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Abstract

We have studied by electron paramagnetic resonance the mechanism of
defect production by electron irradiation in barium hollandite, a material
used for immobilization of radioactive caesium. The irradiation conditions
were the closest possible to those occurring in Cs storage waste forms.
Three paramagnetic defects were observed, independently of the irradiation
conditions. A hole centre (H centre) is attributed to a superoxide ion O5
originating from hole trapping by interstitial oxygen produced by electron
irradiation. An electron centre (E; centre) is attributed to a Ti>* ion adjacent to
the resulting oxygen vacancy. Another electron centre (E, centre) is attributed to
a Ti** ion in a cation site adjacent to an extra Ba>* ion in a neighbouring tunnel,
originating from barium displacement by elastic collisions. Comparison of the
effects of external irradiations by electrons with the S-decay of Cs in storage
waste forms is discussed. It is concluded that the latter would be dominated by
E, and H centres rather than E, centres.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Highly durable specific host phases for long-lived fission product immobilization are currently
under study for enhanced reprocessed high level nuclear wastes [1, 2]. Among these wastes,
caesium appears to be one of the most difficult radionuclides to immobilize because of the
high activities of '3*Cs (half-life of 2 years) and '*’Cs (half-life of 30 years) isotopes and the
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Figure 1. (a) Projection along the c-axis of the tetragonal (/4/m) hollandite-type A;(Ti, M)gOi¢
structure. Edge-sharing and corner-sharing [Ti, M]Og octahedra form square tunnels in the c-
direction. The large A cations (and vacancies) are located in box-shaped cavities of the tunnels. The
two kinds of oxygen (O and O,) are also indicated. (b) Rutile-like strings of [Ti, M]O¢ octahedra
along c-axis. The two possible off-centre equilibrium positions of A cations within the box-shaped
cavities are shown. Obviously these two positions cannot be occupied simultaneously.

occurrence of nearly 14% of the long-lifetime '*3Cs isotope (half-life of 2.3 x 10° years). The
decay of the caesium radioactive isotopes involves the emission of f~ particles with energy
E ranging from 0.089 to 1.454 MeV, y rays (0.475 MeV < E < 1.168 MeV) and the
transmutation of Cs to stable Ba:CsT — Ba*t + e~ (B) + v [3, 4]. Therefore, Cs-host forms
must be stable under (8, y)-irradiation and must accommodate the valence and ionic radius
changes resulting from Cs decay.

(Ba, Cs) hollandite ceramics, nominally [Ba”sz*y][M%j+yTi§f2X7y016] x4y <?2),
with M being trivalent cations such as Ti**, Fe’*, and AI**, appeared to be one of the
best candidates for the specific immobilization of caesium. Indeed, this host phase is able
to accommodate chemistry and valence changes due to the caesium decay because of the
high capacity of hollandite to incorporate Ba, the charge compensation being ensured by the
reduction of a fraction of Ti** ions [5]. The titanate hollandite A, (Ti, M)gO6 (with A = Ba*t
and Cs*, z < 2) type structure is shown in figure 1. Square tunnels are enclosed by columns of
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two edge-sharing octahedra, which share corners to form tunnels running parallel to the short
axis of the structure. The small Ti and M cations are located in the octahedral sites that form
strings as in the rutile structure [6]. The large cations Ba>* and Cs™* are set in the tunnels in
box-shaped cavities of eight oxygen ions. The cell symmetry may be tetragonal (/4/m space
group) or monoclinic (/2/m space group), depending generally on the mean ratio of cation
radii Ry/Rp nm of the A and (B, M) cations [7]. The trivalent M cations in octahedra ensured
the charge compensation due to the excess of positive charge in the tunnels. A maximum of two
A cations per unit formula (i.e. z = 2) can be incorporated in the hollandite structure. However,
the tunnels are only partially occupied (z < 2) in Ba hollandite, and A cations and vacant sites
may take up an ordered arrangement along the tunnels (superlattice ordering), depending on
the hollandite composition [7, 8]. In spite of the relatively open-framework-type structure of
(Ba, Cs) hollandite, the Ba>* and Cs* ions have to overcome a large energy barrier associated
with passing through the square planar arrangement of oxygen ions to migrate along the axis
of the tunnels. Thus, these large cations are well immobilized.

Due to the lack of natural analogues containing radioactive caesium, the radiation
resistance of (Ba, Cs) hollandite has not been proved as yet. Moreover, to the best of
our knowledge, the incorporation and the study of the effects of radioactive caesium in
synthetic single-phase hollandite has not been already performed. Finally, literature reports
only external irradiation experiments that are not relevant to simulate the effects of caesium
decay on hollandite long-term behaviour [9-14]. The few works dealing with the stability
of single-phase (Ba, Cs) hollandite under external electron irradiation, used to simulate
B-irradiation of caesium, were performed with intense electron irradiation in transmission
electron microscopes. In this case, strong structural evolutions were observed such as the
hollandite — rutile transformation [9] by loss of tunnel cations, and microtwinning followed
by amorphization [10]. However, it must be underlined that the electron dose rate caused by S
self-irradiation in the radioactive Cs waste forms will be low in comparison with the electron
dose rate received in the electron microscope. Thus the latter overestimates the real effects of
Cs decay [9, 10].

To the best of our knowledge, no studies concerning point defects induced by B or y
irradiations of hollandite have ever been reported in the literature. On the basis of electron
paramagnetic resonance (EPR) and 2’ Al magic angle nuclear magnetic resonance (MAS-NMR)
spectroscopies, we studied in this work the nature and the mechanism of formation of defects
produced by external electron irradiation experiments simulating Cs B-decay. Because of the
complexity of the hollandite structure, it is not possible to extrapolate mechanisms and defects
found for simple oxides such as MgO, CaO, Al,O3 or ZrO, for example. In this paper, one
Ba hollandite Ba; j4Al, 3, Tis 63016 composition was selected, which is close to the lower bound
(1.14 < x < 1.23) of the compositional range of Ba hollandite with M = AI** prepared under
air [15], with a view to inserting caesium more easily. Ceramic samples and single crystals were
prepared by an oxide route [16] and by a flux method [17], respectively. In order to optimize
the detection of paramagnetic defects, we did not study hollandites containing high numbers
of native paramagnetic ions (M = Ti**, Fe’*) that are used to optimize Cs incorporation in
the structure [18, 19]. External electron irradiations (1.0-2.5 MeV) with a Van de Graaff
accelerator were used to simulate the § particles and Compton electrons generated by y rays
emitted by radioactive caesium.

Preliminary results have been reported elsewhere [20]. Three paramagnetic defects are
observed in this work. A hole centre (H centre) is attributed to a superoxide ion O, originating
from hole trapping by interstitial oxygen produced by electron irradiation. An electron centre
(E; centre) is attributed to a Ti** ion adjacent to the resulting oxygen vacancy. Another electron
centre (E, centre) is attributed to a Ti’t ion in a cation site adjacent to an extra Ba>t ion
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in a neighbouring tunnel, originating from barium displacement by elastic collisions. The
mechanism of formation of these defects is discussed, and comparison of the effects of external
electron irradiations with the B-decay of Cs in storage waste forms indicates that defects in
waste forms would be dominated by E; and H centres rather than E, centres.

2. Experimental details

2.1. Synthesis and characterizations of hollandite ceramics and single crystals

Baj 16Alx 32 Tis 63016 hollandite ceramics were prepared by solid-state reaction from oxides
and carbonates (Al,O3, TiO, and BaCOs3) [17]. Reagent powders (almost 10 g) were mixed
and ground with an agate mortar, pelletized and calcined under air for 4 h at 810°C. Once
ground again and pelletized, the calcined powders were sintered at 1320°C for 96 h. The
resulting ceramics were almost single phases as shown by x-ray diffraction (XRD), except
a few traces of an unidentified parasitic phase containing mainly barium and phosphorus as
observed by scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDX).
This phase resulted from phosphorus impurities in raw materials and can be avoided using
phosphate-free rutile. Moreover, the composition Ba; 17Al, 23 Tis 71016, determined by electron
probe microanalysis (EPMA), was very close to the expected one. The crystal structure of the
ceramics is tetragonal (I4/m) with cell parameters a = b = 9.969 A and ¢ = 2.923 A. They
were relatively dense (*3.86 g cm™3), which represents 90% of the theoretical density (4.29)
determined from lattice parameters.

Hollandite single crystals were also synthesized by the slow cooling flux method to identify
more precisely the irradiation-induced defects detected by EPR. They were grown by dissolving
the mixture of oxides and carbonate (Al,O3, TiO, and BaCOs) in stoichiometric proportions
corresponding to Ba; j6Al».3,Tis 63016 in a flux of (BaF;)(47(B203)0.53 composition. The best
flux/hollandite ratio was 60/40 wt% [17]. The reagents (almost 80 g) were heated in air in a
platinum crucible (1400°C) and slowly cooled (3°C h™") from 1400 to 900 °C. The crystals
were removed from the crucible by dissolving the flux in hot acidic water. The hollandite single
crystals showed an acicular shape (7 mm length and 1 mm width) with their elongated direction
along the c-axis of the tetragonal structure. Their natural faces were of {110} and {100} type
as shown by XRD, the latter being less developed than the former. Their composition was
Baj 23Al5,04Tis 35016 as determined by EPMA, which is close to the ceramic composition.

2.2. Irradiation of hollandite samples

To evaluate the stability of hollandite ceramics and single crystals under § and y irradiations
of radioactive caesium, 0.5—1 mm thick samples were irradiated at almost room temperature
(T < 50°C) using 1.0, 1.5 and 2.5 MeV electrons generated by a Van de Graaff accelerator.
These electron irradiations simulate not only the g particles emitted by radioactive caesium
but also the Compton electrons resulting from the absorption of caesium y rays by hollandite
samples. Indeed, considering the average energy of y rays (around 0.6 MeV) emitted by
caesium in the hollandite composition studied here, the Compton effect dominates the y ray—
matter interaction [21]. The samples were subjected to different electron fluences (number of
incident electrons per cm?) between 3.4 x 10! cm™2 and 1.2 x 10" cm~2 with 1.0-2.5 MeV
electron energies, giving absorbed doses in the 1.4 x 108-7.5 x 10° Gy range. The influence
of these irradiation conditions on the nature and the concentration of point defects were thus
estimated.

The PENELOPE software [22] was used to quantify the fluences and absorbed doses
during the electron irradiations. It allowed us to reproduce exactly the experimental setting,
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i.e. layers of different materials (copper/hollandite/copper) introduced in the Van de Graaff
accelerator. The fraction of absorbed electrons and the energies per incident particle deposited
in our samples were thus estimated. Cross sections of the different atoms and the number of
atomic displacements per atom were calculated by using a computer code developed by Lesueur
et al [23, 24].

2.3. Magnetic resonance

As electron irradiations imply mainly ionizations and electronic excitations (electron—hole pair
production) in materials, the formation of paramagnetic point defects is expected in hollandite.
In order to foresee the nature of these defects we performed semi-empirical calculation
of the hollandite electronic band structure using an extended Hiickel tight-binding (EHTB)
method [17]. This showed that the top of the valence band and the bottom of the conduction
band are mainly constituted of oxygen 2p orbitals and titanium 3d orbitals, respectively.
Therefore, it is expected that electron centres would be Ti** ions (after electron trapping by
Ti** ions) and hole centres would be of O~ or 05 (n < 4) type (after hole(s) trapping by
oxygen ions).

EPR experiments were carried out on both pristine and irradiated samples using Bruker
ESP 300e and ELEXYS ES500 spectrometers operating at the X band (9.5 GHz) in the range
of temperature 9-300 K. The EPR signals were simulated using the software SIMFONIA
developed by Bruker Biospin in order to extract their g factors. The spin concentrations
corresponding to the different EPR signals were determined by comparison with the spectrum
of a standard DPPH (1,1 diphenyl-2picrylhydrazyl) sample containing 1.0066 x 10'7 spins.
The spin quantifications of hole centre signals resulted directly from the double integration of
the experimental EPR signals whereas the double integration was performed on the individual
simulated spectra for electron centres because of a significant overlapping between several
different signals. These electron centre signals were recorded at different temperatures (10 or
70 K) to play with the saturation effects and lifetime broadening to separate and identify the
different defects.

Solid-state 27 Al MAS NMR (magic angle spinning nuclear magnetic resonance) spectra of
pristine and irradiated samples were collected on a Bruker AVANCE 500 (11.7 T) spectrometer
operating at a Larmor frequency of 130.066 MHz. 2.5 mm o.d. (for >’ Al) commercial Bruker
MAS probes were used and the sample-spinning speed was set to 31.25 kHz. The >’ Al chemical
shifts are reported in ppm relative to an external sample of 1.0 M AICl3-6H,0. MAS spectra
were acquired using a recycle delay of 1 s and a /12 pulse. Triple quantum MQMAS spectra
were acquired using a Z-filter sequence [25] and a recycle delay of 1 s.

3. Results

3.1. Paramagnetic defects in pristine samples

Pristine hollandite ceramics often exhibit EPR signals due to two types of defects, namely
paramagnetic transition metal ions such as Fe’*, Cu?>* and V** present in the raw materials
used for the synthesis, and Ti** due to partial reduction of Ti** ions of the bulk material. Fe**
impurities (100420 ppm), represented by a distorted EPR line at g = 4.3, are localized in
octahedral sites of AI** and Ti**. The presence of this signal, which is very different from that
of iron in rutile [26, 27], shows that the hollandite ceramics do not contain rutile as secondary
phase. Typical EPR spectra of Cu>* (200 ppm) and V#* impurities (about 1000 ppm) are also
easily observed at low temperature (below 100 K). As these EPR lines appear in the magnetic
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Figure 2. Typical X-band EPR spectraat 7" = 70 K of hollandite ceramics before and after 1.0 MeV
electron irradiation (fluence 1.4 x 10" ecm~2) and their difference spectrum. The free electron
g factor is indicated to differentiate hole and electron centres.

field range of irradiation induced defects, they always contribute to the total EPR spectrum and
must be taken into account in the interpretation of spectra.

A signal of Ti** (referred to as the E centre) is often observed at very low temperature
(typically 10 K) and at concentration in the range 3 x 10'3-10' cm~3. The fact that this signal
is detected only at very low temperature indicates that this Ti** is localized in an undistorted
octahedral site of the hollandite structure (see below). In order to avoid overlapping with
irradiation induced Ti** centres, we selected samples containing no E centres.

3.2. Paramagnetic defects induced by electron irradiation

White hollandite ceramics take a pronounced colour upon electron irradiation, which varies
from yellow-brown to dark brown for electron fluence between 10'7 and 10'° cm~2, indicating
that colour centres are formed. EPR shows that a significant fraction of these colour centres are
paramagnetic. Figure 2 shows a general view of the EPR spectrum recorded at 70 K before and
after irradiation with 1 MeV electrons at fluence 1.4 x 10'® cm~2. The vertical line represents
the magnetic field corresponding to the free spin value g. = 2.0023, which is the boundary
between hole centres (g > g.) and electron centres (g < ge). As paramagnetic impurities give
broad features at g > g. for Cu?t, and in a broad magnetic field range for V4| the effect
of irradiation can be studied after subtracting the spectrum of the pristine sample from that
recorded after irradiation. As shown below, the lines in the g < g. region represent irradiation
induced Ti** centres, while the broad signal at g > g. represents hole centres. However a fine
analysis of the spectra outside the magnetic field range of irradiation induced centres, where
EPR lines of V4*, Cu?* and Fe3 are well identified, shows a decrease of intensity of these lines
after irradiation. This indicates that these impurities are partially reduced (Fe>*, Cu*t, V3*) or
oxidized (V>*) upon electron irradiation. To account for this modification of the background
EPR intensity, the baseline subtractions in figure 2 were made by adjusting the intensity of well
identified lines of Cu®* or V#* before and after irradiation.

As the EPR spectrum of irradiated hollandite exhibits several partially overlapping lines,
their attribution to specific defects cannot be made with only one spectrum. The spectrum of
each species has been identified by monitoring the evolution of the EPR lineshape and intensity
upon variation of different experimental parameters, such as temperature, incident microwave
power, electron energy and fluence.

The spectrum labelled H in figure 2 represents one type of paramagnetic centre, as its
shape does not vary, except the intensity, upon variation of temperature and microwave power.
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Figure 3. Influence of the electron energy (a) and fluence of 1.0 MeV electrons (b) on the relative
proportions of the EPR signals. Energy E of electrons and fluence F are indicated near the spectra.
Temperature 7 = 70 K.

In contrast, the EPR signal in the region g < g. represents two different paramagnetic centres,
referred to as E; and E; centres. The E; centre is represented by a single line, and is detectable
up to room temperature. The broad multicomponent signal of the E; centre vanishes above 140—
170 K, depending on the samples, so that only the E; centre is observable at higher temperature.
The E, spectrum readily saturates at very low temperature (10 K), in contrast to the E; centre,
so that the latter is also easily observed at low temperature and high microwave power.

Figure 3 shows the EPR spectra at 70 K at different electron energies (figure 3(a)) and
fluences at 1 MeV electron energy (figure 3(b)). It should be noted that the spectra of figure 3
have not been corrected by baseline subtraction, so that the low magnetic field parts of the
spectra represent the variation of both H centres and Cu®*, V4* impurities. However, all these
spectra show that the same H, E; and E, centres are always produced whatever the irradiation
conditions. Only their relative proportions depend on electron energy and fluence. The ratio
E,/E; increases and the ratio H/ (E; + E») decreases upon increasing electron energy at constant
fluence (figure 3(a)). In particular, the E, centre dominates the EPR spectrum at 1.5 and
2.5 MeV. As shown below, this energy dependence of the E; intensity suggests that this centre
is related to atomic displacements upon electron irradiation. The total intensity increases with
the fluence at fixed electron energy (figure 3(b)); however, the intensity of E, and E; centres
increases more rapidly than that of the H centre (i.e. H/(E; + E,) decreases).

4. Identification of paramagnetic centres

4.1. H centres

Figure 4 shows an expanded view of the experimental and simulated spectra of the H centre,
the former being corrected by baseline subtraction. The spectrum can be simulated by the
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Figure 4. Simulation of the EPR signal of the H centre. Samples were irradiated by 2.5 MeV
electrons at a fluence of 4.8 x 10'8 cm™=2. Temperature T = 70 K. Three components H,, Hy, and
H, are required to reproduce the H signal.

Table 1. The main characteristics of irradiation-induced centres H, E; and E,: the maximum
temperature Tgetection above which the signal is not detectable, the g factors (g1, g2, g3) and
corresponding linewidth AB determined after the simulation of all EPR signals using Gaussian
lineshapes. Three components H,, Hy and H. representing three variants of the H centre are
necessary to reproduce this signal.

Linewidth
Signals  Samples Tietection (K) g factor AB (mT)
H Polycrystalline 298 Ha g1 = 2.0038 1.2
component g = 2.009 0.8
g3 =2.035 0.9
Hb 81 = 2.0038 1.2
component  g> = 2.009 0.8
g3 =2.026 0.9
Hc g1 =2.0038 1.2
component  g> = 2.009 0.8
g3 =2.018 0.9
E; Polycrystalline 298 Simulation gy = 1.981 1.5
SA g =1972 3
g3 =1.953 3
Simulation gy = 1.963 4.2
SB g = 1.909 4.2
g3 = 1.882 1.4
E Polycrystalline 170 g1 = 1.898 7
g = 1.965 1.5
Single crystal 190 g1 = 1.888 4.75
g = 1.886 4.75

g3 =g.=1965 187

superposition of at least three powder spectra representing three centres of the same type,
referred to as H,, Hy, and H. centres. Gaussian lineshape functions were used in all cases.
Indeed, we observed that the shape of the low magnetic field tail of the spectrum slightly differ
from sample to sample, which is an indication of the complexity of this defect. Parameters
of the simulations are given in table 1. The H centres are characterized by rhombic g factors
with three components, among which two components (g; = 2.0038 and g, = 2.009) are
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common to the three H centres. They differ by the third g component, which amounts to
g3 = 2.035,2.026 and 2.018 for H,, H, and H, centres, respectively. These parameters are
in the range classically found for oxygen centres in oxides, characterized by a hole trapped in
filled 2p orbitals of oxygen [28]. If the hole is localized in a o -type molecular orbital containing
2p. oxygen orbitals, we expect no spin—orbit effect along the z axis of the centre, and g factors
are given by [28]

8| = 8e
o Q)
81 = 8e A
where g. = 2.0023 and A = —0.017 eV are the free electron g value and the spin—orbit

coupling constant of the O~ ion, respectively. Expression (1) gives a sequence g| > g ~
2.002. This situation corresponds to O~ ion stabilized by an adjacent cationic defect, which
creates the energy splitting A. In this case the hole is trapped in the 2p, oxygen orbital
pointing towards the cationic defect [28]. This situation is also found with Og_ centres with
configuration (... 17,)*, (lng)“, (30!, originating from the trapping of a O~ centre by a
lattice O?~ ion (see figure 12 for the energy level diagram). In both cases the g anisotropy is
mainly determined by the axial component of the crystal field, producing the splitting between
0u(2p,) and 7,(2p,, 2p,) manifolds. In contrast, if the hole is localized in a 77-type molecular
orbital made of 2p,, 2p, oxygen orbitals, such as is the case for superoxide O, centres with
configuration (... 1m,)*, (lng‘)3, (30)° (see figure 12), we expect g factors given by the
following expression [29]:

B f ) A 5+ A q
& = B2+ 212 T A (B2 a2
ge0 A §— A
8x = (82 + A2)1/2 +K|:(52+)\2)1/2 +1j| 2)
2)

8= 8t (82 + 22)12

where A = 0.014 eV is the spin—orbit coupling constant of O, [30], A is the splitting between
the ground state bonding o, orbital and the antibonding 7, orbital containing the unpaired
electron, and § is the splitting of the 7, manifold. In the case of a pure axial symmetry (§ = 0
in equation (2)) we expect g; = 4 and g, = g, = 0. In contrast, when the O, ion is trapped
in a solid, the non-axial crystal field component splits the 7r; manifold, and equation (2) gives
g factors closer to two for § > A, with a g-factor order g, > g, > g, ~ 2.0023:

8y = &e
_ +2)»
gx_ge A (3)
2\
8z =8+ ?

Moreover, as the g, factor is mainly determined by a non-axial crystal field, it is very
sensitive to the surrounding of O, centre [30]. From equation (3), the g, values (g3 values in
table 1) of H,, Hy, and H, centres correspond to a splitting § of the antibonding 7, manifold
equal to 0.86, 1.18 and 1.78 eV, respectively.

The g factors found for H centres agree with the known characteristics of superoxide
O, centres, with the g, values corresponding to three different sites of the O, centre in the
hollandite structure. For example, the values g, = g3 = 2.035, g, = g = 2.009 and
gy = &1 = 2.0038 of the H, centre in hollandite are close to the values g, = 2.030, g, = 2.008
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Figure 5. (a) Simulation of E; signal on samples irradiated by 2.5 MeV electrons at a fluence of
4.8 x 10'® cm~2 recorded at T = 70 K. (b) Two possible simulations of E; signal on samples
irradiated by 1.0 MeV electrons at a fluence of 1.4 x 10" cm™2 and recorded at T = 10 K.

and g, = 2.004 found for O, centres in rutile [31]. Other values found for O, in rutile
(g; = 2.0243, g, = 2.0095 and g, = 2.0036) [32] are very close to the values found in
this work for the Hy, centre. In contrast, the sequence of g factors of H centres is significantly
different from what is known for O~ and 03* centres in oxides, so we may conclude from this
analysis that the main hole centres produced by electron irradiation in hollandite are superoxide
O, ions in different types of environments.

The origin of the difference between the three H centres is more difficult to explain.
However it has been shown that the g, parameter decreases (6 increases) when the charge of the
first neighbour cation increases and when the cation—-O, distance decreases [32]. Consequently
we may tentatively attribute H,, H, and He centres to O; ions close to Ba’*, AI*T and Ti*"
ions, respectively.

4.2. Simulation of E, and E,| centres

As shown by its g factors, which satisfies g < g, the E, centre can be attributed to Ti3*
ions in a distorted environment despite the atypical shape of its EPR powder spectrum, which
consists in the association of a narrow and a very broad component. However, the spectrum
can be accurately simulated in axial symmetry with gy = 1.965 and g, = 1.898 with very
anisotropic linewidths AB = 1.5 mT and AB; = 7 mT, as shown in figure 5(a), representing
the experimental and simulated spectra of the E, centre at 70 K. However, the determination
of the orientation of g-tensor axes is difficult to determine from powder spectra. Generally,
this information is obtained from single crystal experiments. Fortunately, E, centres were
also produced by electron irradiation of single crystals of hollandite, as shown in figure 6.
This figure shows the EPR spectrum at 70 K of an irradiated single crystal recorded with the
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Figure 6. EPR spectra at 70 K of ceramics and single crystals irradiated by 1.5 MeV electrons at a
fluence of 5.8 x 10'8 cm~2.
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magnetic field parallel and perpendicular to the c-axis of the crystal, compared with the EPR
spectrum of a hollandite ceramic irradiated under the same conditions (1.5 MeV electrons with
5.8 x 10'"® cm™2 fluence). The single crystal spectrum clearly shows a narrow symmetrical
line at g = 1.965 and AB = 1.9 mT, corresponding to the parallel component of the powder
spectrum, and a broad asymmetric line at g ~ 1.88 and AB ~ 4.8 mT for By L ¢. The axial
symmetry of this defect is demonstrated by the angular variation of g2 in a plane containing
¢ and the plane perpendicular to ¢ (figure 7). The small oscillations of g2 in the ab plane
(figure 7(b)), corresponding to extreme g values g = 1.86(7) and g = 1.88(2), indicate a
small deviation of the g tensor from the axial symmetry. It appears clearly (table 1) that the
g factors measured for single crystals correspond to those deduced from the simulation of the
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spectrum of ceramics, except a difference of Ag =~ 0.01 for the perpendicular component. It
can be concluded from single crystal studies that the axial component of the crystal field of the
E, centre is parallel to the crystallographic axis c.

The signal of E; centre is more difficult to simulate because it exhibits only a distorted
lineshape with no visible structure. We found two sets of g factors which accurately simulate
the experimental spectrum (figure 5(b) and table 1). Both are compatible with a Ti** ion. These
two simulations (SA and SB, table 1) indicate a low symmetry of the Ti3t site; however, the
two sets of g values are significantly different, so that g factors cannot be used to identify the
structure of the E; centre. Unfortunately, this signal could not be unambiguously studied with
single crystals because of its low intensity compared to that of the E; centre, so that it was not
possible to identify the direction of the main crystal field component of the E; centre.

4.3. Origin of E, and E centres

The mechanism at the origin of the two Ti** centres E; and E; can be approached by studying
the influence of the electron energy on the defect concentrations. The latter have been measured
by double integration of the simulated spectra of E; and E, signals. Figure 8(a) shows the
variation of the concentration of E; centres versus electron fluence at different electron energies.
Such measurements were not interpretable for H centres because the spin concentration was
affected by a strong uncertainty induced by the baseline subtraction. It appears that the
concentration of E, depends linearly on the fluence, with a slope which increases with electron
energy (figure 8(a)). The slope represents the cross section for defect production o}, which
can give information on the nature of the atoms displaced by ballistic collisions. The slope
ratios op(1.5 MeV) /o, (1 MeV) ~ 3.5 and 0p(2.5 MeV)/o,(1 MeV) ~ 6.2 can be deduced
from figure 8(a) for the E, centre, which can be compared with the corresponding ratios of
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the atomic displacement cross-sections by elastic collisions o (x MeV) /o (1 MeV) calculated
by using the displacement energy threshold Eq4 of the different elements (O, Al, Ti, Ba) of
hollandite. Figure 9 shows the values of these ratios calculated as a function of E4 with the
computer code developed by Lesueur ef al [23, 24], in the case of Al/O atoms (figure 9(a)), Ba
atoms (figure 9(b)) and Ti atoms (figure 9(c)). Owing to the relative dispersion of E4 values
found in the literature for the same element (for example see [33-38] for oxygen), which
can be understood by the fact that E4 also depends on the crystallographic structure of the
material and on the crystal orientation with respect to incident electrons, we chose to perform
calculations with Ej in the range 20-60 eV for both oxygen and cations. Figure 9(a) shows that
for Eq4 = 60 eV the ratio o (x MeV) /o (1 MeV) calculated for x = 2.5 MeV does not exceed
2.6 and 1.9 for Al and O, respectively, while for x = 1.5 MeV this ratio does not exceed 1.6
and 1.4 for these two elements. These calculated values are much smaller than the experimental
values 6.2 and 3.5 for x = 2.5 and 1.5 MeV, respectively, which clearly exclude displacement
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of O and Al as the origin of the E, centre. In contrast, calculations of figures 9(b) and (c)
show that displacements of Ti and Ba atoms are compatible with the experimental values found
for the E; centre, since o (x MeV) /o (1 MeV) increases very rapidly with E4 for both atoms.
A detailed comparison of calculated and experimental values of o (x MeV) /o (1 MeV) shows
that they are compatible with a displacement of Ba with Eq(Ba) = 21 eV. Displacements
of Ti atoms also give a good agreement by using E4(Ti) =~ 60 eV. However, the E, centre
probably originates from displacement of Ba rather than Ti atoms, as revealed by the slight
structural modifications identified by x-ray diffraction (XRD), high resolution transmission
electron microscopy (HRTEM) and electron diffraction. In hollandite ceramics irradiated by
1.5 MeV electrons (fluence 5.8 x 10'® cm~2), XRD shows only a broadening of diffraction
peaks without observable shift of these peaks. The broadening ranges between 1 and 45%
depending on the diffraction peak. These features show that irradiation induces only a structural
disorder, with no significant modification of the lattice parameters. More information on this
structural disorder is obtained from electron diffraction diagrams. They show a decrease of
the diffuse scattering traces indicating that the 1D ordering of Ba’>* ions in tunnels is affected,
and HRTEM images show the disappearance of the small ordered domains existing before
irradiation. This study is currently in progress. However, the preliminary results indicate that
disorder in tunnels is due to displacement of Ba ions by elastic collisions, which agrees with
the electron-energy dependence of o,.

The variation of concentration of E; centres versus the electron fluence at the various
electron energies (figure 8(b)) is more difficult to interpret. However, we can clearly exclude
displacement of heavy atoms (Ba, Ti), and displacements of oxygen or aluminium can be
considered. The existence of oxygen displacement by electron irradiation is however clearly
demonstrated by solid state NMR, as shown below. Figure 10(a) shows the >’Al MAS-
NMR spectra for the pristine sample (black spectrum) and samples irradiated by 1.0 MeV
electrons (red spectrum) and 1.5 MeV electrons (blue spectrum). The observed range of
chemical shift is typical of Al in an octahedral environment (referred to as Al(VI)) and
these spectra cannot be fitted using a single site subjected to a second order quadrupolar
interaction broadening. Consequently, a more advanced high-resolution technique, MQMAS
(multiple quantum MAS) [39], has been used to obtain more detailed information. Triple
quantum MQMAS of the pristine sample is displayed in figure 11(a). The projection of
the two-dimensional MQMAS spectra on one dimension, denoted the isotropic dimension,
gives a spectrum free of second order quadrupole broadening. As shown by figure 11(c), at
least three components are required to correctly reproduce the experimental data, including a
broadening which reflects the distribution of environment of Al. Here, a fitting procedure of
the MQMAS data including the distribution of NMR parameters (isotropic chemical shift and
quadrupole interaction) has been developed. Using a Gaussian distribution for the isotropic
chemical shift and a more complex form for the quadrupole interaction (Gaussian isotropic
model, see [40, 41]), the MQMAS spectra can be accurately fitted as shown in figure 11(b).
This procedure, similar to the MQMAS inversion procedure [42], is out of the scope of the
present work and will be described elsewhere [43]. Obtained values of isotropic chemical
shifts are typical of hexacoordinated aluminium (AI(VI)), and quadrupole coupling constants
are relatively large, in agreement with the strong distortion of the Al octahedra (see table 2).
These sites can be assigned according to the occupancy of the three nearest A cation sites in
tunnels. NMR data show that the irradiation produces small modifications of these different
populations, in agreement with Ba®>* ion displacements.

Examination of the wings of the MAS spectra at high magnification (figure 10(b)) also
shows the appearance of a weak signal around 445 ppm in irradiated samples, corresponding
to the chemical shift of pentacoordinated Al (referred to as Al(V)). Spectra recorded at different
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Figure 10. 27 Al MAS-NMR spectra of samples before (black spectra) and after irradiation by
1.0 MeV electrons at a fluence of 8.7 x 10'8 cm~2 (red spectra) or by 1.5 MeV electrons at a fluence
of 5.8 x 10'8 cm™2 (blue spectra). (a) general view of the spectra of hexacoordinated aluminium
Al(VI); (b) extended and magnified view of the spectra showing the presence of pentacoordinated
aluminium Al(V).

recycle delays (0.25 and 32 s) show similar variations of the Al(VI) lines and the AI(V) satellite,
which indicate that the AI(V) line belongs to the hollandite structure and not to a parasitic phase.
These sites are too weak to be detected by MQMAS NMR. However, it can be safely concluded
from this NMR investigation that oxygen vacancies are produced by electron irradiation.

It thus appears from EPR, NMR, HRTEM and electron diffraction data that electron
irradiation mainly produces displacements of barium (for the E, centre) and oxygen (for the
E, centre) as well as electronic excitations.

4.4. Structure of E; and E| centres

In principle, analysis of the g factor of a transition metal ion gives information on the symmetry
of metallic sites and the eventual presence of neighbouring defects. This analysis is however
not possible for the E; centre because we ignore the direction of the g-tensor axes and because
at least two different sets of g-factors accurately simulate its EPR spectrum. For this reason we
have used other parameters to obtain information on the environment of Ti** ions in E; and E,
centres.

It has been indicated in section 3.2 that the spectrum of the E, centre vanishes above
140-170 K, so that only the E; centre is observable at higher temperature. This indicates that
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Figure 11. (a) Experimental and (b) simulated >’ Al triple quantum MQMAS of the pristine sample,
and (d) their projections along the MAS dimension (giving the spectrum as detected in simple MAS
experiment) and (c) along the isotropic dimension (dimension free of second order quadrupolar
broadening).

Table 2. NMR parameters extracted from MQMAS data (figure 11).

Site Cq (MHz) nq Siso (ppm) 0 (8iso) (ppm) Pristine (%) 1 MeV (%) 1.5 MeV (%)
Al(1) 2.3 0.6 —6.7 2.2 39 39.7 40.8
Al(2) 33 0.6 —1.8 2.5 454 453 46.5
Al(3) 4.6 0.6 3.5 2.6 15.6 15 12.7

the spin—lattice relaxation time 7; of the E; centre is smaller than that of the E; centre at high
temperature, the E, spectrum being broadened to something like §(AE) ~ i/ Ti, where 6 (AE)
is the EPR linewidth expressed in energy units. In contrast, the spectrum of the E, centre is
more easily saturated than the E; centre at low temperature, which indicates a larger 7 for the
E, centre. The influence of the site symmetry of Ti** ions on their relaxation times can be
understood by considering the structure of the Al, Ti sites (figure 1(b)) and the position of the
energy levels of Ti** ions with respect to the band energy levels of hollandite (figure 12).

Owing to the fact that E; and E, centres originate from oxygen and barium displacements,
it is reasonable to assume that these two centres correspond to electrons trapped by Ti*" ions
in normal Al/Ti crystallographic sites, stabilized by a positively charged defect in the first or
second neighbour position. EHTB band structure calculations show that the electronic structure
of hollandite is determined, as for the rutile structure, by the electronic structure of TiOg
octahedra. The main characteristics of the valence band (VB) and conduction band (CB) can
be summarized as follows (figure 12):

(i) the VB is mainly of O(2p) character, and represents bonding Ti—O interactions;
(i1) the top of the VB is of antibonding O—O character and of non-bonding Ti—O character;
(iii) the CB is mainly Ti—O antibonding and of Ti(3d) character; it reflects the splitting of Ti(3d)
orbitals into t, and e, sets by the octahedral crystal field, the t,, set forming the bottom of
the CB;
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Figure 12. Schematic energy levels of the irradiation-induced centres H, E; and E, with respect to
the hollandite band structure.

(iv) as TiOg octahedra share edges along the c-axis, the band structure shows a significant
dispersion along this axis, due to bonding Ti—Ti interactions between t, orbitals across
the edge (see figure 1(b)).

The low symmetry of TiOg octahedra splits the tp, orbital set by an energy § (figure 12), so
that the bottom of the CB is made from the low energy part of the split t, manifold. Thus any
positively charged point defect close to a TiOg site will increase the splitting § and lower its
ground state tp, orbital, which thus forms an electron trap level in the bandgap. The two centres
E, and E, differ by the nature and the position of the neighbouring defects, which control the
splitting 6 and thus the depth of the electron trap in the bandgap. The amplitude of this splitting
is determined by the charge of the defect and its position with respect to the Ti site, a defect
in the first neighbour position (O) inducing a larger § than a defect in the second neighbour
position (Ba).

The comparison of E; and E; centres with respect to their splitting § can be made from
the temperature dependence of the relaxation time 77 via the lifetime broadening effect at high
temperature (short 77) and the saturability at low temperature (long 7). It is well established
that the relaxation rate 1/ 7} of transition metal ions with d' configuration is largely influenced
by the splitting § of the t, level [44]:

1 i 3 =4
T, =aT +bT" +¢$ exp(kT> 4)
where the first term a7 represents the one-phonon direct process, the second term b7" (with
n = 7 or 9) represents the two-phonon Raman process and the exponential term represents
the Orbach process. It appears evident from equation (4) that the Orbach term will dominate
the relaxation rate for small splitting 6. The fact that the E, centre vanishes by the lifetime
broadening at relatively low temperature (140-170 K) indicates that the § of this centre is
smaller than that of the E; centre. A large splitting is expected for an oxygen vacancy in a TiOg
unit, giving a TiOs group, while a smaller splitting is expected for an extra Ba’>* ion close to a
TiOg unit (see figure 1(b)). We may thus attribute the E; centre to an electron trapped by a Ti**
ion adjacent to an oxygen vacancy, and the E; centre to an electron trapped by a Ti** ion close
to an extra Ba?* ion in a neighbouring tunnel site. The position of the energy levels of E;, E,
and H centres with respect to CB and VB extrema are represented in figure 12. The two Ti**+
centres E; and E, form two localized levels below the bottom of the CB (electron traps), while
the H centre (superoxide ion O, ) being of O(2p) character forms a level above the top of the
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Figure 13. Proposed mechanism for the formation of H, E| and E; centres by electron irradiation.

VB (hole trap). Indeed, the electronic configuration of O, being (17,)*(177})’, the H centre
may be described as a hole trapped in an antibonding 7, orbital of a O-O pair.

5. Mechanism of defect creation

A mechanism of formation of E;, E, and H centres based on electron-hole creation and
displacement of Ba and O ions can be proposed on the basis of all the observations of the
present work. Figure 13 represents a model for the evolution upon irradiation of two edge-
shared Ti sites, forming a Ti;O;¢ group. The E, centres may be simply explained by the
trapping of an electron by a Ti** ion in the nearest neighbour position of an extra Ba>* ion
displaced by ballistic collision (top of figure 13).

E; and H centres may result from the displacement of oxygen by electron irradiation. The
crystal field created by the oxygen vacancy increases the splitting 8 of the o, levels of Ti*+
adjacent to the vacancy, creating an electron trap level in the gap (figure 12). Two cases can be
considered depending on the charge state of the displaced oxygen. If the oxygen is displaced
in the form of an O~ ion (middle of figure 13), the oxygen vacancy is compensated by one
electron and corresponds to the standard F* centre of oxides [28]. However, owing to the
metal 3d character of the electronic level formed in the gap, the unpaired electron of the F*
centre is localized in the ground state t,, orbital of the Ti*" ion adjacent to the vacancy, which
is the E; centre (middle of figure 13). The displaced O~ ion is hereafter associated with an O?~
ion of the structure, forming an Og_ ion. As this ion pair has the (lng)4(36j)1 configuration,
it can be described as a hole localized in an antibonding o, orbital of an oxygen pair, which
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shortens the O—O distance with respect to the normal distance between two adjacent 0>~ ions of

the structure. This O—O bond shortening shifts the antibonding levels above the top of the VB.

It is important to note, however, that Og_ does not correspond to the H centre (see section 4.1).

The negative charge of ng (resulting from an interstitial O~ ion) makes this pair a hole trap
according to the following reaction (figure 13):

+

0~ + 0> — 5 0> (=H centre). )

The diamagnetic pair O3 having the configuration (173)*3oy)" with an empty

antibonding o orbital, its O—O bond length is shorter than in the Og_ pair. This further

destabilizes the antibonding 7, orbital, which forms a hole trap level above the top of the VB.

Thus we suggest that the O%f ion can trap another hole giving a superoxide O, ion (figure 12):

05" +h" — O, (=Hcentre). 6)

Alternatively, if the oxygen is displaced in the form of a neutral O° atom, it leaves a
neutral oxygen vacancy compensated by two electrons (an F centre) and forms an O%f pair by
association with an O~ ion of the structure. The latter gives an H centre by hole trapping:

0’+ 0 — Og’ (=H" centre) h—+> O, (=Hcentre). 7

This type of mechanism based on a cascade of hole trapping by interstitial oxygen could
be involved in the formation of oxygen bubbles found in nuclear waste glasses [45, 46], the O,
ion constituting the ultimate step before molecular oxygen formation by hole trapping.

However, according to the above considerations on the structure of electron traps in
hollandite, the two electrons of the F centre should be localized in ground state ty, orbitals
of Ti** ions adjacent to the oxygen vacancy. The corresponding defect is better described as
a Ti**—Vo-Ti** cluster (Vo being the oxygen vacancy). This defect can be considered as the
negative analogue of the E; centre (E| centre). The Ti**—Vo-Ti** cluster being formed by two
adjacent paramagnetic Ti** ions with spin S = 1/2, the ion pair can exhibit either a S = 1 spin
if the exchange interaction between Ti*T ions is of the ferromagnetic type (through space direct
Ti-Ti interaction), or an S = 0 spin if the exchange interaction is of the antiferromagnetic
type (through-bond Ti—O-Ti superexchange interaction). As we did not detect any EPR
signal indicating a triplet state S = 1, and according to the fact that exchange interaction
between two transition metal ions linked by an oxygen bridge is dominated by superexchange
interactions [44], we thus expect that the Ti**—Vo—Ti** defect should be diamagnetic (S = 0).

The proposed mechanism implies that the defects induced by barium and oxygen
displacements followed by electron and hole trapping are of two types: (i) oxygen centres
which can be paramagnetic (O, or H centre) or diamagnetic (Og_ or H™ centre), and (i) Ti**
centres which can be paramagnetic (E; and E; centres) or diamagnetic (E| centre). It is evident
that we can only suggest the existence of these diamagnetic centres.

6. Discussion and conclusion

We discuss in this section the significance of external electron irradiation experiments with
respect to actual conditions in hollandite storage waste forms. We have shown that the same
types of Ei, E, and H centres are always produced whatever the conditions of electron energy
and fluence. A maximum defect concentration of the order of 10'® cm~—3 was obtained with our
irradiation conditions; however, the total concentration can be higher if diamagnetic defects are
also produced. These diamagnetic defects can be either the diamagnetic counterparts of E;, E,
and H centres, or also diamagnetic defects that have no paramagnetic counterparts.
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It is thus expected that the same types of defects would be produced by the S~ emission
by radioactive caesium during storage. The maximum absorbed dose (7.5 x 10° Gy) in our
experiments corresponds to the first 30 years of Cs storage when 5 wt% of Cs;0O is incorporated
in the hollandite structure, and to 40% of the total absorbed dose during the whole storage time.
The electron dose rates (26 x 10° to 75 x 10° Gy h™!) used in our experiments are relatively
high in comparison with that occurring during the storage in hollandite waste forms. The actual
dose rate would decrease from 10° Gy h™! at the beginning of storage to 3 x 10° Gy h™! after
one century. It is to be noted, however, that the dose rate conditions remained about 4-5 orders
of magnitude lower in our study than in transmission electron microscopes [13, 14]. Thus
our experimental conditions are closer to the storage conditions than conditions occurring in
electron microscopes. The electron energies (1.0, 1.5 and 2.5 MeV) used in this work were
higher than the energies of several types of S-particles in hollandite waste forms: 0.514 and
1.176 MeV for '3"Cs (43% of the caesium), 0.205 MeV for '*>Cs (12% of the caesium), 0.089
to 1.454 MeV for '**Cs (about 1% of the caesium). The low energy of B-particles implies
that the electron irradiation conditions in the present work overestimate the effect of ballistic
collisions, and in particular the displacements of Ba>* ions will be much less frequent in real
storage conditions. We thus expect a smaller E,/E; ratio in waste forms than in the present
work. However, E, centres may also form by electron trapping by Ti** ions adjacent to pre-
existing positive charge excess due to extra Ba>* ions. In contrast, -decay will be efficient to
produce oxygen displacements and electronic excitations, so we expect important quantities of
E, and H centres.

It is important to note that two important differences exist between our experimental
conditions and the actual conditions in waste forms. First, electrons fly through the sample to
avoid charge accumulation in the sample for external irradiation conditions, and thus electrons
are not finally trapped by the hollandite host. Consequently, these experiments reproduce only
the effect of B-particles and Compton electrons (produced by y-rays) emitted by Cs along their
path in the hollandite structure, and do not simulate the effect of electron capture. Secondly, all
our experiments were performed at room temperature. However, because of the high thermal
power of '¥7Cs and '3*Cs isotopes, the temperature in the bulk of hollandite ceramics could
reach 300 °C during the first years of storage for a 5 wt% loading of Cs,0. A first effect of the
high temperature could be to favour the displacement of Ba>* ions in the tunnels of hollandite,
and thus to favour the formation of E, centres during B-irradiation. The most probable effect
of temperature could be the migration of oxygen vacancies and interstitial oxygen. We thus
expect an evolution of E; and H centres at high temperature, which may either recombine and
annihilate, or convert into more stable defects. The study of thermal stability of E,, E; and H
centres is thus of fundamental interest.
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