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ABSTRACT

A>Sn,07 (A = Nd, Sm, Gd, Er, Yb, and Y) materials with the pyrochlore structure were irradiated
with 2.2 GeV Au ions to systematically investigate disordering of this system in response to
dense electronic excitation. Structural modifications were characterized, over multiple length
scales, by transmission electron microscopy, x-ray diffraction, and Raman spectroscopy.
Transformations to amorphous and disordered phases were observed, with disordering
dominating the structural response of materials with small 4-site cation ionic radii. Both the
disordered and amorphous phases were found to possess weberite-type local ordering, differing
only in that the disordered phase exhibits a long-range, modulated arrangement of weberite-type
structural units into an average defect-fluorite structure, while the amorphous phase remains
fully aperiodic. Comparison with the behavior of titanate and zirconate pyrochlores showed
minimal influence of the high covalency of the Sn-O bond on this phase behavior. An analytical
model of damage accumulation was developed to account for simultaneous amorphization and

recrystallization of the disordered phase during irradiation.

I. INTRODUCTION

Ternary oxides with the composition 4,8,07 and the pyrochlore structure exhibit unique
physical behaviors due to their geometric frustration, with spin liquid states, spin ice states,
metal-insulator transitions, and superconductivity having been reported'~. They find potential
application as matrices for the dilution and immobilization of nuclear waste’, thermal barrier
coatings for gas turbine engines*, and electrolytes for solid oxide fuel cells®. The pyrochlore
structure is observed for 4,8,07 compounds in which the A4-site is occupied by a large cation

(such as a trivalent lanthanide, actinide, or Y) and the B-site by a smaller cation (typically a



tetravalent transition metal or group 14 element)’. Its stability is constrained by the ratio of the
ionic radii of the 4- and B-site cations (r4 and rp, respectively), such that the pyrochlore structure
generally forms when 1.46 @ ra/rg @ 1.78. A defect-rich, fluorite-like structure usually forms
when ra/rg is below this stability range and structures of lower symmetry form above®’.

In the pyrochlore structure (space group Fd 3 m), A-site cations adopt eightfold
scalenohedral coordination with anions, while B-site cations adopt sixfold distorted octahedral
coordination’. Mixed corner- and edge-sharing of the polyhedra yields a cubic unit cell. The
pyrochlore structure can be considered an anion-deficient derivative of the fluorite structure
(space group Fm 3 m), which is exhibited by 4O, compounds and consists of a face-centered
cubic array of cations with anions occupying the tetrahedral interstices. These two structures
differ in that the pyrochlore structure features ordering of two aliovalent cations on the fluorite-
like cation sublattice, while one-eighth of the tetrahedral interstices are vacant and some anions
are slightly displaced from the ideal tetrahedral sites. Under high-temperature®'° or high-
pressure' "' conditions, many pyrochlore compounds undergo an order-disorder phase
transformation wherein the pyrochlore superstructure ordering is lost, leaving only fluorite-like
long-range ordering. This is driven by mixing of cations onto a single crystallographic site and
the formation of anti-Frenkel pairs, such that the resulting disordered structure is often described
as “defect-fluorite.”

Alternatively, under temperature and pressure conditions for which the ordered
pyrochlore phase is stable, disordering can be induced by dense electronic excitation, such as that
resulting from irradiation of a material with high-energy heavy ions'>™'®. Tons in this high-
velocity regime (having specific energies greater than ~1 MeV/u) interact with materials

primarily through the deposition of energy to electrons, rather than the elastic nuclear collisions



that dominate at low ion velocities. This produces a state of warm dense matter, lasting on the
order of 100 fs, during which a hot electron-hole plasma coexists with a relatively low-

- . 19,20
temperature, ionized atomic subsystem

. The excitation of electrons to antibonding orbitals in
the conduction band makes accessible phase transformation pathways precluded under
equilibrium conditions, while subsequent electron-hole recombination yields phonon emission
and local heating, driving the material further from equilibrium®'. These processes occur within a
nanometric region along the roughly linear paths of swift heavy ions in solids. Following
relaxation of the ion-solid interaction region, each ion leaves a cylindrical track, typically several

nanometers in diameter, within which the irradiated material is structurally and chemically

modified.

11316223 "and Sattonnay et al.'”'®** have shown experimentally

Patel et al."®, Lang et a
that the specific phase transformations induced by swift heavy ion irradiation of pyrochlore
compounds depend strongly on their composition. Molecular dynamics simulations support their
ﬁndings”. Compounds with similar cation ionic radii (small 7/rg) favor an order-disorder
transformation to the defect-fluorite phase, while those with a large cation size mismatch (large
ra/rp) instead transform to an amorphous phase. For intermediate 7»/rp, a complex ion track
morphology is observed wherein an annular track shell of disordered, crystalline material

o 16,22
surrounds an amorphous cylindrical track core™™

. This composition-dependence of the response
of pyrochlore materials to dense electronic excitation is most often attributed to the influence of
the cation size mismatch on the energetics of cation site exchange and the stability of the defect-
fluorite phase, as demonstrated by atomistic simulations™~°.

Bond covalency has been proposed as another predictor of radiation tolerance, defined as

the ability of a material to resist amorphization under irradiation. Naguib and Kelly*’, and more



recently Trachenko ez al.”*"

, argue that covalently-bonded materials are amenable to the
formation of amorphous polyhedral networks because the energy landscapes that govern their
atomic structures are based on short-range covalent forces. In contrast, longer-range forces
associated with ionic bonding produce energetics unfavorable for the formation of these
amorphous structures, and thus promote recrystallization following dense atomic displacement.
In this way, the superior glass-forming ability of covalently-bonded materials yields resistance to
irradiation-induced amorphization inferior to that of more ionically-bonded materials. This bond
type criterion for radiation tolerance has been proposed as an alternative explanation for the
observed compositional trends in the amorphization and disordering of pyrochlore materials by
swift heavy ion irradiation®®?.

While the response of pyrochlores to irradiation in the electronic stopping regime has
been extensively investigated, much of this work was restricted to a narrow composition range;
the majority of studies have focused exclusively on titanate and zirconate compounds (B = Ti,
Zr)'3 18232431 The titanates are prone to amorphization, while the zirconates tend to disorder,
retaining their crystallinity. This is consistent with both cation ionic radius and bond covalency
criteria for amorphization resistance, as Ti*" is smaller than Zr*" (yielding an ra/rg closer to the
upper stability limit)** and forms a more covalent bond with O* ****. Thus, the study of these
systems is insufficient to distinguish the effects and relative influence of the cation size
mismatch and the bond covalency on the phase behavior of pyrochlores and related complex
oxides under extreme conditions. In this respect, study of a B-site cation substitution that
decreases ra/rg while increasing B-O bond covalency, or vice versa, is advantageous. The
stannate pyrochlores (B = Sn) are interesting in this respect, as density functional theory (DFT)

33,35,36

calculations and experimental characterization of the electron density distribution®’ show



relatively high covalency of their Sn-O bonds (higher than that of the Ti-O bond), while the ionic
radius of Sn is intermediate to those of Ti and Zr*?. Thus, a radiation response governed by the
ionic radii of the 4- and B-site cations would yield mixed amorphization and disordering of the
stannate pyrochlores, a response between those of the titanates and zirconates. In contrast, bond
covalency-dependence of the phase response would result in high susceptibility to
amorphization, and radiation tolerance inferior to that of the titanate system.

We report an investigation of the structural response of stannate pyrochlores with 4-site
cations spanning the lanthanide series, along with Y, to irradiation with 2.2 GeV Au ions.
Simultaneous amorphization and disordering was observed and analytically modelled. The
relative extent of each transformation varies monotonically with the 4-site cation ionic radius.
The tendency of stannate pyrochlores to disorder, rather than amorphize, is shown to be
intermediate to those of titanate and zirconate pyrochlores, a result inconsistent with a substantial
influence of bond covalency on the radiation response. The local structures of amorphized and
disordered compounds are shown to be similar, with all compositions studied exhibiting short-
range weberite-type ordering™® that, in the disordered phase, is modulated to yield an average,

long-range defect-fluorite structure.

II. EXPERIMENTAL METHODS

Powders of A,Sn,O7 (A = Nd, Sm, Gd, Er, Yb, and Y) were synthesized by solid-state
methods. Stoichiometric ratios of 4,03 and SnO, powders were mixed and calcined at 1400 °C
for 24 hours. X-ray diffraction measurements confirmed a pyrochlore structure. The powders
were uniaxially compressed with a pressure of 25 MPa, producing 40 pum thick wafers with

typical densities of 60% theoretical density and typical grain sizes of several micrometers. This



sample form is based on that used in previous swift heavy ion irradiation experiments> . The low
sample density allows for the use of relatively thick samples, facilitating their handling, while
still minimizing the amount of material through which ions pass, and thus the variation in ion
energy deposition as a function of sample penetration depth. Additionally, the presence of empty
space between dense grains in the compacted powder allows the samples to accommodate any
potential irradiation-induced swelling without experiencing significant stresses or the loss of
sample integrity. While the presence of more material/atmosphere interfaces in these compacted
powders, compared to a dense pellet, may enhance some surface phenomena, these effects are
expected to be small, considering that the micrometric scale of the polycrystal grains is several
orders of magnitude larger than the nanometric scale of the ion tracks.

The wafers were irradiated using beamline X0 of the UNILAC accelerator at the GSI
Helmholtz Centre for Heavy lon Research in Darmstadt, Germany. All samples were
simultaneously exposed to a beam of 2.2 GeV Au ions, oriented such that the beam direction was
perpendicular to the wafer faces. The ion flux was maintained below 2x10° ions cm™ s™ to
prevent bulk heating of the samples. [rradiation was carried out to ion fluences ranging from
1x10" to 3x10" ions cm™, with typical fluence uncertainties of 10%. The penetration of ions
into the samples was calculated using the SRIM code™, correcting for the low densities of the
pressed powders. All ions were found to pass completely through the samples, depositing a
nearly constant energy per unit path length to the material’s electrons. The nuclear energy loss
was, across the entire sample thickness, more than three orders of magnitude less than the
electronic energy loss, such that the effects of electronic excitation were isolated.

The shapes of the nanometric ion tracks were determined through direct imaging by

transmission electron microscopy (TEM). Small portions of wafers of each material, irradiated to



a fluence of 1x10'" ions cm™, were crushed into a powder. At this low ion fluence tracks were
well-separated, allowing individual tracks to be easily distinguished. The powders were
dispersed onto holey carbon-coated copper TEM grids and imaged using a JEOL 2010F
microscope operating at 200 kV in bright-field mode.

Irradiation-induced modifications to the long-range atomic structures of these materials
were characterized by angle-dispersive synchrotron x-ray diffraction (XRD), performed at
beamline B2 of the Cornell High Energy Synchrotron Source (CHESS). All samples were
exposed in transmission geometry to a 1 mm” monoenergetic beam with a wavelength of A =
0.496 A. Debye rings were recorded on a Mar charge-coupled device (CCD) detector for 300 s.
The detector images were integrated in the azimuthal direction using the software Fit2D*'. Phase
fractions of the irradiation-induced amorphous phase, if present, were determined by the peak
deconvolution technique of Lang et al."”. Total pattern fitting was performed using pseudo-Voigt
functions to fit both sharp diffraction maxima and diffuse scattering bands arising from the
amorphous phase, while a sixth-order polynomial was fit to the background. In this way, the
contributions to each pattern from the amorphous and crystalline fractions were distinguished.
Qualitative measures of the amorphous fractions were obtained by calculating the ratio of the
sum of integrated intensities, or peak areas, of diffuse scattering bands to the summed integrated
intensities of all peaks. This analysis provides only qualitative data, since the relation between
phase fraction and the integrated intensity of the XRD signal from an individual phase is
complex. However, this method is suitable for the comparison of relative amorphous fractions in
structurally- and compositionally-similar materials, among which this relation will not vary

greatly.



Irradiation-induced modifications of the local atomic arrangements in these materials
were studied by Raman spectroscopy. Spectra were recorded in backscattering geometry with a
Horiba Jobin Yvon LabRAM HR800 micro-Raman spectrometer with a 20 mW HeNe laser
excitation source (4 = 632.8 nm). A diffraction grating with 1800 grooves/nm provided a spectral
resolution of approximately 0.01 nm. Each sample was exposed to a beam spot of ~2 pm in
diameter. All measurements were performed for 40 s, and three measurements were averaged to

obtain final spectra for each sample.

II1. RESULTS AND DISCUSSION

A. Transmission electron microscopy: ion track shape

TEM imaging of the irradiated samples revealed the presence of parallel, continuous ion
tracks in all materials. Fig. 1 shows a representative micrograph of tracks in Nd,Sn,0O. Contrast
between the in-track regions and the surrounding, unirradiated matrix indicates structural
modification of the material within the tracks. No significant change in track diameter as a
function of sample depth was observed. This is consistent with the nearly constant electronic
energy loss of the Au ions throughout the entire sample thickness, as shown by the results of
SRIM calculations in Fig. 2. The variation in electronic energy loss as a function of sample
penetration depth was, for all compounds, less than 2.3 keV/nm. These results indicate that the
ion tracks can be accurately modelled as cylindrical objects of constant diameter, containing
material that has been transformed from the initial pyrochlore structure.

Precise determination of the track diameters is hindered by the indistinct interface
between the modified and unmodified regions. This is likely due to the significant internal track

13,16,18

phase heterogeneity that is common to pyrochlore compounds . Typically, an amorphous



track core is surrounded by a disordered or defect-rich track shell. Each region will yield
different contrast in TEM imaging, resulting in the observed smearing of contrast at the parallel
track edges. Due to uncertainty in the precise location of the track boundaries, the track diameter
as a function of composition was not quantified using TEM. However, the variance in track size
among the materials studied is small, with all showing track diameters of roughly 6 nm.

B. X-ray diffraction: long-range structure

Representative XRD patterns from several of the compounds studied, both unirradiated
and irradiated to various ion fluences, are shown in Fig. 3. Patterns collected from the
unirradiated samples correspond to a well-crystallized pyrochlore phase. The most intense
diffraction maxima (for example, the (222), (004), (044), and (226) peaks) arise from fluorite-
like substructure ordering, while the less-intense maxima (for example, the (111), (133), and
(155) peaks) are indicative of the pyrochlore superstructure.

The XRD patterns collected from all materials evolve with increasing ion fluence,
indicating the loss of the initial pyrochlore structure due to electronic excitation-induced phase
transformations. Three changes to the patterns are observed: broadening of the initial diffraction
maxima, attenuation of some or all of the initial maxima, and growth of broad diffuse scattering
bands. Peak broadening can result from either the accumulation of heterogeneous microstrain
around defects formed by atomic displacement or the reduction of crystallite sizes due to grain
fragmentation®. Attenuation of the initial diffraction maxima indicates the loss of ordering
characteristic of the pyrochlore structure. An order-disorder transformation to the defect-fluorite
phase yields attenuation of only the maxima corresponding to the pyrochlore superstructure,
while those arising from the fluorite-like ordering remain®. In contrast, the formation of an

amorphous phase within the ion tracks causes the attenuation of all initial maxima as the
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material’s crystalline fraction decreases with increasing ion fluence. The growth of broad
scattering bands in the approximate angular ranges 26 = 6-11, 13-8, and 18-20° provides further
evidence of amorphization, as this signal is typical of diffuse scattering from an aperiodic atomic
arrangement43 .

The nature of the transformations induced in stannate pyrochlores by electronic excitation
shows clear dependence on composition. Amorphization is evident in all materials, while several
also exhibit simultaneous disordering. The extent to which amorphization, rather than
disordering, dominates the radiation response of a particular compound is proportional to the
ionic radius of the 4-site cation. The lanthanide elements are chemically similar, yet their ionic
radii decrease across the lanthanide series, while the ionic radius of Y is intermediate to those of
Gd and Er. Thus, at the highest ion fluence achieved, 3x10" ions cm™, Nd>Sn,07, Sm,Sn,07,
and Gd,Sn, 07 are fully transformed to an amorphous phase. In contrast, the pyrochlores with
smaller A-site cations retain a significant amount of crystallinity at this fluence, although all
compounds completely lose pyrochlore superstructure ordering by 1.5x10" ions cm™. Yb,Sn,05,
which has the smallest 4-site cation among the materials studied, and is the most resistant to
amorphization, consists mainly of the defect-fluorite phase at the highest ion fluence achieved.
Because the electronic energy deposition per unit ion path length in these materials increases
with decreasing ra, due to increasing density (with the exception of Y,Sn,O7, see Fig. 2), this
compositional trend cannot be attributed to variation in energy deposition and must therefore
result from ionic radius effects. The observed mixed phase behavior of the stannate pyrochlores,
ranging from complete amorphization to predominant disordering, is intermediate to that of the
titanate and zirconate pyrochlores. These pyrochlore systems show similar trends in radiation

response with A4-site cation substitution, yet amorphization dominates in all titanate pyrochlores,
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while most zirconates only disorder under swift heavy ion irradiation. Under identical irradiation
conditions, titanates with the same A-site cations show substantially higher amorphous fractions
than the stannates’'. In contrast, only a few zirconate pyrochlores with large r/rg have been
observed to amorphize in response to irradiation, and the extent of amorphization is typically
small relative to that of disordering18’44.

Irradiation of stannate pyrochlores with ions of low specific energies, for which elastic
nuclear collisions dominate the energy deposition, show compositional trends in disordering and
amorphization similar to those reported here for swift heavy ion irradiation®. In both cases,
compounds with large 4-site cations tend to amorphize, while those with smaller 4-site cations
preferentially disorder to a long-range defect-fluorite structure. Similar correspondence has been
observed between the effects on the structures of titanate and zirconate pyrochlores of irradiation

in the nuclear*® and electronic energy loss' ™%

regimes. This suggests that the observed phase
behavior is intrinsic to the materials, based on the energetics of their recovery from a perturbed
state and the effects of the cation size mismatch on these energetics. These phase processes are
thus a general feature of the order-disorder dynamics of these systems, rather than a response
specific to a certain mechanism of energy deposition and atomic displacement, such as a nuclear
collision cascade or dense ionization.

Amorphous phase fraction data obtained from XRD measurements, shown in Fig. 4,
further illustrate the composition-dependence of the electronic excitation-induced pyrochlore-to-
amorphous transformation. The amorphous fraction, fa, of an irradiated material at a given ion
fluence decreases with decreasing A-site cation ionic radius. In all materials, the initial linear

accumulation of the amorphous phase gives way to saturation at higher ion fluences. For the

compounds resistant to amorphization, this saturation occurs at amorphous fractions below unity,
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indicating that a steady state is achieved wherein further irradiation yields amorphization and
recrystallization of initially amorphous material in equal parts. Saturation of the amorphous
fraction below unity is uncommon, but has been previously observed in Lu,Ti,O7, the titanate
pyrochlore with the smallest 74/rg, irradiated with ions of low specific energy” .

Because ion tracks in these stannate pyrochlores are continuous cylinders of nearly
constant diameter as a function of sample penetration depth, fitting of a simple, two-dimensional
statistical rate model to phase fraction data yields quantitative information about ion track
dimensions and morphologies. Typically, Poisson expressions are used for this purpose.
Assuming no variation of the tracks with penetration depth, the only parameters needed to model
damage accumulation as a function of ion fluence are the cross-sectional areas, o, for which each
induced phase modification occurs following a single ion impact. The form of the model depends
on the manner in which the overlap of these cross-sectional influence regions yields further
phase modification. A single-impact model, first developed by Gibbons™, is most often
used'®'7#24% This model assumes that complete modification of the in-track material is

achieved in a single ion impact and that further impacts to this region (track overlap) yield no
additional modification. The modified phase fraction, fy, is expressed as:

fu (@)= A(1-e7) (1)
where @ is the ion fluence, 4 is a dimensionless fitting parameter, and o is the cross-sectional
area in which the irradiated material is modified following a single ion impact.

The single-impact model predicts an initial linear increase in modified phase fraction

with ion fluence, followed by saturation as the probability of track overlap increases. This
behavior is consistent with the buildup of the amorphous fraction shown in Fig. 4. However, this

model accounts for the production of only a single phase during irradiation, rather than the
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simultaneous formation of amorphous and disordered phases observed here. Furthermore,
saturation of the modified phase fraction at a value below unity, as shown in Fig. 4 for the
amorphization-resistant stannate pyrochlores, is modelled only by the fitting parameter 4 in Eq.
(1), which has no physical meaning. This is because the model does not account for
recrystallization of initially amorphous material caused by ion energy deposition. The
observation of disordered shells around the peripheries of ion tracks in many pyrochlores
indicates that recrystallization plays an important role in damage accumulation'*'*'® and TEM
studies of ion tracks in fluorite-structured CeO, have demonstrated the recovery of initially
damaged material through recrystallization of track shells™. A more complex model of damage
accumulation in pyrochlore materials was proposed by Sattonnay et al.'®, which considers the
incremental buildup of damage in track peripheries through a multiple-impact mechanism. While
this model does account for the formation of multiple new phases during irradiation, it does not
physically describe the saturation of fa below unity, as observed here, and does not account for
the recrystallization of previously damaged volume.

To represent the multiple, simultaneous phase transformations in the stannate pyrochlores
as a function of ion fluence, a model accounting for both damage accumulation and
recrystallization (partial recovery of the initial damage) was developed. This model assumes a
track evolution process wherein the energy deposited to a material by a swift heavy ion initially
causes the loss of long-range order in the core of the ion-solid interaction region, followed by
recrystallization of the track periphery prior to dissipation of the deposited energy to the
surrounding matrix and quenching of the track structure. This process has been observed in
molecular dynamics simulations'” and is supported by analytical calculations using an inelastic

thermal spike model®. It yields a final ion track in which an amorphous core of cross-sectional

14



area o, is surrounded by a disordered shell of area op. Because TEM observation of
heterogeneous ion tracks in pyrochlores commonly reveals the presence of the disordered phase
only at the interface between the track and the surrounding undamaged matrix, it is assumed that
recrystallization occurs epitaxially, with the pyrochlore matrix acting as a template for the
kinetically-favorable formation of the disordered defect-fluorite phase. Competition between
amorphization and epitaxial recrystallization gives rise to the observed saturation of f, at values
below unity for those stannate pyrochlore compounds in which disordering is the primary
structural modification. Following the analysis of Morehead and Crowder', this phase

modification mechanism yields the expressions:

%:O-A¢(1_fA)_O-D¢fA(1_fA) (2)
%Z%WA (1=f1)+on0fs —0.0f) ()
%:1_00¢(1_fp)_0-/1¢(1_f1>) 4)

where fA, fp, and fp, are the amorphous, disordered, and pyrochlore fractions, respectively; op and
o are the cross-sectional areas for the formation of the latter two phases; and ¢ is the ion flux.
Ion-solid interaction causes an amount of material proportional to o4 to transform to the
amorphous phase, and an amount of material proportional to op to transform to the disordered
phase. The probability of an initially crystalline region becoming amorphous is proportional to
the crystalline fraction of the material, (1- f4), while the probability of an ion impact disordering
a region with the ordered pyrochlore structure is proportional to fp. Because the epitaxial
recrystallization of the disordered phase from initially amorphous material requires the presence
of a crystalline/amorphous interface, the probability of this process is taken to be fo(1- fa), as this
term scales with the amount of this interface present in the material™.

15



Solving this system of equations [Egs. (2)-(4)] yields analytical expressions for the

amorphous and disordered phase fractions as a function of ion fluence:

1 _ e—O'AlI)+tTDCD

f4(®@)= (%)
1— @ e—aA<1>+aD<I>
O-A
(O-A _O-D)eo-D(I> ®(c,-0,)
@)= — %0 6
(@)= 2T e ©

Eq. (5) predicts eventual saturation of the amorphous fraction at f4 = 1 when o > op, and
saturation at at fy = oa/op otherwise. For ap = 0, Eq. (5) is identical to the single impact model,
Eq (1), with the exception that it does not feature a dimensionless parameter 4 governing the
saturation value of the transformed phase fraction.

Eq (5) was fit to the experimental amorphous phase fraction values in Fig. 4, showing
good agreement with the data and yielding track areas for amorphization and disordering
transformations, show in Fig. 5. The total track cross-sectional area (o5+op) is relatively constant
with A-site cation substitution, at ~14 nm”. This means that all stannate pyrochlores will lose
their initial pyrochlore structures at a similar rate, as a function of fluence, although the phases
formed within the tracks and their fractions vary with composition. For example, as shown in
Fig. 4, at a fluence of 1.7x10"* ions cm™ about 90% of a material will have been modified by ion
impact to produce either an amorphous or a disordered phase. The lack of variation in total ion
track dimensions with composition is consistent with the TEM observations discussed
previously, although the track diameter predicted from these XRD results, ~4.2 nm, is smaller
than the ~6 nm diameter determined from TEM. A similar discrepancy between track dimensions
determined from XRD and TEM characterization was observed in a prior study of titanate and

zirconate pyrochlores'®. In this earlier work, track diameters determined from XRD
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measurements were consistently ~2 nm smaller than those determined form TEM imaging, a
discrepancy which agrees very well with that reported here. This effect may be related to
differences in the segments of the ion tracks that are probed by XRD and TEM techniques. XRD
is sensitive only to changes in the long-range structure of a material, while TEM contrast can
result from a high point defect concentration in a region that otherwise retains its structure'®.
Thus, a possible explanation of the observed track size discrepancy is the presence of a ~1 nm
thick, pyrochlore-structured, point defect-rich shell around the ion tracks, which yields an
additional 1 nm thick region of TEM contrast without significantly influencing the XRD
determination of track dimensions.

A monotonic trend of increasing amorphous fraction within individual ion tracks with
increasing ra/rp is evident. o and op vary regularly as a function of ra/rp, except for a slight
deviation for Y,Sn,O7 (ra/rg = 1.477). This is likely due to the low mass of Y relative to the
lanthanides, resulting in a lower density of this material and hence a lower ion electronic energy
loss per unit path length (shown in Fig. 2). Similar deviation for this compound has been
observed in the response of titanate pyrochlores to the same irradiation conditions®' and the
response of stannate pyrochlores to irradiation with ions of low specific energy™.

The two compounds with the largest A-site cations, Nd,Sn,O7 and Sm,Sn,07, exhibit
fully amorphous tracks (op = 0), while those with relatively small 4-site cations exhibit
predominantly disordered, crystalline tracks (op> 04). Thus, as smaller cations are substituted on
the A-site (for example, lanthanides of higher atomic number), the ability of a stannate
pyrochlores to transform to the disordered phase is enhanced and the material becomes more
resistant to electronic excitation-induced amorphization. This mixed in-track phase morphology

indicates a radiation response intermediate to those of the titanate and zirconate pyrochlores.
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This is consistent with a radiation response governed primarily by the cation ionic radius, as the
ionic radius of Sn is between those of Ti and Zr, while the lanthanide elements contract across
the lanthanide series. Trivalent Y has an ionic radius between those of Gd and Er, consistent with
the phase behavior observed here. The mixed amorphization and disordering of ion-solid
interaction regions of the stannate pyrochlores is inconsistent with a radiation response governed

2730 These results mirror those of

primarily by bond covalency, as has been proposed previously
low-energy irradiations by Lumpkin ef al.>®, who observed an improvement in the radiation
tolerance of pyrochlores when Ti was substituted by Sn on the B-site.

Ab initio calculations by Jiang et al.>* predicted a lower propensity to disorder for the
stannate pyrochlores than for titanate pyrochlores with the same A-site cation, suggesting that the
former would therefore also exhibit inferior resistance to amorphization under extreme
conditions. This finding, which disagrees with the experimental results presented here, was
attributed to the influence of the Sn-O bond covalency on the disordering energetics. These
calculations assumed a quasi-random distribution of cations and anions on their respective
sublattices in a defect-fluorite structure when simulating the disordered phase. However,
Shamblin et al.> have more recently reported that disordered pyrochlores instead adopt a local
weberite-type structure”®, wherein half the A- and B-site cations retain the eightfold and sixfold
coordination, respectively, that they exhibit in the initial pyrochlore phase. Modulation of these
orthorhombic structural units yields the long-range defect-fluorite ordering evident in XRD
measurements. Thus, the inconsistency of the experimental observations reported here with
previous computational study of pyrochlore disordering may arise from the use of an incorrect

structure model in the calculations. The assumption of defect-fluorite local order in the

disordered phase requires changes of both the A- and B-site cation coordination to sevenfold, on
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average, significantly affecting the predicted energetics due to the polar covalent nature of the
Sn-O bond.

C. Raman spectroscopy: local structure

Raman spectroscopy provides information about the coordination and local ordering of
ionic-covalent compounds. It is an ideal probe for the structural characterization of disordered
and amorphous materials because it does not require structural periodicity. In contrast, XRD
measurements probe long-range structure, which is absent in the irradiation-induced amorphous
phase and differs substantially from the short-range structure in the disordered phase™. Fig. 6
shows representative Raman spectra of Nd,Sn,07 and Yb,Sn,07 as a function of ion fluence.
These are, among the materials studied, the compounds found to be least and most resistant to
irradiation-induced amorphization, respectively. The initial spectra of these compounds, as well
as all others studied, correspond well to the pyrochlore phase, which exhibits six Raman-active
modes *”’. The three strongest bands are the overlapping T, and E, modes at ~300 cm', arising
from O-4-0O bending 58, the T», mode at ~410 cm'l, and the A, mode at ~500 cm'l, involving the
vibration of O in the 48fsite™®. There are also two additional, weaker T», modes. Stretching of
the short B-O bonds, which have the strongest force constant in pyrochlore materials*®, does not
contribute substantially to any of the Raman-active modes, such that minimal signal is found in
the high wavenumber region™ .

With increasing ion fluence, transformations to the disordered and amorphous phases are
indicated by the gradual attenuation of all modes corresponding to the pyrochlore structure and
the simultaneous growth of new, broad vibrational features. Reduction in the intensity of the
pyrochlore modes is analogous to that observed in the XRD maxima, providing further evidence

of the loss of pyrochlore-type ordering in all compounds in response to dense electronic
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excitation. The bands that grow with increasing ion fluence are attributed to the disordered and
amorphous phases that form within ion tracks. A continuum of broad peaks is typical of
materials in which translational symmetry has been suppressed, as this yields a relaxation of the
selection rules such that phonons from throughout the Brillouin zone contribute to the Raman
signal®.

Surprisingly, the spectra of these materials at the highest ion fluence achieved, 3x10"
ions cm™, are very similar despite large differences in their amorphous and disordered phase
fractions (see Figs. 4 and 5). Both compounds show bands centered at ~ 155, 330, and 650 em’™,
differing only in the presence of an additional band at ~450 cm™ in the spectrum of Yb,Sn,O7,
which is absent in that of Nd>Sn,O5. Fig. 7 shows representative spectra from stannate
pyrochlores irradiated to this ion fluence, illustrating the generality of these features. This
indicates that the disordered and amorphous phases share similar local structure and
coordination, despite their differing long-range structures. The peak positions and intensities
observed here agree qualitatively with the results of previous Raman spectroscopy measurements

131639 and of those amorphized by the application of pressure®.

of irradiated titanate pyrochlores
This is consistent with the observation of Shamblin ez al.> that the local ordering of disordered
pyrochlores is independent of the disordering mechanism.

Comparison of the spectra from all compounds at high ion fluence, whereat the
irradiation-induced transformations to either the disordered or amorphous phases are complete,
shows that the spectra differ qualitatively only in the intensity of the band at ~450 cm™, which
grows with decreasing A-site cation ionic radius and r4/rg. The position of this peak matches that

of the triply-degenerate T», mode exhibited by compounds with the fluorite structure®’,

suggesting that it arises from medium- and long-range defect-fluorite-like ordering. This
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interpretation is consistent with the growth of this peak with increasing tendency of the
disordered defect-fluorite phase to form within ion tracks, rather than the amorphous phase (see
Fig. 5). However, the spectra of all materials, including those that consist primarily of the
disordered phase, differ substantially from the single-mode spectra expected for a material with
fluorite-like local ordering. Thus, the short-range structure of the disordered phase does not fully
reflect its long-range defect fluorite structure, as indicated by XRD measurements.

Shamblin ef al. have shown that the local structure of disordered pyrochlore materials
consists of orthorhombic weberite-type structural units which are modulated in an aperiodic
manner, yielding an average, long-range defect-fluorite structure with cubic symmetry. Raman
spectroscopy®® and selected-area electron diffractions (SAED)® measurement of A;BO;
compounds with an average, long-range defect fluorite structure also showed evidence of local
domains with symmetry distinct from that of the fluorite structure. The weberite-type structure is
characterized by chains of corner-sharing BOs octahedra and parallel chains of 40g distorted
cubic polyhedra, which lie in layers parallel to (100) and alternate with layers of sevenfold-

. . 3864
coordinated cations’"

. In this way, the coordination of 4- and B-site cations is partly retained in
the transformation from the pyrochlore structure to a structure with local weberite-type ordering,
consistent with electron energy loss spectroscopy (EELS)® and EXAFS* measurements
indicating retention of octahedral coordination of the B-site cation in disordered pyrochlores.

The Raman spectra of irradiated stannate pyrochlores, both those that undergo a
transformation to an amorphous phase and those that transform primarily to the disordered phase,
show remarkable agreement with the spectra of ternary 43807 compounds with the weberite-type

structure. Weberite-type materials have 27 Raman-active modes: numerous overlapping modes

at low wavenumbers (below ~450 cm™), producing a broad band centered around 350 cm™, and
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a single strong band at higher wavenumbers arising from a BOg breathing mode®****”.

Analogous low wavenumber modes, forming a band centered at ~350 cm™, are exhibited by the
irradiated stannate pyrochlores in Fig. 7, along with a single intense band at higher
wavenumbers. The latter mode has been previously observed in disordered titanate pyrochlores
and was attributed to B-O stretching™, in agreement with its origin in weberite-type local
ordering. Its high frequency indicates a relatively short B-O bond distance, as is characteristic of
the BOg polyhedra that are retained in a weberite-type local structure, rather than the sevenfold
coordination expected for a short-range defect-fluorite structure. These results confirm, by
vibrational spectroscopy, the presence of weberite-type short-range structure in the disordered
phase of pyrochlore compounds, despite a long-range defect-fluorite structure of cubic
symmetry.

This evidence of weberite-type local ordering in disordered pyrochlore agrees with
previous neutron total scattering results®. However, the present spectroscopic results further
indicate similar weberite-type ordering in amorphous 4,Sn,O7; compounds. The spectra of
amorphous materials match well to those of primarily disordered materials, differing only in the
intensity of the single mode at ~450 cm™, that is related to the presence of partial fluorite-like
ordering. Atomistic simulations have predicted local ordering to occur during the amorphization
of pyrochlores with high 7a/rg, such that the sixfold coordination of the B-site cation is
retained’*. EELS measurements have also indicated similarity in the short-range structures of
disordered and amorphous titanate pyrochlore compounds, based on the observation of similar
crystal field splitting of the Ti L-edge in both phases®.

As the ra/rg of the stannate pyrochlore system is reduced through A-site cation

substitution, two changes to the Raman spectra of the highly irradiated compounds occur. The
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Sn-O stretching mode (~650 cm™) shifts to higher wavenumbers, an effect consistent with
calculations showing a monotonic increase in the Sn-O force constant with decreasing A and
also observed in 43807 weberite-structured compounds(’z. Additionally, the mode at ~450 cm’!
shifts and increases in intensity as the cation ionic radii become more similar and the disordered
phase fraction increases. This mode is attributed to the contribution of the fluorite-like
component of ordering, explaining its near absence in the spectra of the fully amorphous
materials Nd,Sn,O7 and Sm,Sn,O7, and its gradual growth with op (see Fig. 5). With the
intensity of this mode corresponding to the degree of fluorite-like ordering accompanying the
modulation of the local weberite-type units, it is clear that this fluorite-like character is inversely
proportional to 7a/rg. Thus, when electronic excitation induces a transformation of pyrochlore
compounds to phases with weberite-type local structures, the cation ionic radius mismatch
determines the extent to which modulation of these weberite units yields long-range crystallinity
in an average defect-fluorite structure, rather than a fully aperiodic arrangement of these

structural units in an amorphous phase.

IV. CONCLUSIONS

The structural transformations of stannate pyrochlores induced by dense electronic
excitation are complex, multiscale, and highly composition-dependent. Upon relaxation of the
transient, high-energy state produced by swift heavy ion irradiation, these compounds can adopt
either amorphous or disordered phases, with many materials in this system exhibiting a mixture
of both phases within individual ion tracks. Amorphization is favored in compounds with large
ra/rs, whereas disordering is favored in those with small 7/rg. The local structures of both

phases are similar, exhibiting weberite-type short-range ordering. They differ in that long-range
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order is absent in the amorphous phase, while modulation of the weberite-type ordering yields an
average, long-range defect-fluorite structure in the disordered phase. The increasing resistance of
stannate pyrochlores to irradiation-induced amorphization with decreasing ra/rg represents

increasing favorability of the modulation of weberite units into this long-range average structure.

Because both pyrochlore-to-amorphous and amorphous-to-disordered processes occur in
individual ion tracks, phase modification of these materials by swift heavy ion irradiation is best
described by a model that accounts for both amorphization of crystalline material near the
energetic interior of a cylindrical ion-solid interaction region and epitaxial recrystallization of
amorphous material near amorphous/crystalline interfaces. Rapid quenching in track cores
precludes the complete recovery of fluorite-like long-range ordering. Slower quenching and the
presence of a crystalline “template” interface with fluorite-derivative ordering near track
peripheries enable the arrangement of weberite-type structural units into a modulated, average
defect-fluorite structure in materials with relatively small 75/rg.

This competition between amorphization and disordering contrasts with the behavior of
titanate pyrochlores, which have smaller B-site cations and tend to amorphize, and zirconate
pyrochlores, which have larger B-site cations and tend to disorder. Thus, the behavior of the
stannate system is consistent with a radiation response governed largely by the cation ionic radii.
It is inconsistent with a substantial effect of bond covalency, since the Sn-O bond is more
covalent than the Ti-O bond, yet the stannate pyrochlores are consistently more resistant to
amorphization than titanate pyrochlores with the same A4-site cation. While the B-O bond
covalency may influence the radiation response of pyrochlore materials, the magnitude of this

effect appears to be small compared with the effect of the cation ionic radius mismatch.
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FIG. 1. TEM image of ion tracks in Nd,Sn,0; irradiated with 2.2 GeV Au ions to a fluence of
1x10" jons cm™. The linear, parallel areas of dark contrast indicate cylindrical volumes through
which an ion has passed and modified the material’s structure. Similar continuous, linear,

oriented tracks were observed in all materials studied.

FIG. 2. The energy per unit path length deposited by 2.2 GeV Au ions to the electronic
subsystem of each material studied, as calculated using the SRIM code™. The legend is sorted by
A-site cation ionic radius, and thus also by the material’s 7/rg. Within the sample thickness, the
electronic energy loss increases as heavier cations of smaller ionic radius are substituted on the
A-site, with the exception of Y,Sn,O7. While Y is chemically similar to the lanthanide elements,
it is much lighter, resulting in a relatively low density of this compound and its low energy

transfer per unit path length. All data are corrected for the densities of the wafer samples.

FIG. 3. Representative XRD patterns from several stannate pyrochlores irradiated with 2.2 GeV
Au ions to various ion fluences. The materials are sorted from high (left) to low (right) A-site
cation ionic radius, and thus 7a/rg. The initial patterns of all materials correspond to a pyrochlore
structure, which is lost as irradiation proceeds. Materials with large A-site cations exhibit the
growth of broad scattering features typical of amorphous phases. Those with small 4-site cations
show minimal amorphization, preferential attenuation of peaks related to pyrochlore
superstructure ordering, and retention of peaks related to fluorite substructure ordering. This
indicates a transformation from the pyrochlore phase to a phase with a long-range defect-fluorite

structure.
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FIG. 4. Amorphous phase fractions of three stannate pyrochlores as a function of ion fluence. As
the ionic radius of the A4-site cation decreases, so too does the amorphous fraction at a given ion
fluence. This indicates inverse proportionality between r4/rg and the propensity of these
materials to disorder, rather than amorphize. The dashed lines show a fit of Eq. (5) to the data.
Error bars represent the standard error of amorphous fractions determined from deconvolution of

multiple XRD patterns.

FIG. 5. Ion track cross-sectional areas for the two transformations observed in XRD
measurements, amorphization and disordering (o4 and op). While the net track area stays
relatively constant as a function of composition and 7a/rg, the proportion of each phase within
individual tracks varies dramatically. As ra/rg decreases, the volume of amorphous material
within an individual ion track decreases, while the volume of disordered material increases. The
small deviation from the regular variation in o5 and op as a function of ra/rg, apparent at ra/rg =
1.477, is due to the relatively low density of Y>Sn,O7 and its effect on ion energy deposition.
Error bars represent the uncertainty in the fitting of Eq. (5) to phase fraction data. The solid lines

are a guide for the eye.

FIG. 6. Representative Raman spectra of Nd,Sn,O7 and Yb,Sn,07 as a function of 2.2 GeV Au
ion fluence. These materials have the largest and smallest 4-site cations, respectively, among the
materials studied. The initial spectra of both compounds match well to the predicted Raman-
active modes of the pyrochlore phase. Upon irradiation, the spectra of both materials exhibit
gradual attenuation of the initial vibrational modes and the growth of new, broad bands. The

final spectra of both materials (@ = 3x10" jons cm™, at which they are fully transformed) are
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qualitatively similar, differing only in the presence of an additional peak at ~450 cm™ in the

spectrum of Yb,Sn,O.

FIG. 7. Raman spectra of several stannate pyrochlores following irradiation to a fluence of
3x10" ions cm™. The spectra are stacked in order of 4-site cation ionic radius (decreasing from
bottom to top). All spectra are qualitatively similar, illustrating the commonality of the weberite-
type local structure to the disordered and amorphous phases. As smaller cations are substituted
on the A-site, a peak at ~450 cm™ (marked by the grey arrows) grows in intensity. This peak is
attributed to the fluorite-like ordering present in irradiated pyrochlores with small 74/rg. This
peak and that at ~650 cm™', which is attributed to Sn-O stretching, shift to higher wavenumbers

as the A4-site cation ionic radius decreases.
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