here is no other redox-active element present to drive the redox
quilibrium towards Ce3+. Unlike for the NLBS-CCZ, KBS-
CZ and KBS-CFC glasses there is no other metal cation to be
xidised by Ce.

Ag is relatively easy to reduce11 and has been found as
etallic precipitates in previous simulated nuclear glasses.34

herefore the generation of metallic Ag particles in the glass was
xpected. Literature about Ce/Ag systems in glasses,8 mostly
or optical applications, e.g. Ag–Ce-doped laser glasses, does
ot fully resolve how essential the role of Ce is in driving Ag
nto reduced metallic state. A redox connection between Ce and
g is very well possible in our case. The addition of single
alence Nd2O3 is another possible factor that influences the Ce4+

olubility in glasses.

.3.4. Further work
In the present work, only Ce is directly evaluated for valence.
measurement of valence of other elements apart from Ce is

esirable as future work, however, this will require either to
wap Cr for another redox partner (e.g. Mn) to avoid overlap
ith O-K-edges, or to even further reduce the number of glass

omponents, such that one pair can be studied at a time.

. Conclusions

Five Ce-loaded simplified nuclear waste glasses were stud-
ed and Ce valence states were estimated. The aim of this work
s to combine four fields of glass chemistry and microstructure

nalysis: (i) solubility studies, (ii) redox studies, (iii) nucleation
nd crystallization and (iv) nanoscale phase separation studies,
nto one methodology using one instrument. STEM imaging and
ELS fine structure analysis are the signals. It was found that
le surface or in the vicinity are CeO2. (c) An extended backscattered electron
pe A of Fig. 1a) are finely dispersed (pseudo-color for contrast enhancement,

e was accommodated in both its valences within the up to four
ifferent phases identified, including crystalline dendrites and
morphous droplets of different size regime and also including
he residual depleted glass matrix. The dendrites have a Ce (IV)
uorite structure as confirmed by electron diffraction.35 How-
ver, in two glasses, all Ce dissolved in the glass and then the
alence remained at +4, as in the batched CeO2. In total, the
ndings provide some evidence, that the Ce valence, which has
een quoted before13,21,23 to respond to the temperature and
xidation/reduction environment in the melt, glass matrix com-
osition, and total Ce loading, has also a distinct dependence on
he presence of other multi-valent elements at concentrations of
everal mol%, and on precipitation of crystals (whether direct
r indirect via change of the residual glass composition).

The exploration of the three interlinked phenomena of (i)
anoscale crystallization, (ii) glass-in-glass phase separation
nd (iii) redox interaction is complicated, and a main point of
ur work is to explore, whether STEM + EELS could provide a
nique solution to this family of problems due to its high spatial
esolution, while being valence sensitive at the same time.
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