'0
Y nowledge
mpowerment
\\ _[Coundation

T Empowenng Krowledge

www.kemfo.org

EXPLORATORY
MATERIALS SCIENCE RESEARCH

E-ISSN : 2582-8444

Original Research Article

EMSR, 1(1) 2020 [1-6]

Radiation damage in ceria

Jean-Marc Costantini
Univer sité Paris-Saclay, CEA, Service de Recherches Métallurgiques Appliquées, 91191, Gif-sur-Yvette, (FRANCE)

E-mail : jean-marc.costantini@cea.fr
DOI : https://dx.doi.or g/10.47204/EM SR.1.1.2020.001-006

ABSTRACT

The damage induced in cerium dioxide or ceria by charged particle irradiations was investigated by various spectroscopic
techniques, such as Raman spectroscopy, electron paramagnetic resonance (EPR) spectroscopy, and UV-visible absorption/
reflection spectroscopy. These results confirmed the radiation resistance of this material which isnot amorphised by heavy ion
irradiations even for high fluence and high stopping power. However, clear evidence of cerium reduction from the 4+ to 3+
oxidation state was provided by EPR and optical spectroscopy data after electron or heavy ion irradiations.

© 2020 K nowledge Empowerment Foundation

INTRODUCTION

Cerium dioxide (CeQ,) or ceriais an important
material for gpplicationsto solid oxidefud cells(SOFC)
and catalysis, for which the oxygen non-stoichiometry
plays a great role. It can be envisioned as a non-
radi oactive surrogate of the actinidedioxideswiththe
cubic fluorite-type structure, such as plutonia(PuO,)
with the 4+ oxidation state of Pu@. Moreover, Ceand
thetransuranium elements (Pu, Am and Cm) sharethe
same 3+ and 4+ oxidation states in oxides. The
sesquioxides (M,O,) are indeed found for trivaent
actinides? aswell asfor rare earths®l. Furthermore,
the 5f e ectronsbecomemorelocaized sartingwith Pu
intheactinideseried¥, just likethe 4f eectronsinthe
lanthanide seriesin thenormal conditions. Therefore,
the knowledge of radiation damage in ceriais an
important topic for applications to nuclear fuel and
nuclear waste behaviour.

Ceriaisknown asaradiaion-resstant materid, just
likeurania(UQ,) and yttria-stabilized zirconia(ZrO,;:
Y) with the samefluorite-type structurethat cannot be

amorphised either by displacement damage or by
ionization®. Many studies were dedicated to the
radiation damagein ceriaby usng variousexperimentd
techniques, such as X-ray Diffraction (XRD)7, X -
ray absorption spectroscopy!”, transmission el ectron
microscopy (TEM)®, and scanning transmission
electron microscopy (STEM)®. In this respect, the
study of disorder at different length scalesisanimportant
issuefor such non-amorphisablematerias. Therefore,
wehavetriedtotacklethisissueby using spectroscopies
givinginformation on different length scaesindectron
andionirradiated ceria

Raman spectroscopy datadefinitely show that ceria
Is not amorphised by swift heavy ion irradiations.
Electron paramagnetic resonance (EPR) and UV-visble
optical absorption/reflection spectroscopy confirmthis
conclusion and show clear evidence of thereduction of
Ce* to Ce* induced by electron or ionirradiations,
elther dueto nuclear-collision or electronic-excitation
processes. The respective roles of point-defect
formation and electron-hole pair production are
addressed inthisbrief review of our recent results.
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EXPERIMENTAL DETAILS

Tiny singlecrystals(about 1 mminthickness) and
sintered samplesof ceriawith 150-um thickness were
used for thisstudy. Thesinglecrystalsshow triangular
facets corresponding to the {111} growth planes.
Irradiationsof thesingle crystalswerecarried out near
roomtemperature (RT) with dectronsof energiesfrom
1.0MeV to2.5MeV for severa fluences. Irradiations
of sintered sampleswerea so performed near RT with
high-energy heavy ion beams (Kr, Xe, W, Au) for
various energies and fluences. The irradiation
parameters such as stopping power and rangefor the
different incident particles computed with the
SRIM 2013 code™ aredisplayed in TABLE 1.

TABLE 1: Nuclear (S)) and electronic (S) stopping power
and rangefor thedifferent incident particles, computed with
the SRIM 2013 codé€.

Energy Range S S

Particle \iev)  (um)  (keV nm?)  (keV nm)
e 1.0 9x10° 9x10™
] 14  14x10° 9.2x10™
2.5 25 x10* 1x10°
82Kr 100 91 0.064 17
131% e 200 11.8 0.011 27.5
183 10 13 5 21
' 36 38 12 01

Inview tostudy thedamageat different length scales
in these irradiated samples, we have used various
experimentd techniquessuchasonHineand off-linemicro-
Raman pectroscopy a RT, UV-visbleoptica absorption
and reflection spectroscopy at RT, and X-band EPR
spectroscopy down to low temperature (4.3 K). All
experimental details on sample preparation and
measurements can befound inthecited references ™4,

RESULTSAND DISCUSSION

Raman spectr oscopy

Thesedataprovideinformation about thedisorder
at the level of bonds. Since Raman scattering is
dependent on the polarizability tensor, it probesthe
centrosymmetric optical phonon modes of thelattice.
Sdlectionrulesimposethat only themodesat the centre
of Brillouin zone can be Raman-activein aperiodic

solid. However, two-phonon or overtones and
combination modes can also be allowed. Lattice
disorder and defects can also render Raman-active
some modesthat would be otherwise forbiddent*®.

M easurements by micro-Raman spectroscopy with
532-nm Nd-YAG laser excitation were performed on
snglegrains(~10 um) of the sintered samples irradiated
with heavy ions. The Raman spectrashow the decrease
versusfluence of the Raman-allowed centre-of-zone
T, phonon pesk at 467 cm™* (Figure 1) whichisthe
characteristic feature of thefluorite structure, just like
for urania'®. Thefivesatellitepesksnear themain T,
peak were assigned to the oxygen deficiency. The
second-order peaks (not shown) and the satellitesa so
decayed asafunction of fluence (Figure 1).

The damage fraction (f ) was deduced from the
relative decrease of theng peak intengity (Figure2). It
is seen that f shows saturation at ~45%, thereby
proving the radiation resistance of ceriawhichisnot
amorphised by such swift heavy ionirradiationsfor
electronic stopping powers up to ~28 keV nm?
(TABLE1).
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Figurel: Off-lineRaman spectraof virgin and 36-M eV W
ion-irradiated ceria samplesfor variousion fluences. The
L orentzian and Fano lineshapeswer eused tofit theT2g peaks
of thevirgin and irradiated samples, respectively (dashed
lines). Thespectrum of thevirgin samplewasdown-shifted
for sakeof clarity!*Y,

The asymmetry of the T, peak appearing after
irradiation (Figure 1) wasassigned to different origins,
such asaFano resonance effect and the formation of
oxygen vacancies. Yet, no clear cut conclusionscould
be drawn from these data. However, an extra broad
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band was recorded at ~600 cm* that could also be
associated to oxygen vacancies (Figure 1), Damage
cross sectionswerethen deduced from the decrease of
f, versusfluencefor the various el ectronic stopping
power va ues(Figure 2) by usingasaturation function.
The inelastic thermal spike model was applied to
reproduce the dependence of the track cross section
on the electronic stopping power (Figure 3). The
contribution of nuclear collisonswasd soincluded for
thelower energy ions (10-MeV W). The present data
are quite consistent with previous results based on
XRD!® and conventional TEM® (Figure 3). However,
largedeviationsarefound with STEM results¥ giving
much smaller valuesof thetrack coreradii.

EPR and optical spectrocopy

Thesedatagiveingght on modificationsat theatomic
level and evolution of the electronic structure.
M easurements by X-band EPR spectroscopy and UV-
visible absorption spectroscopy were carried out on
eectron-irradiated snglecrysta sand UV-visbleopticd
reflection spectroscopy on heavy ionirradiated sintered
samples. Evidenceof Ce* ionformationwas provided
by EPR spectroscopy at 4.3 K with the applied
magneticfiddlyingina{ 111} facet of thesnglecrysds
irradiated with 2.5-MeV electrons for a fluence of
1.5x10%® cm2 (Figure 4)1*2. Spectra were showing
narrow linesfor g-factor values of ~1.3 for electron
energieslarger thanor equa to 1.4 MeV. Nosuchsignd
wasfoundfor 1.0-MeV dectronirradiationfor thesame
high fluence and similar inelastic stopping power
(TABLE1). By rotating thecrystal inthe{ 111} plane
with respect to the applied magnetic field, the lines
followed atypica sinewaveangular variationwith a
weak g-factor anisotropy (Ag~0.3).

Theselinesvanished when temperaturewasrai sed
above 10K, whichisthesgnatureof ashort spin-lattice
relaxation time leading to broadening due to fast
relaxation when more phonons are emitted and
absorbed at higher temperature. All theseresultsare
consi stent with the 4f* state of cerium, corresponding
to Ce**. The occurrence of narrow lines at low
temperature with adefinite trigonal anisotropy shows
that the crystalline order iskept at theatomic scalein
the next-neighbour shell around Ce** ions, whichis
cons stent with the conclusions of Raman spectroscopy.

This reduction process was related to cerium
displacement not to oxygen displacement, Snceit occurs
only for electron energieslarger than or equal to 1.4
Me\V11233 by using the admitted di splacement threshol d
energy E (Ce) of 58 evI8. The displacement cross
sections for oxygen atomsis of ¢ (O) ~13 b for the
1.0-MeV energy, and 5,(O) ~16 b for the 1.4-MeV
energy by using arecommended value of E (O) = 35
eV, Asaresult, theformation of Ce* ionscannot be
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Figure 2: Normalized T, peak intensity for the W ion
irradiations(left scale), and undamaged fraction (1« f) for
Kr and Xeionirradiationsdeduced from STEM® (solid lines,
right scale) asafunction of fluence. Dashed and dotted lines
arefitsof W-ion datawith asaturation function for 36-M eV
and 10-M eV ener gies, respectively*l,
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Figure 3: Experimental radii ver suselectronic energy loss
from Sonodaet al ., I shikawaet al 1%, Yasuda et al 1%, and the
present data. The lines are inelastic thermal spike
calculationsfor thethreedifferent beam energiesof 0.17, 1.0
and 2.0 MeV ul. Open triangles and open circles are
calculations (u-TS) combining the electronic and nuclear
ener gy lossesfor 10-M eV W and 10-M eV Niiong™,
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Figure4: X-band EPR spectraafter basdlinecorrection at 4.3
K of aCeO,singlecrydtal irradiated with 2.5-MeV eectrons
at afluenceof 1.5x10%® cm2with theapplied magneticfield
paralle toa{111} plang'2,

attributed to oxygen displacement. No signals of
paramagnetic oxygenvacancieswiththe 1+ charge tate
(V or F* centres) or oxygen hole centres near g ~2
wererecorded whatsoever.

Optical reflection spectroscopy data on ion-
irradiated Sntersrecorded a RT showed the gppearance
of six bands after subtraction of the virgin sample
spectrum (Figure 5)*4. Three of those bands, centred
at ~1.2,2.2and 2.8 eV (i. e. ~9500, 18000, 23000
cm?), wererecorded for the reference spectrum with
an optical gap of ~3.2 eV (~26000 cm?) generally
assigned to 2p — 4f transitions. Thelatter three bands
and thethree other bands centred at ~4.0, 4.8, and 6.2
eV (i. e. ~33000, 39000, 50000 cmt) were found to
grow after ion irradiation. Analysis of the possible
electronictransitionsallowed assigning thefirst three
bandsto 4f — 5d transitionsfor low photon energies
and the other threeonesto 2p — 5d transitionsfor high
photon energied®4.

Those bands aregrowing dueto anincrease of the
amount of Ce** associated to oxygen vacancies that
break and lower the spherical local symmetry around
Ce* ions. Theenhancement of oxygenvacancies(V )
with respect to the pristine samples was assumed to
arisefromnudear collisons Theaxid symmetry causd
by neighbouringV , inducesasplitting of theempty 5d
levels of Ce** into three levels by the crystal field
interactions. Thethree2p — 5d extratransitionsthat
werenot found inthevirgin samplearerelated to the

significant increase of Ce** ionsand oxygen vacancies
duetoionirradiation. Thesereflection spectrawere
converted to absorption spectrafor the W ionsat the
fluence of saturation (Figure6).

Thereflection spectraare all showing abump at
~440 nm (i. e. ~23000 cm*) whichis consistent with
the absorption spectra of electron-irradiated single
crystals showing a broad absorption tail below the
absorption edge at ~3.2 eV (~400 nm) for 1.4-MeV
and 2.5-MeV energies and not for the 1.0-MeV
energy™ (Figure 6). Thisisin agreement with the
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Figure5: UV-visibledifferential reflection spectraof ceria
sintered samplesafter irradiation for variousfluenceswith
36-M eV W. Thedotted curvesaretrial-and-error fitswith six
Gaussian profiles. The dashed curvesar ethefitted bands.
Thevertical dashed linemar kstheoptical gap value (~26,000
Cm-l)[lA].
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Figure6: UV-visbleabsor ption spectraof eectron-irradiated
ceriasinglecrystals(1to5)*2% with theabsor bance deduced
from reflection spectraof W-ionirradiated ceriasintersfor
themaximum fluencesat saturation (6to 8)14.

EXPLORATORY MATERIALS SCIENCE RESEARCH




EMSR, 1(1) 2020

Jean-Marc Costantini 5

conclusions of EPR data'?, provided that oxygen
vacanciesare EPR-glent, i. . non paramagnetic species,
either neutral (V%), withtwo electrons, or withthe 2+
chargestate (V ), devoid of electrons. Someab-initio
cal culationshave actually shownthat clusterssuch as
the(Ce-V ") dimersand (Ce-V - Ce) trimersare
thedominant defect speciesfor low oxygen potentia 9.

From the dependence of thebandintengitiesonion
fluence, damage cross sections were deduced as a
function of the el ectronic stopping power (Figure7).
Those cross sectionsare much larger than thevalues
deduced from Raman spectra(Figure2). No correlation
wasfoundwith the nuclear opping power whatsoever.
Thegrowth of bandsisfound upto saturationfor high

stopping power vaues (Figure7).
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Figure7: Damage cr oss sections deduced from the growth
curvesof thevariousbandsin reflection spectraand fromthe
T, beak intensity in Raman spectra (open diamonds)™ versus
electronic stopping power (S) (TABLE 1). Linesareguides
totheeyes.

A kinetic model wasdevised tointerpret thesedata
on the basis of the electron-hole pair generation by
abovethe 2p-5d band-gap el ectronic excitations (Eg
~6 eV)M, Therate equationsrepresent the competition
between free holetrapping on Ce* and free electron
trapping on Ce**. The dependence of the Ce* content
on fluence deduced from these equations exhibit
saturation behaviour. The saturation of crosssections
versus stopping power correspondsto theequilibrium
state between these two el ectronic processes.

Assuch, the*“damage cross sections” deduced from
reflection spectramust be considered aseffectiveva ues
including the latter electronic processes, and not
reflecting any damage measured by Raman

Original Research Article

spectroscopy, or other techniquessuch asTEM. Our
resultsshow the complex nature of radiation damagein
amaterial likeceria, sinceitisnot undergoing striking
sructural modifications, such asamorphisation or phase
change. Therelevanceof spectroscopiesishighlighted
inthe present work, sincethesetechniquescan provide
direct information of the material’s evolution at a
microscopic level and allow the benchmark of
smulationsof defect formation.

CONCLUSIONS

All these experimental results obtained for the
different length scales of the materia confirm the
radiation resstanceof ceria. In particular, no evidence
of amorphisation after eectron or heavyionirradiations
wasfound whatsoever. However, the Cereductionfrom
the 4+ to the 3+ oxidation state isinduced either by
elastic callisonsinelectron-irradiated singlecrystal's
(due to Ce atom displacement), or by electronic
excitations (dueto freed ectron trgpping on Ce** |ettice
ions) inion-irradiated sintered samples.
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